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Chapter 1 

Introduction 

A. Objectives of this study 
As part of their sexual life cycle sorne dinoflagellate species 

form resistant resting stages (hypnozygote cysts) which are 
important in their ecology. The factors inducing sexual 
reproduction (and hence encystment) have not been clearly 
defined and conflicting information exists from laboratory and 
field observations. Nutrient deficiency in growth medium is 
commonly used in laboratory dinoflagellate cultures to induce 
sexual reproduction, but field observations of encystment have 
been made in conditions of apparent nutrient sufficiency. The 
aim of this project is to investigate the factors which trigger 
sexual reproduction in coastal dinoflagellates. 

The experimental species, Alexandrium minutum Halim, is a 
toxic dinoflagellate which is conducive to laboratory culture, 
and which is known to thrive in the estuaries of northern 
Brittany, France. The life cycle of this species has only been 
partially described, and the first part of the project therefore 
involves a detailed morphological and morphogenetic 
investigation of its life history, with characterisation of 
different life stages and the processes of asexual division and 
sexual fusion. 

Determination of the mediating effects on sexual reproduction 
of environmental variables such as temperature and light 
provide a framework within which to design the main phase of 
the laboratory part of this study, culture experiments which are 
concentrated on elucidating the role of nutrient stress in 
induction of sexuality. Only few studies of this kind have been 
conducted on other dinoflagellate species (Anderson, 1983; 
Anderson & Lindquist, 1985; Anderson et al., 1985), ali using 
batch culture techniques, and only the latter study investigating 
the effects of separate limitation of both nitrogen and 
phosphorus. In this project, batch and semi-continuous culture 
experiments investigate the complex interactions between 
external nutrients (both nitrogen and phosphorus), internai 
nutrient physiology, and gametogenesis. A more 
comprehensive approach to the measurement of internai 
nutrient status than previously employed in studies of 
dinoflagellate sexual reproduction involves the quantification 
of intracellular pools of amino acids, and in particular 
determination of the ratio of glutamine:glutamate, a biomarker 
which gives an independent measure of C:N status with which 
to compare cultures grown under different conditions of photon 
flux density and substrate type and concentration (Flynn, 
1990). 

An integral part of the proj ect is the in situ monitoring, using 
protocols developed in culture experiments, of the bloom 
dynamics of natural populations of Alexandrium minutum in 
the coastal waters of northern Brittany. Detailed field studies 
relating dinoflagellate nutrient physiology to life cycle 
transitions are lacking, and the aims of this part of the study are 
to clarify the confusion which exists concerning sexual 
induction in the natural environment, and to provide the first 
quantitative evidence to test the hypothesis that sexual 
induction and subsequent encystment play an important role in 
the decline of dinoflagellate blooms. 
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B. Dinoflagellates 
1. Evolutionary history 

Dinoflagellates are a geologically ancient algal group, with a 
fossil record dating back to the Upper Silurian period (Walker, 
1984). They are classified alternatively as 'algae' (class 
Dinophyceae) by botanists an<;l 'protozoa' ( class 
Phytomastigophorea) by zoologists, each emphasising either 
the plant or animal features of the group (Theobald, 1993). The 
fact that dinoflagellates are an extremely successful class of 
microalgae is evident not only from their widespread 
distribution and occasional dominance in marine waters, but 
also from the fact that they are one of the more primitive algal 
classes and thus have survived millions of years of natural 
selection (Anderson, 1983). 

2. General characteristics 
The dinoflagellates are a large group of eukaryotic, 

biflagellate organisms exhibiting great diversity in 
morphology, cellular organisation and behaviour. At present 
this diverse group is represented by over 2000 species in 
marine, estuarine and freshwater habitats world-wide (Taylor, 
1987a). The majority are free-living autotrophic planktonic and 
benthic species, found predominately in the euphotic zone 
(Walker, 1984), but the group also includes heterotrophs, 
symbionts and parasitic forms. 

Despite the diversity of habitats and modes of existence, ali 
dinoflagellates share a number of unique characteristics. 
Dinoflagellates are unicellular, although sorne may form chains 
or pseudo-colonies. At sorne stage, ali dinoflagellates ( except 
Noctiluca) also possess two dissimilar flagella (figure 1.1 ); the 
longitudinal flagellum and the transverse flagellum which lies 
in the groove or 'cingulum' surrounding the cell work together 
to propel and stabilise the cell. 

(a) (b) (cl 

Figure 1.1 Basic dinoflagellate flagellar arrangements: (a) 
desmokont (e.g. Prorocentrum); (b) dinokont (e.g. 
Alexandrium); (c) opisthokont (e.g. Oxyrrhis) (Taylor 1987a). 

The size of individual cells ranges from approximately 5~m 
to >2mm. Ali dinoflagellates have a unique 'dinocaryotic' 
nucleus containing condensed chromosomes at sorne stage in 
their life history. Photosynthetic species usually contain 
chlorophylls a and c2 and a variety of accessory pigments, 
notably beta-carotene and the xanthophylls peridinin and 
diadinoxanthin. 

Dinoflagellates can be categorised into two broad groups 
based on the nature of the cell covering. The cell is surrounded 



by a continuous outer membrane (the 'amphiesma') under 
which lie the amphiesmal vesicles. In armoured (or 'thecate') 
forms, these vesicles contain plates of cellulose or other 
polysaccharides which are joined by intercalary bands. 
Unarmoured ('athecate') forms lack these plates. The 
tabulation (i.e. number and arrangement) of these plates is of 
taxonomie significance in the classification of thecate 
dinoflagellates. The protocol of plate nomenclature most often 
employed is based on the system proposed by Kofoid, 
illustrated in figure 1.2. 

VENTRAL DORSAL 

Hypotheca 

Figure 1.2 Kofoid classification of the motile stage of a 
dinoflagellate: Peridinoid cell in ventral and dorsal view, 
labelled according to the Kofoidean method (Dodge, 1982). 

3. 'Red tides' 
As a significant component of the marine phytoplankton, 

photosynthetic dinoflagellates contribute to the base of the food 
web as primary producers. Under particular favourable 
environmental conditions certain planktonic algal species may 
undergo rapid population increase and accumulate in 
concentrated populations, termed 'blooms'. Dinoflagellates are 
noteworthy for the magnitude and impact of their blooms, 
which often result in discoloured water, colloquially known as 
'red tides' (Anderson, 1983). In reality these blooms may or 
may not be visible, and may vary in col our, sorne of the most 
significant recent blooms being brown (Cosper et al., 1987). 

4. Dinoflagellate toxins 
Although many of these blooms may be harmless, and in fact 

represent a concentrated food source for primary consumers, a 
number of microalgal species have been identified as agents of 
'nuisance' and toxic events. Nuisance events include the 
formation of foams, mass mortalities of marine animais due to 
drastic decreases in dissolved oxygen levels resulting from 
algal respiration and decomposition, and physical effects such 
as clogging of fish gills (for a review of physical effects of 
noxious algae on finfish, see Bruslé, 1995). As part of their 
normal metabolism, certain dinoflagellate species produce a 
group of potent non-protein neurotoxins. These toxins are 
accumulated and transferred through the food chain, filter 
feeding molluscan shellfish being the primary vectors, 
ultimately posing a serious health hazard to higher predators, 
including humans, in the form of paralytic shellfish poisoning, 
or 'PSP' (White, 1988). Related forms of shellfish poisoning 
caused by other toxic substances produced by dinoflagellates 
include diarrhetic shellfish poisoning (DSP), amnesie shellfish 
poisoning (ASP), and neurotoxic shellfish poisoning (NSP). 

Increasing awareness of the nature and extent of the world
wide problems being caused by PSP producing algae 
stimulated research into the chemical and biochemical nature 
of paralytic shellfish toxins (PSTs) (reviewed by Shimizu, 
1988, 1998; Sullivan 1988; Kodama & Ogata, 1988). The PSP 
toxin group produced by dinoflagellates is comprised of 12 
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water-soluble sulfocarbamoyl and decarbamoyl toxins. In 
addition, the decarbamyl toxin derivatives can be present in 
shellfish flesh due to enzymatic action on the algal toxins 
(Sullivan, 1988). Saxitoxin, part of the toxin group synthesised 
by sorne dinoflagellates, has the rare distinction ofbeing one of 
the two biotoxins listed in Schedule 1 of the Chemical 
Weapons Convention (Wyatt & Jenkinson, 1997). 

Shellfish feeding during blooms of toxic dinoflagellate 
species may accumulate very high toxin loads, which may 
cause sub-lethal and in extreme cases lethal paralysis to human 
consumers (White, 1988). The nerve cells of bivalve molluscs 
are so resistant to these toxins that a single musse} can survive 
with a body load oftoxin sufficient to kill a dozen men (Wyatt 
& Jenkinson, 1997). 

The role toxin synthesis plays in dinoflagellate ecology is 
uncertain. lt has been estimated that up to 5-10% of cellular 
nitrogen may be incorporated into PSTs (Flynn & Flynn, 
1995), leading to the suggestion that these toxins may 
constitute sorne form of nitrogen reserve (Loeblich & Loeblich, 
1984; Wyatt & Reguera, 1989), but the fact that nitrogen
starved laboratory cultured cells may still contain significant 
amounts ofPSTs (e.g. Maclntyre et al., 1997), would seem to 
count against such a role. Many organisms produce toxins to 
deter predators (i.e. toxins act as 'kairomones'). The main 
predators of the vegetative phase of planktonic dinoflagellates 
are zooplankton and filter-feeding benthos. The neurotoxic 
impact ofPSTs on zooplankton is poorly understood, although 
indirect evidence suggests that it is much less significant than 
in vertebrates (Wyatt & Jenkinson, 1997). In the presence of 
two toxic dinoflagellate species, the copepod Euterpina 
acutifrons is reported to demonstrate feeding avoidance and 
mortality, possibly due to exuded toxins (Bagoien et al., 1996). 
While it is often reported that dinoflagellate PSP toxins have 
little or no effect on shellfish themselves, certain studies 
demonstrate a number of direct effects on feeding responses, 
byssus production and mortality (Shumway, 1990). Another 
hypothesis suggests PSTs may act as chemical signais 
('pheromones') involved in the reproductive cycle of toxin 
producing dinoflagellates (Wyatt & Jenkinson, 1997). 

5. Economie impact 
As no antidote to the poison is currently available, and despite 

efforts to develop shellfish detoxification methods by 
temperature and salinity stress, chlorination and ozonation 
(reviewed by Blogoslawski & Neve, 1979; Blogoslawski, 
1988), the only present solution to the PSP problem is to 
monitor toxin levels in shellfish destined for human 
consumption, and to ban the collection or sale of affected 
species for as long as toxins persist above tolerance levels. 

The occurrences and associated economie losses of toxic al gal 
blooms were reviewed by Shumway (1990). Toxic algal 
blooms occur world-wide and in sorne areas they are a 
common seasonal occurrence. The presence of, and potential 
for, toxic algal blooms has a clear negative economie impact 
on shellfish fisheries and aquaculture and related secondary 
industries world-wide (Shumway, 1990). While such blooms 
are, in a strict sense, completely natural phenomena which 
have occurred throughout recorded history, in the past two 
decades the public health and economie impacts of such events 
appear to have increased in frequency, intensity and geographie 
distribution. Four explanations for this apparent increase of 
algal blooms have been proposed: increased scientific 
awareness of toxic species; increased utilisation of coastal 
waters for aquaculture; stimulation of plankton blooms by 
cultural eutrophication and/or unusual climatological 



conditions; and transport of dinoflagellate resting cysts either 
in ships' ballast water or associated with translocation of 
shellfish stocks. Whether the apparent global increase in 
harmful algal blooms is real or artefactual, it is clear that the 
effects on public health and economie impacts of these blooms 
are showing signs of a global epidemie (UNESCO, 1995). 

In order to protect consumers and reduce the commercial 
impact of nuisance and toxic algal blooms, many affected 
countries have recently implemented surveillance networks to 
provide early waming of such events, and concurrently an 
active and multidisciplinary field of research has evolved, with 
the ultimate aim of developing predictive and preventative 
measures. 

C. Life cycles 
Understanding the survival and dispersal of dinoflagellates 

requires knowledge of life cycle strategies, behaviour, 
physiology, the physical factors of the organisms' habitat and 

the relationships between ail of these factors (Walker, 1984). 
The importance of life histories in understanding and 
describing dinoflagellate ecology has been demonstrated in 
many studies (reviewed by Walker, 1984; Pfiester & Anderson, 
1987). Studies of several bloom forming species have 
demonstrated relationships between life history stages and 
bloom initiation (Anderson & Wall, 1978; Anderson & Morel, 
1979), bloom termination (Anderson et al., 1983), species 
dispersal (Tyler et al., 1982; Anderson & Stolzenbach, 1985) 
and survival during forced resting periods (Wall & Dale, 
1968). 
Most dinoflagellate life history research has concentrated on 

neritic and freshwater forms. Information on the life histories 
of oceanic, benthic, symbiotic, and parasitic forms is scarce 
because of difficulties in obtaining specimens and providing 
specialised culture conditions (Walker, 1984). This review 
deals mainly with the life cycles of neritic, free-living species, 
a generalised example ofwhich is illustrated in figure 1.3. 
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Figure 1.3 Representative life cycle of a free-living dinoflagellate (Walker, 1984). 

1. Asexual Life History 
Normal population growth occurs through asexual division 

(Anderson et al., 1983). In simplest terms, dinoflagellates 
reproduce asexually by binary fission to produce two daughter 
cells of equal size (Walker, 1984). Asexual division in many 
dinoflagellate species is largely synchronised to occur during 
the late dark 1 early light phase (Chisholm, 1981). Cells which 
are physiologically able to divide do so during this period of 
'phased cell division', and those which are not wait for the next 
cycle (Walker, 1984). If environmental conditions become 
unsuitable, particularly if the change is rapid, dinoflagellates 
may form a temporary resting stage, termed a 'pellicular' cyst. 
The cell can maintain this state for a limited time and, if 
suitable conditions are restored, will often recover the 
vegetative state (Schmitter, 1979). 
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2. Sexual Life History 
The earliest account of sexual reproduction in dinoflagellates 

was that of Joseph (1879) who described the fusion of 
swimming cells of Peridinium stygium Ehrenberg ( cited in 
Pfiester & Anderson, 1987). For many years records of 
dinoflagellate sexuality were sporadic, contradictory and 
uncertain. The occurrence of sexuality in dinoflagellates was 
established by the work of von Stosch (1965, 1969, 1972, 
1973), since when the sexual cycles of over 30 dinoflagellate 
species have been documented (e.g. Zingmark, 1970; Pfiester 
1975, 1976, 1977; Turpin et al., 1978; Walker & Steidinger, 
1979; Bearn & Himes, 1980; Morey-Gaines & Ruse, 1980; 
Pfiester et al., 1984). Sexual reproduction has now been 
recognised as an intrinsic feature of many species of 
dinoflagellates (Gao et al., 1989a). 



Under appropriate conditions, vegetative cells divide 
mitotically to form gametes. Two gametes subsequently mate 
and fuse to form a motile diploid planozygote. Gamete fusion 
usually occurs in the dark phase in laboratory cultures (Pfiester 
& Anderson, 1987), and generally requires several hours 
(Walker, 1984; Fritz et al., 1989), but may take up to several 
weeks under 1aboratory conditions (Turpin et al, 1978). The 
product of gamete fusion, the planozygote, may remain motile 
for a varying amount of time (Walker, 1984), typically for a 
few days (Anderson et al, 1983). The planozygote may 
undergo meiosis (von Stosch, 1972) or, in many cases, lose 
motility and develop into a resistant hypnozygote, or 'cyst' 
stage (Pfiester & Anderson, 1987). 

The hypnozygotes of most species require a period of 
mandatory dormancy before excystment can occur, during 
which any attempt to induce excystment is unsuccessful 
(Walker, 1984). The dormancy period is highly variable 
between species, from as little as 12 hours in Peridinium 
gatunense (Pfiester, 1977), to several weeks in Gymnodinium 
pseudopalustre (von Stosch, 1973), to several months for 
Alexandrium tamarense (Anderson, 1980). Afterthe mandatory 
dormancy period cysts may remain quiescent until a 
combination of endogenous and exogenous factors trigger 
excystment (Anderson, 1980). Meiosis may occur within the 
cyst or after excystment of a large motile planomeiocyte, to 
restore the vegetative haploid condition (Walker, 1984) and 
provide an inoculum of vegetative cells for the overlying 
waters (Anderson et al., 1983). 

3. Life cycle control 
Dinoflagellate life cycles are affected by a variety of internai 

endogenous controls and external environmental factors, the 
major effects being changes in asexual growth rates and control 
of specifie stages in sexual reproduction. 

While the former effect is important relative to the magnitude 
of algal blooms (Taylor, 1987b, reviews the factors governing 
dinoflagellate growth), the latter is significant in relation to the 
timing of bloom initiation and decline. The majority of 
research relating to specifie dinoflagellate sexual stages 
concerns the control of excystrnent and thus understanding of 
bloom initiation (von Stosch, 1973; Pfiester, 1977; Anderson & 
Wall, 1978; Anderson & Morel, 1979; Anderson et al., 1983). 
Despite an increasing realisation of the significànce of the 
onset of sexuality and the subsequent cyst formation process in 
contributing to bloom decline, relatively little is yet known of 
the controlling factors or physiological mechanisms involved. 

4. Environmental triggers for sexual induction 
Environmental factors such as day length, light intensity, 

temperature and dissolved gases were suggested as possible 
triggers for sexuality in dinoflagellates in an early study (von 
Stosch, 1967), but the majority of evidence from published 
accounts of laboratory experiments, reviewed in table 1.1, 
suggests that dinoflagellate sexuality is induced under the 
relatively specifie condition of limitation of one or both of the 
major micronutrients, nitrogen (N) and phosphorus (P). 

The existence of the sexual life cycle in dinoflagellates was 
firmly established only 30 years ago through the work of von 
Stosch, following which the highest priority was to 
demonstrate and describe sexuality for other dinoflagellate 
species, rather than to investigate the factors responsible for 
induction of the sexual stages under observation. Following 
early success, nutrient starvation became the accepted method 
of attempting to induce sexuality in such descriptive life 
history studies (e.g. Pfiester, 1975; Turpin et al., 1978; Walker 
& Steidinger, 1979). Limitation ofN induced sexuality in over 
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half of the species in which culture manipulations have been 
attempted (Pfiester & Anderson, 1987), while P limitation was 
effective in several cases (Pfiester, 1976; Watanabe et al., 
1982; Anderson et al. 1984, Anderson et al., 1985). Blanco 
(1995) reported that in three out of four dinoflagellate species 
studied, P-deficient cultures were more effective in producing 
cysts thanN-deficient cultures. Success with N- starvation has 
often precluded the testing of other nutrients, and it would thus 
be incorrect to conclude on the relative importance of N and P 
in sexual induction (Pfiester & Anderson, 1987). Recent 
studies have demonstrated the significance of iron, a factor 
previously untested in relation to sexual induction. Doucette et 
al. (1989), testing the hypothesis that bloom decline may result 
from localised depletion of biologically available iron, 
demonstrated a level of Alexandrium tamarense zygote 
production in response to iron limitation (in nutrient-replete 
medium) equivalent to that measured under N- and P-deplete 
conditions. Blanco (1995) demonstrated a similar effect for A. 
lusitanicum (a species very similar to A. minutum ), suggesting 
that the strong influence of iron deficiency may be a 
characteristic common to the Alexandrium genus, since 3 other 
dinoflagellate species tested did not exhibit the same response. 

Dinoflagellate sexual stages have been observed without any 
apparent nutrient stress in a number of culture studies. Many 
species in this category are heterotrophic or phagotrophic, 
including Gymnodinium fungiforme (Spero & Morée, 1981), 
Noctiluca scintillans (Zingmark, 1970), Oxyrrhis marina (von 
Stosch, 1972), Polykrikos kofoidi (Morey-Gaines & Ruse, 
1980), and Crypthecodinium cohnii (Bearn & Himes, 1974). 
Sexuality, albeit generally at very low levels, has, however, 
also been reported in nutrient-replete cultures of several 
autotrophic species, including Scrippsiella trochoidea, 
Alexandrium lusitanicum, A. catanella, A. hirano, A. 
ostenfeldii, A. excavata, Lingulodinium polyedra, Ensiculifera 
sp., Gymnodinium catenatum, G. breve, Dinophysis pavillardii, 
Heligolandium subglobosum, and Amphidinium carterae (table 
1.1). Neither environmental nutrient conditions nor cellular 
physiological state were actually measured at the time of 
sexual induction in any of these studies, and the common 
assumption remains that dinoflagellate sexuality in culture is 
promoted in response to nutrient stress. Evidence from studies 
of sexual reproduction in freshwater dinoflagellates supports 
the suggestion that nutrient deficiency is the primary trigger for 
encystment (Sako et al., 1984, 1987; Park & Hayashi, 1993; 
Chapman & Pfiester, 1995). 

The absence or scarcity of sexual stages throughout the 
growth and decline phases of nutrient-replete cultures in the 
majority of species observed infers that growth limiting factors 
other than nutrient limitation, such as pH, self-shading, or 
excreted metabolites, do not induce sexuality (Pfiester & 
Anderson, 1987) and that there is no density-dependent 
induction through pheromone or gamone type substances 
(Anderson et al., 1985). 

Certain studies have examined the factors that maximise total 
cyst yield in culture (Watanabe et al., 1982; Anderson et al., 
1984; Kim et al., 1987; Blanco, 1995). Apart from one early 
report to the contrary (von Stosch, 1967), environmental 
variables other than nutrient limitation have not been reported 
to induce sexuality in dinoflagellates, but, once initiated, cyst 
yield may be affected by temperature, light, turbulence, and 
chemical additions. In encystment medium (reduced N or P), 
cyst yield has been reported to vary over a temperature range, 
with optimum cyst production near 21 oc for Alexandrium 
tamarense (Anderson et al., 1984), near 23°C for Gyrodinium 



Table 1.1 Induction of sexuality in autotrophic marine dinoflagellates: * h=hypnozygotes, p=planozygotes. 

Induction Species %age Comments Reference 
method sexuality* 

Unenriched -Alexandrium catanella medium 
Medium composition does not significantly Y oshimatsu (1981) 
affect sexual induction 

Scrippsiella trochoidea - Wall et al. (1970) 
N+P Alexandrium excava ta - Diluted medium NWSP/1 0 Destombe & Cembella (1990) 
limitation 

Scrippsiella trochoidea 10%(h) N dep1etion, P limitation (noN, f/20-P) Binder & Anderson ( 1987) 

Gymnodinium catenatum l0-40%(h) N+P free medium, high light intensity Blackburn et al. (1989) 
N limitation Alexandrium monilata N free medium. P not tested. Walker&Steidinger ( 1979) 

Alexandrium ostenfeldii f/20N. Jensen & Moestrup (1997) 

Alexandrium pseudogonyaulax 5.3%(h) filON. Montresor & Marino (1996) 

Alexandrium tamarense N free medium Turpin et al. (1978) 
"11 20-40%(h) Optimum cyst production 47J.!M NH4 Anderson et al. (1984) 

Alexandrium lusitanicum, f/50N. Very low sexuality in nutrient replete Blanco (1995) 
Lingulodinium polyedrum, control. No induction effect of deficiencies of 
Ensiculifera sp., Scrippsiella trace metals, vitamins, turbulence, darkness, 
trochoidea biological conditioning of media 

Scrippsiella trochoidea After induction, encystment enhanced by Watanabe et al. (1982) 
bicarbonate, inhibited by vitamins 

"" N free medium. P not tested Gao et al. (1989a) 

Gyrodinium uncatenum 10%(h) 60- f/30N. No sexuality in nutrient replete control. Anderson et al. (1985) 
85%(p) Optimal temperature range for encystment 

Gymnodinium breve N free medium Walker (1982) 
P limitation Alexandrium catane !la 2%h, 40%p f/25P Lirdwitayaprasit et al. (1990) 

Alexandrium ostenfeldii f/20P Sorne clones sexually incompatible, no h Jensen & Moestrup (1997) 

Alexandrium tamarense 20-40% h optimum cyst production 3J.!M P04 Anderson et al. (1984) 

"" 25% p+h P free medium Anderson & Lindquist (1985) 

Alexandrium pseudogonyaulax 9%h f/IOP Montresor & Marino, 1996 

Alexandrium lusitanicum, f/50P. Very low sexuality in nutrient replete Blanco (1995) 
Lingulodinium polyedrum, control. No induction effect of deficiencies of 
Ensiculifera sp .. Scrippsiella trace metals, vitamins, turbulence, darkness, 
trochoidea biological conditioning of media 

Scrippsiella trochoidea After induction, encystment enhanced by Watanabe et al. (1982) 
bicarbonate, inhibited by vitamins 

"Il fil OOP Lirdwitayaprasit et al. (1990) 

''" 10%h f/40P Rengefors et al. (1996) 

Gyrodinium uncatenum 10% h. 60- f/30 P. No sexuality in nutrient replete control. Anderson et al. (1985) 
85%p Optimal temperature range for encystment 

Fe limitation Alexandrium lusitanicum Very low sexuality in nutrient replete control. Blanco (1995) 
No induction effect of deficiencies of trace 
metals, vitamins, turbulence, darkness, 
biological conditioning of media 

Alexandrium tamarense 11%p+h Doucette et al. (1989) 

No apparent Alexandrium catanella Nutrient replete medium. Medium composition Y oshimatsu ( 1981) 
stress does not significantly affect sexual induction 

Alexandrium hiranoi Nutrient replete medium Kita et al. (1993) 

Alexandrium ostenfeldii Ageing nutrient replete cultures Jensen & Moestrup (1997) 

A lexandrium pseudogonyaulax 0.3% h Nutrient replete medium Montresor & Marino (1996) 

Alexandrium tamarense 'Negligible' sexuality in nutrient replete Anderson et al. (1984) 
cultures 

Alexandrium excavata Ageing nutrient replete cultures Benavides et al. (1983) 

Scrippsiella trochoidea Nutrient replete medium Kim et al. (1987) 
lill Enriched medium Wall et al. (1970) 

"" Enriched medium Braarud (1958) 

Gymnodinium uncatenum Low sexuality in nutrient replete medium Blackburn et al. (1989) 

Gymnodinium breve Low sexuality in nutrient replete medium Walker (1982) 

Lingulodinium polyedra Moderate sexuality in nutrient replete medium Blanco (1995) 

Dinophysis pavillardi N+P enhancement. Cells in natural Giacobbe & Gangemi (1997) 
assemblages, low temp, competitors 

Helgolandium subglobosum Ageing nutrient replete cultures von Stosch ( 1972) 

Amphidinium carterœ Ageing nutrient replete cultures Cao Vien (1967) 
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uncatenum (Anderson et al., 1985), and at 25°C for 
Scrippsiella trochoidea (Watanabe et al., 1982). The response 
ofthese dinoflagellate species differs, however, as the cyst/cell 
ratio ( encystment efficiency) remained constant over the 
temperature range for S. trochoidea, but varied for A. 
tamarense and G. uncatenum. In two of these studies, 
encystment efficiency was constant over a range of irradiance 
levels, both growth rate and cyst production being inhibited at 
low light levels (Anderson et al., 1984; Watanabe et al., 1982). 
Irradiance levels thus seem only to affect the sexual process 
indirectly through growth rate effects, but temperature, in A. 
tamarense and G. uncatenum at least, while not responsible for 
gamete induction, may directly impact sorne metabolic process 
unique to gamete mating, fusion or encystment. Blanco (1995) 
demonstrated an influence of turbulence on cyst formation, 
Lingulodinium polyedrum being negatively affected, A. 
lusitanicum positively affected, and two peridinoid species not 
appreciably affected relative to control cultures. In the same 
study, biological conditioning of water by one species was 
observed to have a quite important negative effect on cyst 
production efficiencies of other species. The effect of 
extracellular products was a species-specific characteristic, the 
non-toxic species S. trochoidea strongly reducing the cyst 
production of certain species, while the toxic species A. 
lusitanicum induced only small reductions in the species 
studied (Blanco, 1995). Encystment efficiency of S. trochoidea 
was enhanced by the addition of sodium bicarbonate and 
inhibited when vitamins were added (Watanabe et al., 1982). 
For the same species Kim et al. (1987) tested the effect of 
additions of various organic substances on growth and cyst 
formation. Analysis of the data presented indicates that while 
in most cases the organic substances affected growth rate, the 
efficiency of zygote production (planozygotes + hypnozygote 
cysts) varied little. Sorne organic substances such as glucose, 
hydrolysed casein and liver extract appear, however, to inhibit 
the transformation from planozygote to cyst, while sodium 
acetate and certain amino acids promoted this process. 
Anderson et al. (1985) also observed significant inhibition of 
the transformation of planozygote to cyst in G. uncatenum, and 
concluded that the number of cysts produced in a dinoflagellate 
population may be significantly reduced by environmental 
factors acting on cells after sexual induction and gamete fusion. 
The authors suggest that the factors are associated with batch 
culture conditions and may include pH, excretion products or 
even the absence of nutrients. The extent of sexual induction in 
batch cultures may be seriously underestimated in studies in 
which cyst yield is used as the indicator ( e.g. W atanabe et al., 
1982; Anderson et al., 1984; Anderson & Lindquist, 1985). 
The highest reported percentage encystment in a dinoflagellate 
batch culture population is 40% (Alexandrium tamarense, 
Anderson et al., 1984), most reports being within the range 5-
20% (table 1.1). Planozygotes may constitute a large 
proportion of these populations, 40% for A. catanella 
(Lirdwitayaprasit et al., 1990) and 60-85% for Gyrodinium 
uncatenum (Anderson et al., 1985), for example. 

Relatively few studies have addressed sexuality in naturally 
occurring dinoflagellate populations. Wall & Dale (1968) 
reported cysts in the water column during the declining stages 
of three dinoflagellate blooms, but did not attempt to elucidate 
the eues for encystment. Anderson & Morel (1979) 
demonstrated the formation of new cysts during a bloom of 
Alexandrium tamarense in a Cape Cod salt pond, but could not 
suggest an explanation for the timing of encystment since no 
nutritional deficiency or environmental eue was apparent. 
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Anderson et al. (1983) suggest that the encystment of a natural 
A. tamarense population was not linked to any obvious 
environmental eue and occurred under apparently optimal 
conditions. Sexual reproduction and encystment in natural 
populations of Scrippsiella spp. in Onagawa Bay, Japan, 
seemed to be enhanced by seriai, short-term depletion of 
nutrients during summer (Ishikawa & Taniguchi, 1996). 
Likewise, Matsuoka & Takeuchi (1995) suggested that the 
formation of gametes of A. catane/la in Tanabe Bay, Japan, 
was controlled by nutrient deprivation. Heiskanen (1993) 
reported the mass encystment of Peridinium hangoei following 
the depletion of nitrate in a coastal area of the Baltic Sea. 
While nutrient stress is clearly implicated in dinoflagellate 
sexual induction from culture experiments, the limited reports 
of field observations are, thus, inconclusive. 

D. Nutrients and sexuality 
Since limitation of N and/or P in growth media is strongly 

linked with the induction of dinoflagellate sexuality, the basic 
nutrient physiology of these microalgae will be outlined, before 
an overview of the cellular responses to nutrient stress, sorne 
reflections on the possible nature of the sexual induction 
mechanism, and finally a review of those experiments carried 
out to date which have examined aspects of dinoflagellate 
nutrient physiology through the timecourse of transition from 
asexual to sexual reproduction in nutrient limited cultures. 

1. Microalgal nutrient physiology 
In a microalgal cell growing without nutrient restriction, 

approximately one half of the dry matter is carbon and one
twelfth nitrogen, with oxygen and hydrogen, both readily 
available from water, constituting most of the remainder. 
Consequent! y the major determinants for microalgal growth are 
the availabilities of C, largely through photosynthesis, ofN and 
to a lesser extent P (Syrett, 1988). 

Accounts of the chemistry, measurement and distribution of 
the principal micronutrients (N and P) include those by 
Spencer (1975), Raymont (1980) and McCarthy (1980), while 
reviews focusing on uptake and assimilation by phytoplankton 
have been conducted by Dugdale (1976), Bray (1983) and 
Syrett (1988). 

Nitrogen 
N is notable for the wide range of dissolved inorganic forms 

in which it can occur in seawater, reflecting the complexity of 
the chemistry of the element and of the N cycle in the sea 
(Raymont, 1983). The dominant form of combined N in 
seawater is the nitrate ion (Raymont, 1983). Nitrate shows 
major spatial and temporal variations in its concentration, and 
thus other forms of combined N are important in certain 
sectors. The nitrite ion accumulates to appreciable levels only 
in regions of low oxygen tension (McCarthy, 1980). The 
reduced species ( organic N compounds, urea and ammonium) 
which are the end-products of biological activity, either 
through bacterial deamination of organic matter or animal 
excretion, are important particularly, but not exclusively, in 
polluted waters. 

Plant cells obtain the N essential for the synthesis of complex 
organic molecules from their environment largely through the 
uptake and assimilation of reactive inorganic forms of N, 
principally the highly oxidised states (nitrate and nitrite) or the 
reduced state (ammonium). Many algae are also capable of 
using organically bound N, especially amino acids, urea, and 
purines (South & Whittick, 1987). Figure 1.4 illustrates the 
basic uptake and primary assimilation pathways of combined 



inorganic N in phytoplankton. 
Relatively small uncharged molecules like urea can move 

passively across plant cell membranes, as can uncharged 
ammonia molecules which are present at pH>8 (Syrett, 1988). 
Inorganic nutrients other than oxygen and carbon dioxide are 
generally taken up in ionie forms by active transport processes 
linked to photosynthesis, which provides the energy necessary 
for the uptake. Nitrate uptake, for example, is an inducible 
process involving the appearance of a nitrate-specifie permease 
in the membrane (Bray, 1983). There is good evidence for the 
existence of assisted uptake mechanisms for a wide variety of 
other N compounds, including nitrite, ammonium, urea, amino 
acids and purines (Syrett, 1988). In land plants ammonium is a 
less favourable N source than nitrate because its transport, 
which occurs preferentially in the form of free ammonia, 
reduces the pH of the extemal medium. In seawater this effect 
is less significant because the medium is buffered, and hence 
ammonium is universally utilisable by phytoplankton 
(Raymont, 1983). 

The ammonium ion is the point at which intracellular 
inorganic N is incorporated into the organic linkage prior to the 
biosynthesis of amino acids, the main pathway for the 
introduction of organic N into the cell. N taken into the cell in 
more oxidised forms must therefore be reduced to ammonium 
prior to this incorporation. Once nitrate has entered the cell it is 
reduced to nitrite by the action of the complex high molecular 
weight enzyme nitrate reductase (NR). NR in dinoflagellates 
has been localised in the chloroplasts in contrast to the majority 
of algae in which the enzyme is usually considered to be 
cytoplasmic (Fritz et al., 1996), and dinoflagellate NR may not 
be inhibited by ammonium, as is the case in many algal classes 
(see Berges, 1997, for a review of algal nitrate reductases). The 
reduction of nitrite to ammonium is catalysed by the enzyme 
nitrite reductase (NiR), localised in the chloroplasts. The 
substrate nitrite rarely accumulates under normal conditions 
since NiR is invariably present at much higher levels of activity 
than NR (Bray, 1983). 
Through several decades of field observations in temperate 
coastal areas characterised by the 'spring bloom' phenomenon, 
the temporal decrease in nitrate and concomitant increase in 
phytoplankton biomass, followed by a decline in biomass when 
nitrate is depleted, led to the conclusion that nitrate utilisation 
dominated the nitrogenous nutrition of phytoplankton. The use 
of nitrate, however, requires the synthesis of enzymes and 
cofactors involved in conversions to the point of initial 
intracellular assimilation, and hence the direct uptake of 
ammonium is preferential in terms of energy expenditure. It is 
increasingly understood that N may cycle between biomass and 
more reduced forms of dissolved nutrients at rates sufficient to 
keep the nitrate contribution to phytoplankton small or 
negligible. Nitrate may be utilised only when the concentration 
of ammonia plus urea is insufficient to saturate the 
phytoplankton uptake system (McCarthy, 1980). 

The enzymes considered to be of greatest importance in the 
initial assimilation of the ammonium ion into the organic 
linkage are glutamine synthetase (GS) and glutamate synthase 
(GOGAT). GS, found in both chloroplasts and cytoplasm of 
plant cells, catalyses the addition of ammonium to glutamate 
(Glu) to produce glutamine (Gln). GOGAT catalyses the 
reductive transfer of an amide-amino group from Gln to 2-
oxoglutarate with the resultant production of two molecules of 
Glu. One Glu molecule feeds back into the cycle and the other 
is available for the production of amino acids via 
transamination reactions. In addition to direct uptake from the 
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environment, ammonium is also released in various 
intracellular transport, storage and catabolic processes, the GS 1 
GOGAT system being implicated in all cases where 
reassimilation of ammonia has been demonstrated. 

The overall process of uptake and conversion of nitrate to Glu 
requires 10 electrons per molecule, whereas the photosynthetic 
reduction of carbon dioxide to carbohydrate requires only 4. It 
is generally the case that assimilation of both nitrate and 
ammonium in normally growing algae is dependent on 
photosynthesis, with little or no uptake occurring in the dark 
(Syrett, 1988). 

The potential pathways for the redistribution of the 
organically bound N of Gln and Glu within an algal cell are 
illustrated in figure 1.5. The initial step is the synthesis of other 
amino acids, the carbon skeletons of which are derived mainly 
from intermediates of glycolysis, the tricarboxylic acid cycle 
and the pentose phosphate pathway. Utilising these carbon 
skeletons as acceptor molecules and the compounds into which 
N has been initially assimilated (Gln and Glu) as principal 
donors, amino-N can be readily mobilised via transamination 
reactions catalysed by aminotransferases, enzymes which are 
widely distributed throughout the cell, being found in the 
cytoplasm, chloroplasts and mitochondria (Bray, 1983). 

In plants, as in bacteria and animais, 20 specifie amino acids 
are utilised in protein synthesis. The genetic information 
contained in the linear sequences of ribonucleotides of 
messenger RNA is converted into the linear sequence of amino 
acids which make up the different enzymic and structural 
proteins of the cell (Bray, 1983). 

The 20 amino acids which serve as substrates for the 
synthesis of proteins are also precursors of a wide variety of 
other biomolecules (Bray, 1983). Through transamination 
reactions N can be redistributed into non-protein amino acids, 
primary amines, diamines, aldehydes and hydroxylated amino 
acids. In tum these compounds may serve as the intermediates 
in the synthesis of other important molecules, such as 
alkaloids, porphyrins and plant hormones. The amino acids 
Gln, Glu, aspartate and asparagine also serve as N donors in 
the synthesis of purine and pyrimidine bases, components of 
the nucleic acid molecules RNA and DNA. Purine and 
pyrimidine derivatives are involved in other important 
metabolic processes, including carbohydrate and lipid 
metabolism, and the synthesis of pyridine and flavin nucleotide 
coenzymes which are involved in many of the oxidation 1 
reduction reactions in the cell (Bray, 1983). Every cell 
produces secondary metabolites, sorne of which have no 
obvious function, sorne may be repositories for waste or 
surplus products, and sorne may prove beneficiai by affecting 
competitors or predators (Flynn & Flynn, 1995). Dinoflagellate 
toxins are an interesting example of secondary metabolites for 
which no clear function is evident. 

Intracellular N can be stored as inorganic ions (nitrate and 
ammonium) or in assimilated form (amino acids, low 
molecular weight organic compounds) to be subsequently 
reintroduced into metabolic pathways according to the cell's 
requirements (figure 1.5). 

Phosphorus 
P is required in algal cells in the formation of nucleic acid, 

phospholipids, and various ester phosphates such as 
phosphorylated sugars, ATP, and NADP (South and Whittick, 
1987). 

Inorganic orthophosphate is the P form preferred by 
phytoplankton (Nalewajko & Lean, 1980). Phosphate uptake 
occurs via a specifie, energy dependent transport system 
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(Healey, 1973). The ability of algae to use other forms of P, 
such as polyphosphates and organic phosphorus compounds, 
appears to be widespread. When environmental phosphate 
concentration is low, algal cells release phosphatases, enzymes 
which break down P esters into phosphate, into the external 
medium. Inducible alkaline phosphatase production is common 
in algae under conditions of phosphate deficiency, and, while 
acid phosphatases are produced by sorne algal species, they are 
oflesser ecological significance, considering the great majority 
of natural waters in which the pH is suitable for the former 
(Nalewajko & Lean, 1980). Phosphatases are not very specifie, 
hence reports of a variety of organic P compounds, components 
of dissolved organic phosphate (DOP), serving as P sources in 
the absence of phosphate in the medium (Kuhl, 1974). The 
substrates are hydrolysed extracellularly by the enzyme and the 
phosphate, but generally not the carbon skeleton, is transported 
into the cell (Nalewajko & Lean, 1980). The addition of 
phosphate represses further phosphatase synthesis, but the 
existing enzyme lingers in the medium and on cell surfaces, 
and its activity does not decline due to end product repression 
(Nalewajko & Lean, 1980). 

Phosphate which enters the cell is accumulated in the form of 
polyphosphates, condensed phosphates of various chain lengths 
(Nalewajko & Lean, 1980), or alternatively Pis channelled into 
other metabolic pools. Polyphosphates play an important role 
in regulating intracellular levels of important P containing 
compounds; at times of high internai demand for phosphate, 
during rapid growth and division, suitable ATP/ADP ratios and 
levels of other metabolites can be maintained at the expense of 
phosphorylating polyphosphates. 

2. Nutrient stress and the cell's responses 
The term 'stress' is often used in relation to microalgal 

physiology, but has rarely been more than loosely defined. The 
most obvious effect of nutritional stress is a decrease in the 
cellular quota of the limiting nutrient through successive 
generations. In simplest terms, nutrient stress may be 
considered to occur when nutrient supply (uptake and primary 
assimilation) becomes insufficient to meet the cellular nutrient 
demand (utilisation for growth and division). When supply 
exceeds demand, 'luxury uptake' of nutrients may occur, 
charging internai nutrient pools (the cell is 'nutrient-replete'). 
When supply equals demand, cells will grow and divide, with 
cell cycle fluctuation but no average degradation of nutrient 
pools (below this level full cellular metabolism is to sorne 
extent 'nutrient-limited'). When demand exceeds supply, cells 
will grow and divide at the expense of internai nutrient pools. 
With regard to any nutrient, there is a minimum amount 
necessary for the cell to maintain base physiological functions 
(the 'subsistence' level, at which the cell is 'nutrient-deplete'). 
In order to be able to divide, cellular nutrient levels must be at 
least twice the subsistence level (2S), allowing the production 
of two viable daughter cells. As cellular quota of the limiting 
nutrient declines, a lesser proportion of the population will be 
in a condition to divide during each division period, and hence 
population growth slows. 

Nutrient stress can also be considered in terms of the 
efficiency of nutrient utilisation. Flynn (1995) defined 'stress' 
as describing a state which promotes or requires an increased 
energy expenditure by the organism relative to the growth rate. 
For each nutrient there exists a particular metabolic pathway 
which requires the least energy expenditure from uptake 
through to the metabolic endpoint, the production of new cell 
material. When nutrient uptake and primary assimilation 
conditions are such that this pathway cannot fulfil the cellular 
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nutrient demand, alternative pathways, requiring greater energy 
expenditure and therefore causing greater nutrient stress to the 
cell, must be employed. Cells using nitrate, for example, are 
more N-stressed than those using ammonium; the use of nitrate 
requires the synthesis of additional porters and enzymes, plus 
the generation of additional reductant, not required if 
ammonium is used as the sole N source. As natural microalgal 
populations are rarely likely to encounter conditions optimal 
with respect to the supply of all nutrients, it could be argued 
that phytoplankton are nearly always nutrient stressed to sorne 
extent. 

Motile organisms have the capability to overcome spatial 
limitation in nutrient supply; the first reaction of any motile 
organism to nutritional stress might be expected to be 
displacement to an area of improved nutrient supply. In 
common with other flagellated microalgae, many dinoflagellate 
species are known to perform diurnal vertical migrations 
(DVM) through gradients of nutrients and temperature 
(Maclntyre et al., 1997). This behaviour enables dinoflagellates 
to exploit deep nutrient pools, and hence confers a competitive 
advantage when nutrients become depleted in surface waters. 
Both phototaxis and geotaxis have been invoked to explain the 
directionality of swimming behaviour, with a variety of 
physical and chemical factors, including nutrient availability, 
regulating the extent of movement (Anderson & Stolzenbach, 
1985). DVM in dinoflagellates is tightly correlated to the 
availability ofN in the water column and in turn the nutritional 
status of the cells. DVM in Alexandrium tamarense, for 
example, is initiated and subsequently influenced by N stress 
(Maclntyre et al., 1997). This behavioural adaptation may 
enable dinoflagellates to improve their immediate nutritional 
status, but must be balanced against the need for other 
resources, principally light for photosynthesis. While DVM can 
enhance dinoflagellate growth potential in an otherwise 
nutrient-poor environment, cellular requirements thus dictate 
that it may not prove an ultimate solution to the alleviation of 
nutrient stress. 

Rather than leading to a shutting down of metabolic 
processes, nutrient stress causes a redirection of the cell's 
metabolic activity (Flynn, 1990), a genetic process regulated by 
intracellular chemical signalling pathways. The intermediary 
systems in signalling pathways are activated by variations in 
the intracellular concentration of particular nutrient 
components, the genetically regulated response being the 
activation/deactivation of specifie metabolic pathways, often 
through the synthesis/inhibition of specifie enzymes. The cell 
thus maintains a degree of control over the concentrations of 
components of the limiting nutrient, the direction of metabolic 
adjustments tending to maintain the maximum possible growth 
rate under the new nutrient conditions. 

Important! y, stress need not result in rate or yield limitation of 
growth (Flynn, 1995). Maximum growth rates may be 
maintained as a result of initial metabolic adjustments, which 
may include, for example, increased uptake of less favourable 
nutrient forms, and the redirection of cellular nutrient resources 
from stored reserves. Sorne of the cellular responses to the 
onset of nutrient stress, before growth rate is affected, may be 
subtle and difficult to measure (Flynn, 1995). It is well 
documented that N-stress leads to the synthesis of alternate 
high-affinity pathways for uptake and assimilation of the 
growth-limiting nutrient (Dugdale et al., 1981). During initial 
stages of N-deficiency, there appears to be an attempt to 
conserve the synthesis of protein at the expense of storage-N, 
and consequently changes in soluble, non-protein N might be 



expected to reflect initial or mild N-deficiency (Morris, 1981). 
Deficiency of P also appears to be accompanied by a 
conservation ofprotein synthesis (Morris, 1981). 

The response to stress may be conceptualised as an 
incrementai phenomenon; as the level of stress increases, 
further metabolic readjustments occur. Many cellular metabolic 
reactions are reversible; as cellular nutrient reserves become 
depleted, nutrients can hence be recycled from 
macromolecules, and ultimately from sorne structural 
components (figure 1.5 in the previous section illustrates the 
potential for homeostatic recycling within cellular N metabolic 
pathways). One of the more obvions effects of cellular N-stress 
is a reduction in the rate ofphotosynthesis (Syrett, 1981). This 
reduction is in part due to variations in the amounts of light
harvesting pigments (structural components), including 
decreases in cellular chlorophyll content and accumulation of 
caretenoid pigments in N-stressed cells (Fogg, 1975). The rate 
of photosynthesis also depends on the activities of enzymes 
which bear no simple relationship to the amount of chlorophyll 
in a cell, and which are affected differently from chlorophyll 
by nutrient deficiency (Fogg, 1975). 

As stress increases beyond a certain level, the cell's responses 
become inadequate to maintain maximum division rates; 
growth rate ultimately halts with yield limitation as the 
subsistence nutrient quota is neared (Flynn, 1995). After the 
cessation of growth, nutrients are still required to maintain the 
essential functions of the cell. In the continuing absence of 
nutrient supply, nutrient stress continues to increase, with the 
cell adapting through further metabolic adjustments. In the 
absence of a N source, the C fixed in photosynthesis is 
switched from the path of protein synthesis to that leading to 
carbohydrate (Fogg, 1975). On prolonged N-starvation, the 
maximum rate of photosynthesis of which the cells are capable 
diminishes, eventually becoming only 5% or so of the initial 
rate (Fogg, 1975). Respiration rates are reported to decrease 
un der N -stress, but after a minimum lev el is reached, the rate 
rises, which may be surmised to indicate the beginning of 
breakdown of cell organisation. From this point onwards, fats, 
which do not require N for their synthesis, begin to accumulate 
in the cells. This may also be the result of the fat-synthesising 
enzyme system being less susceptible to disorganisation than is 
the system responsible for carbohydrate synthesis, and 
consequently receiving the major share of the C fixed in 
photosynthesis (Fogg, 1975). 

The effects of P stress are generally less well understood than 
the effects of N stress, and may be complex through the 
involvement of the phosphorylation of metabolic intermediates 
and enzymes as a common mode of metabolic regulation 
(Flynn et al., 1995). 

3. Sexual induction mechanisms 
The progression of life cycle events, like the cellular response 

to nutrient stress, is a genetic process regulated by intracellular 
chemical signalling pathways. The identification of CDC2 
kinase, an enzyme closely associated with mitosis, led to the 
conclusion that dinoflagellates possess the typical cell cycle 
regulatory machinery present in higher eukaryotes (Van Dolah 
et al., 1997). The intermediary systems in signalling pathways, 
such as cyclic adenosine monophosphate (cAMP), are activated 
by intracellular metabolic changes, allowing endogenous and, 
indirectly, exogenous control over the succession of life cycle 
processes. 

Gamete mating in the chlorophyte Chlamydomonas, a 
microalgal flagellate in which sexual reproduction has been 
extensively studied (Forest, 1987; Musgrave, 1987), is initiated 
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by flagellar agglutination, which not only holds partners 
together, but also induces subsequent steps leading to cell 
fusion. The glycoproteins which are involved in this process, 
termed agglutins or cell recognition factors, have been 
identified on the surface of Chlamydomonas flagella 
(Crabbendam et al., 1986). There is evidence that gamete 
mating in the dinoflagellate Scrippsiella trochoidea is also 
initiated by flagellar contact (Gao et al., 1989a), and 
Sawayama et al. (1993) showed that concanavalin A (a lectin) 
and tunicamycin (an inhibitor of glycoprotein synthesis) 
prevented sexual attachment in Alexandrium catanella. A 
cellular recognition system involving agglutins similar to those 
found in Chlamydomonas thus possibly also initiates sexuality 
in dinoflagellates. In this case, the pathway to the synthesis of 
these cell recognition factors may be hypothesised to be 
activated in response to declining internai nutrient status 
associated with nutrient stress. The location of these 
recognition sites on the cell surface and the details of the 
biochemical interaction between receptor and ligand remain, 
however, unknown (Anderson, 1998). 

Commenting on the theoretical difficulty of gametes 
encountering each other, Wyatt & Jenkinson (1997) suggest the 
possibility that Alexandrium cells can signal to each other, the 
most likely media in which signais might be transmitted being 
chemicals or light. The only known chemicals produced by 
toxic Alexandrium species which might act as signais are the 
toxins themselves; chemically, Alexandrium toxins fulfil the 
requirements necessary to act as pheromones (Wyatt & 
Jenkinson, 1997). The relationship between nutrient stress and 
toxin synthesis is complex, but observations that cellular toxin 
content is maximal during exponential phase growth and 
declines during the stationary phase (e.g. Macintyre et al., 
1997), leads to the suggestion that toxins are released when cell 
concentrations are highest (Wyatt & Jenkinson, 1997). Toxin 
composition remains stable through nutrient-replete and 
nutrient-limited dinoflagellate batch culture growth (Maclntyre 
et al., 1997), suggesting toxin concentration would be the 
factor relevant to pheromone activity. The hypothetical role of 
Alexandrium toxins in the sexual process (as well as acting as 
sexual attractants between gametes, pheromones may actually 
induce the formation of new gametes in receptor cells) has yet 
to be tested under experimental conditions. 

4. Nutrient physiology through the time course of transition 
from asexual to sexual reproduction 

Dale (1983), reflecting conflicting reports at the time, stated 
that the extent to which encystment is simply a response to 
adverse environmental conditions, or is a routine stage in the 
life cycle, favoured rather than inhibited by optimal conditions 
for vegetative growth, remained unproven. This confusion 
arose from the contradictory position of the minority of 
laboratory observations which suggested nutrient limitation 
was not involved in sexual induction, and from interpretation 
of field data. The consensus of available evidence at this time 
linked depletion of nutrients in growth media and the presence 
of sexual stages, but no analytical investigations into the 
possible nature of this link had been undertaken. Increasing 
awareness of the importance of sexual stages in bloom 
dynamics prompted the first detailed investigations into 
nutrient physiology during sexual induction. 
The first experimental studies to test the hypothesis that sorne 
aspect of the cellular response to externat nutrient depletion 
may trigger the switch from asexual to sexual reproduction, 
measured metabolic changes in terms of intracellular pools of 
carbon (C) and the limiting nutrient through the time-course of 



the transition between reproductive strategies in batch culture 
(Anderson, 1983; Anderson & Lindquist, 1985; Anderson et 
al., 1985). First indications suggested that gametogenesis may 
be triggered when the intracellular concentration of the limiting 
nutrient falls to a threshold level. This threshold level may or 
may not coïncide with the subsistence intracellular nutrient 
level, the minimum level at which the cell can maintain base 
physiological functions. In Alexandrium tamarense in P
limited cultures, gametes were induced when P levels fell to 
the subsistence level of 27pg.celr1 (Anderson & Lindquist, 
1985). Anderson (1983) determined that induction of A. 
tamarense sexuality occurred when the N cell quota was twice 
the subsistence level of c.200pg.celr1

• Under P limitation, the 
first Gyrodinium uncatenatum planozygotes were observed 
when cellular P was still a factor of four above the subsistence 
level of 29pg.celr1

, but the major increase in abundance 
coincided with cellular P falling to the subsistence level; under 
N limitation planozygotes first appeared as cellular N reached 
the subsistence level of 250pg.celr1 (Anderson et al., 1985). In 
such studies the difficulty in differentiating between vegetative 
cells and gametes, and thereby pinpointing the exact timing of 
gametogenesis, precluded precise determination of the 
proposed threshold levels. Dinoflagellate planozygotes are 
often reported to be distinctive, being larger and darker than 
vegetative cells, and hence the timing of gametogenesis can be 
estimated with measurement of planozygote abundance and 
knowledge of the duration of gamete fusion, the latter being ill
defined for A. tamarense. With this uncertainty in mind, the 
fact that in each of these studies the extracellular limiting 
nutrient was exhausted a matter of days before the estimated 
timing of the surge in sexual activity suggests that sexual 
induction is coup led to the depletion of the intracellular rather 
than extracellular nutrient availability. Furthermore, it appears 
that while sexuality may occur to sorne extent before the 
limiting intracellular nutrient is completely exhausted, it 
becomes the dominant reproductive mode only when 
intracellular pools of the limiting nutrient have reached, or are 
close to, subsistence levels (Anderson et al., 1985). 

Sexuality has been induced by separate manipulations of N 
and P for a number of species (Pfiester, 1976; Anderson & 
Lindquist, 1985; Anderson et al., 1985). High Alexandrium 
tamarense N cell quotas during a P-limitation experiment 
suggest that sexuality was induced by a shortage of P rather 
than any indirect effect on N uptake (Anderson et al., 1985), 
leading to the conclusion that the pathways for uptake and 
utilisation ofN and P each include a mechanism for the shift to 
sexual reproduction (Pfiester & Anderson, 1987). The situation 
may not be so straightforward, however, as N or P stress may 
affect the metabolism of the other in complex and subtle ways. 
Because of the role P pla ys in cell energetics, for example, P
stress could indirectly affect many reactions of C and N 
metabolism (Flynn, 1990). 

Observations of sexual induction under apparently nutrient 
sufficient conditions may be explained by understanding of the 
differing conditions under which internai nutrient pools can 
become diminished in size. Differing circumstances can be 
conceptualised under which demand for nutrients can exceed 
supply: (i) when environmental nutrient concentrations fall 
below the uptake/primary assimilation capacity of cells, i.e. 
environmental nutrient levels are limiting ( environmental 
nutrient stress). In a Gyrodinium uncatenum N-limited time
course experiment, growth rate (demand) and uptake (supply) 
were initially well balanced, resulting in internai N 
concentration remaining relatively constant, until the 
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extracellular nitrate level dropped from 6.5J.!M to undetectable 
in one day, after which cells rapidly depleted their internai 
pools of nitrogen to the subsistence level, and gametogenesis 
ensued (Anderson et al., 1985); (ii) when nutrient demand 
exceeds the maximum uptake/primary assimilation capacity of 
the cells, i.e. internai nutrient supply is limiting (physiological 
nutrient stress). Under P limitation, the specifie P uptake rate of 
G. uncatenum was al ways less than the growth rate, resulting in 
a steadily decreasing P cell quota throughout the experiment, 
until sexuality was induced near the subsistence level 
(Anderson et al., 1985). In this case the external limiting 
nutrient was depleted before internai P pools reached 
subsistence levels, but a more extreme example of this 
phenomenon could account for reports which suggest sexual 
induction when environmental nutrient concentrations are 
seemingly favourable for continued vegetative growth. This 
effect may be particularly significant if the proposed threshold 
level for sexual induction is high relative to the subsistence 
level. 

The measurement of the overall quota of the limiting nutrient 
within an algal cell is the most basic indicator of intracellular 
nutrient status. Reviews in which methods for the 
determination of N status in microalgae have been compared 
include Dortch et al. (1985) and Flynn (1990). There are many 
inherent problems with any technique requiring the incubation 
of samples (Flynn, 1990), problems which can be avoided by 
the use of biomarkers (Flynn et al., 1989). The mass ratios of 
C/nutrient are the classical biomarkers of internai nutrient 
status. Values of C/N/P alter little with growth under different 
conditions of light or temperature, but significantly with 
changes in nutrient supply (Flynn, 1990). High C/N or C/P 
ratios indicate nutrient limitation, with values of 7 and 15 
respectively considered to indicate a status intermediate 
between nutrient replete and deplete conditions (hereafter 
termed the 1 value). During the first 5-7 days in both N- and P
limited Gyrodinium uncatenatum batch culture experiments 
(Anderson et al., 1985), C/nutrient ratios remained relatively 
constant around the 1 value (C/N ~7, N-limitation experiment; 
CIP ~15, P-limitation), whereafter the ratios gradually 
increased over 20 days to final values indicative of severe 
nutrient limitation (C/N 22, C/P 235 respectively). The first 
major surge in sexual induction in each case occurred 3 days 
after C/nutrient values started rising, at values indicative of a 
considerable degree of internai nutrient stress (C/N 14, C/P 
110). In N-limited Alexandrium tamarense batch culture 
(Anderson, 1983), the C/N ratio again showed an initial 
consistent level during early population development, in this 
case at a N-sufficient value of 5, before rising gradually 
through late exponential and early stationary phases to a 
consistent N-stressed value of 12 through the late stationary 
phase; the estimated onset of gametogenesis occurred soon 
after the C:N ratio started to rise, at a level close to the 1 value 
of7. 

C:nutrient ratios are easily measured indicators of internai 
nutrient stress that have commonly been used in studies across 
a range of algal classes, but certain limitations are associated 
with their use. C-stress, and the growth factors which cause it, 
will affect the ratios. The C:N ratio is more indicative of the N 
status in the recent past rather than the current state of N 
assimilation, and is also suspected to vary diurnally (Flynn et 
al., 1989). C:N ratios in natural samples are subject to error 
arising from the possible inclusion of dead particulate matter 
with the plankton samples (Flynn et al., 1989). 

A group of indices which form more specifie biomarkers of 



internai nutrient status are those which consider the 
intracellular free amino acid (lnAA) pool. Amino acid 
synthesis is the point at which the processes of C02 fixation 
and N-source assimilation meet. As such, the contents of InAA 
reflect the balance of these two processes and of subsequent 
processes requiring amino acids, such as protein synthesis 
(Flynn et al., 1994). Of particular importance, because of its 
ro1e in the assimilation of intracellular ammonium is the 
synthesis of Gln and Glu in the GS-GOGAT enzyme system. 
The intracellular ratio of Gln:Glu appears to correlate well with 
C:N status, giving an independent measure of C:N status with 
which to compare cultures grown under different conditions of 
photon flux density and substrate type and concentration 
(Flynn, 1990). The application ofGln:Glu analysis to studies of 
dinoflagellates in culture has been demonstrated by Flynn et al. 
(1993). In essence, a low value of Gln:Glu (less than 0.1) 
during phototrophic growth indicates significant N-stress, 
while values approaching and exceeding 0.5 indicate 
decreasing N-stress and an increasing degree of C-stress at the 
point of intracellular ammonium assimilation (Flynn et al., 
1994). In addition to their value as N status indices, it is worth 
noting that it the presence or absence of products of organic 
synthesis, such as amino acids, which are most likely to be of 
importance for the genetic regulation ofbiochemical processes, 
such as those stimulated when cells are N deprived (Flynn 
1990). 
Quantification of the InAA pool is employed in conjunction 

with the use of the more conventional biomarkers in the present 
study in order to provide greater resolution of intracellular 
nutrient physiology through the timecourse of the switch from 
asexual to sexual reproduction in dinoflagellate batch and 
continuons cultures, and naturally occurring populations. This 
comprehensive approach provides the opportunity to build on 

the findings and theories and address sorne of the questions 
arising from the previous research detailed in this section, to 
attempt to clarify the complex interactions between external 
nutrients, internai storage pools, and the mediating effects of 
physical variables, and to obtain further indications as to the 
nature of dinoflagellate sexual induction mechanism(s). 

E. The Experimental Species 
The experimental species, Alexandrium minutum Halim, was 

chosen on the basis of its common and increasingly widespread 
occurrence in the estuaries and hays of the northern Brittany 
coast. A. minutum is the only toxic cyst forming species which 
regularly proliferates in French coastal waters. The distribution 
and ecology of this species has been the subject of 
investigations by the IFREMER (Institut Francais pour la 
Recherche de la Mer) laboratory in Brest since its first 
occurrence in Breton coastal waters in 1985. A. minutum is a 
toxic, bloom-forrning species, the study ofwhich is particularly 
important due to its economie impact on shellfish culture in the 
region; harvesting bans due to elevated PST levels in shellfish 
flesh have become an almost annual occurrence in Brittany. In 
addition, a perceived westward spreading of this species along 
the northern Brittany coast suggests this impact is likely to 
increase in magnitude in the near future. A. minutum is 
amenable to laboratory culture, and the dense, localised blooms 
which form in the relatively small Breton estuaries also 
facilitate ecological research. A better understanding of the 
processes which regulate the appearance, development and 
decline of blooms of this species in the estuaries and hays of 
Brittany may improve the ability to predict the distribution and 
timing of occurrences, and hence assist shellfish producers to 
implement impact-limiting measures. 

Chapter 2 

The life history of Alexandrium minutum Halim 

A. Introduction 
An integral part of this investigation into the internai nutrient 

physiology of Alexandrium minutum Halim through the 
transition from asexual to sexual reproduction is the ability to 
accurately distinguish the different life stages illustrated in 
figure 1.3 (Chapter 1). While increase in population size and 
the formation of zygote stages are indicative of the action of 
the two reproductive cycles, few detailed morphological 
descriptions of complete dinoflagellate reproductive cycles 
exist, with confusion arising from the fact that dinoflagellates 
exhibit varions modes of asexual and sexual reproduction. 

The Alexandrium minutum vegetative cell and hypnozygote 
cyst have been described from severallocations (Balech, 1995; 
Erard-Le Denn, 1991; Bolch et al., 1991), but the 
morphological details of other life stages (gametes and 
planozygotes), and of the processes of asexual and sexual 
reproduction have not been reported. Aspects of the life cycle 
of A. tamarense have been described (Anderson & Lindquist, 
1985; Fritz et al., 1989), but while similarities between the life 
cycles of the se two closely related species are likely to exist, 
there are presently not enough detailed reports to determine 
whether patterns can be elucidated within genera. 

This chapter reports morphological and morphogenetic 
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observations of different life stages and the processes of 
asexual and sexual reproduction in cultured populations of 
Alexandrium minutum. 

1. The Genus Alexandrium 
Of those species that are now considered to belong to 

Alexandrium, the oldest was originally described as 
Goniodoma ostenfeldiii in 1904 by Paulsen, who transferred 
the species to Gonyaulax in 1949. In 1925, Lebour described 
the second species under the name Gonyaulax tamarensis, after 
which severa} species were added to these atypical Gonyaulax, 
but not until the 1970s was a special group within the genus 
Gonyaulax, the so called 'Gonyaulax of the tamarensis or 
catanella group' recognised (Balech, 1995). ln 1960, Halim 
discovered a small dinoflagellate in Alexandria harbour, Egypt, 
for which he created the new genus Alexandrium (Halim, 
1960). After the realisation that the species in the 'tamarensis 
group' were very similar to Halim's genus, the name 
Alexandrium was adopted for this complex of species formerly 
referred to as Gonyaulax, since when a number of new species 
attributed to Alexandrium have been described. 

In his monograph, Balech (1995) gives the following 
description for the genus Alexandrium: Gonyaulacidae with the 
tabular formation: Po, 4', 6", 5"', 2"", 6c, and 9-10s (based on 



a modified Kofoidean notation). l" always much anterior to 2". 
Cingulum well-excavated, descending usually 1 width, with 
overlap, and without or with only smalllists. Without homs or 
spines. Theca rarely sculptured. Transversely elongated 
nucleus. 

Balech (1995) subdivided the genus Alexandrium into the 
subgenera Alexandrium and Gessnerium, the first apical plate 
(1 ') in the latter not being rhomboïdal and not having any 
contact with the apical pore plate (Po). 

Of the many genera of phytoplankton associated with harmful 
algal blooms (HABs), the genus Alexandrium includes the 
largest number of toxic species (Anderson, 1998). At least 8 
species in this genus (A. acatanella, A. catanella, A. 
cohorticula, A. fundyense, A. ostenfeldii, A. minutum, A. 
tamarense [=A. excavatum], and A. tamiyavanichi) produce 
saxitoxins, the suite of compounds associated with paralytic 
shellfish poisoning. 

2. Alexandrium minutum Halim 
In the subgenus Alexandrium, several discrete groups are 

formed. The minutum group is composed of A. minutum, A. 
angustitabulatum, A. lusitanicum and A. andersoni (figure 2.1), 
all characterised by their small size, irregularly oval shape, 
very narrow sixth precingular plate (6"), and shape of the 
posterior sulcal plate (S.p.) (Balech, 1995). 

Figure 2.1 The minutum group: ventral view of the plate 
structure of vegetative cells of (a) Alexandrium minutum, (b) A. 
lusitanicum, ( c) A. angustitabulatum, and ( d) A. andersoni 
(after Balech, 1995). 

Alexandrium minutum is the type species of the genus. Since 
this species was first described from Alexandria harbour, it has 
been reported from coastal waters in various locations in the 
northem hemisphere, including Turkey, ltaly, Spain 
(Mediterranean and Atlantic coasts ), Portugal, Ireland, The 
Netherlands, Germany, and the Atlantic coast of North 
America (reviewed by Nehring, 1994), as well as from 
Australasian waters (Bolch et al., 1991; Chang et al., 1995). 
Associations with PST contamination of shellfish have been 
demonstrated in Europe and Australasia ( e.g. Franco et al., 
1994; MacKenzie & Berkett, 1997), and the production of 
PSTs by laboratory cultures of A. minutum has been confirmed 
using various methods (Oshima et al., 1989; Flynn et al., 1994; 
Franco et al., 1994; Chang et al., 1996). 

3. Dinoflagellate reproductive morphology and 
ultrastructure 

Binary fission in dinoflagellates, which usually produces two 
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daughter cells of equal size, can be transverse or oblique 
(Walker, 1984). The cell covering (the theca in armoured 
forms) may be shared between daughter cells with the missing 
part added during growth (desmoschisis), or may split and 
release a naked cell which subsequently divides, the daughter 
cells each producing a new covering ( eleutheroschisis). W alker 
(1984) states that in dividing pairs the cingula are usually 
parallel to each other. In late division, however, cingula are 
often reported to be orientated perpendicularly ( e.g. 
Scrippsiella sp., Gao et al., 1989a; Gyrodinium uncatenum, 
Coats et al., 1984). The exact mode of binary fission in 
autotrophic dinoflagellates is determined largely by the cell 
morphology, i.e. armouredlunarmoured, solitary/chain formers 
(Walker, 1984). 

The onset of dinoflagellate cell division is marked by the 
duplication of the two flagellar bases from which the new 
flagella emerge (Pfiester & Anderson, 1987). Nuclear division 
(karyokinesis) in free-living dinoflagellates is unusual in that 
the nuclear envelope to which chromosomes are attached 
remains intact, and is probably involved in sorne way in 
daughter chromosome separation (Rizzo, 1987). As the 
chromatids separate, the nucleus becomes dumb-bell shaped 
and eventually separates in the middle forrning two daughter 
nuclei. The cytoplasm cleaves ( cytokinesis ), separa ting the 
nuclei and thus forrning two separate protoplasts (Pfiester & 
Anderson, 1987). 

As in the asexual phase, the sexual cycle differs in details 
among dinoflagellate species. While certain trends are 
becoming evident, it must be noted that sexual reproduction 
has, as yet, only been observed and documented in a fraction of 
the known dinoflagellate species. All dinoflagellate species 
studied thus far (with the exception of Noctiluca) exhibit a 
haplontic life cycle, i.e. vegetative cells are haploid with the 
zygote being the only diploid stage in the cycle (Pfiester & 
Anderson, 1987). The gametes of sorne species are reported to 
be smaller, and may be darker or lighter than vegetative cells, 
and the gametes of thecate species may or may not possess 
thecae. In certain species the gametes are hologamous, i.e. 
gametes do not differ morphologically from vegetative cells 
( e.g. Gyrodinium ( Crypthecodinium) cohnii; Bearn & Himes, 
1974). Sorne species are isogamous, producing gametes which 
differ morphologically from the vegetative cell but are identical 
to each other (e.g. Peridinium spp.; Pfiester, 1975, 1976, 1977), 
while anisogamous species produce gametes which differ from 
each other morphologically (e.g. Alexandrium tamarense; 
Turpin et al, 1978). Most dinoflagellate species studied are 
monoecious, i.e. sexual reproduction may occur within a clone 
(Pfiester & Anderson, 1987). Gao et al. (1989a) summarised 
reports of sexual reproduction in dinoflagellate species, and 
concluded that they can be broadly divided into two groups 
(table 2.1 ). In group 1 gamete fusion starts in the sulcal region, 
and in the early stages the cingula are approximately parallel. 
In group 2 the gametes are thought to be oriented at 90° to one 
another and fuse such that the anterior apex of one is attached 
to the sulcal region of the other. Walker (1984) suggested that 
fusing pairs can generally be distinguished from dividing pairs 
since the cingula are perpendicular during fusion (i.e. group 2), 
but Gao et al. (1989a) conclude that the observations on 
species in group 2 may need re-examination in order to 
determine whether cell division bas been misconstrued as 
gamete fusion, or whether an altemate method of gamete 
mating and fusion exists in these species. 

Planozygotes are frequently observed to be distinctive, being 
larger, more heavily pigmented, and having two longitudinal 



flagella (Gao et al, 1989b, Walker, 1984), the pigmentation 
resulting from the accumulation of storage materials, such as 
starch grains and lipid bodies, in the cytoplasm (Fritz et al., 
1989). The planozygote is the stage in which the major internai 
changes necessary for encystment take place (Gao et al., 
1989b). The planozygote may undergo meiosis (von Stosch, 
1972) or, in many cases, lose motility, typically after a few 
days (Anderson et al., 1983), and develop into a resistant 
hypnozygote, or 'cyst' stage (Pfiester & Anderson, 1987). 
Dinoflagellate cysts are characterised by a thick, multilayered, 
resistant cell wall, formed internai to the planozygote cell 
covering (Fritz et al., 1989), which can be smooth or have 
processes of various shape, length and number, and in sorne 
species may be surrounded by a mucilage layer (Walker, 
1984). Meiosis may occur within the cyst or after excystment 
of a large motile planomeiocyte, to restore the vegetative 
haploid condition (Walker, 1984) and provide an inoculum of 
vegetative cells for the overlying waters (Anderson et al., 
1983). 
Nuclear fusion has been observed to occur prior to the 

completion of plasmogamy in fusing gametes of most 
dinoflagellate species studied. The resulting nucleus is large 
and occupies a considerable part of the cell volume. In a 
growing number of dinophycean zygotes the nucleus has been 
seen to enlarge further and to rotate rapidly within the cell, a 
process (termed 'cyclosis') which is believed to be associated 
with meiosis (Pfiester & Anderson, 1987). 

B. Methods 
1. Strain initiation and identification 

The stock Alexandrium minutum culture (AM89BM) 
maintained at the IFREMER laboratory in Brest was initiated 
from a single vegetative cell isolated from a sample collected 
during a bloom in the Morlaix estuary, Brittany, in 1989. 
Further strains were initiated by micropipette isolation of single 
vegetative cells from incubated sediment slurries (the isolation 
procedure is detailed in Chapter 3, section B4). 

Strains were identified by examination of the arrangement of 
thecal plates; cells were lysed by addition of dilute (1-2.5%) 
sodium hypochlorite, or by applying gentle pressure to a 
coverslip covering the cells on a microscope slide, and the size, 
shape, and arrangement of the dissociated thecal plates drawn 
directly from microscope observations (x400/x1000 oil 
immersion). The orientation of the plates was manipulated with 
a very fine needle in order to record ali dimensions and 
associations, and the addition of a drop of Trypan blue stain to 
the preparation assisted visualisation of the plates when 
necessary. 

2. Culturing 
Batch cultures were maintained at temperatures ofboth 16°C 

and 20°C, with overhead illumination of lOO!!E.m-2.s-1 in a 
14:10 hour light/dark (L:D) cycle. Cultures were grown in 
modified K medium (Keller et al., 1987), containing a range of 
N and P nutrient concentrations (between K and K/40). For a 
detailed description of culturing procedures, see Chapter 3, 
sections B1-3. 

3. Direct observation 
Cells undergoing reproduction (2 cells 'attached' in any 

manner) were selected under a binocular microscope 
(magnification x400) and micropipetted into separate wells in a 
multi-well plate containing growth medium of the same 
nutrient concentration as the parent culture. The multi-well 
plates were maintained under identical conditions to the parent 
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culture. The cells were monitored over a period of several da ys 
in order to determine whether they subsequently divided or 
fused. 

4. Video recording 1 Image analysis 
Live dividing/fusing cells were video recorded through an 

Olympus BH2 microscope and the images studied under slow 
motion to record morphology and behaviour of cells. A number 
of methods for slowing the swimming speed of cells to 
facilitate observation were tried ( e.g. nickel sulphate, 
polyethylene oxide, agar, gelatine), but ali methods caused 
cells to rapidly shed their flagella, and often to lyse. The 
dimensions of recorded images of cells were measured using 
Global Lab image analysis software (Chapter 3, section C2). 

Since cells in the very early stages of division were 
infrequently observed due to the speed of the process, an 
indirect calculation was used to determine the size of cells 
immediate! y before division: (i) the length of two dividing cells 
in mid/late division was measured; (ii) the volumes of these 
cells was calculated, the cells being considered as spherical 
(see Chapter 3, section C2); (iii) the volumes of the two cells 
were added, thus working back to the volume of the pre
division cell; and (iv) from this volume, the length of the 
original pre-division cell was calculated. Planozygote size was 
determined by direct measurement of planozygotes, and by 
indirect calculation from fusing gametes as follows: (i) the 
lengths of two gametes in earl y fusion were measured; (ii) the 
volumes of these two cells were calculated; (iii) the volumes 
were added, giving the volume of the future planozygote; (iv) 
the length of the planozygote was calculated from this volume. 

5. Photography 
Unfixed cells and cells fixed in osmium tetroxide (2% in 

filtered seawater) were photographed at x400 and x1000 (oil 
immersion) magnification under bright phase and phase 
contrast illumination using an Olympus C-35AD camera 
through the Olympus BH2 microscope. 

6. Protargol staining 
The protargol silver staining technique of Montagnes & Lynn 

(1987) was employed to follow nuclear changes and the 
positioning of basal bodies through the reproductive cycles. 
This method binds silver proteinate to structures such as ciliary 
and cortical microtubules, kinetosomes, mitochondria, and 
nuclei, following which the silver is reduced to reveal the 
structures. 

Samples were fixed with modified concentrated Bouin's fluid 
(Coats & Heinbokel, 1982), made by saturating formaldehyde 
(37%) with calcium carbonate until sediment appeared, 
decanting, saturating with picric acid crystals, and decanting 
again. Just prior to fixation, 1% (fixative volume/sample 
volume) glacial acetic acid was added. The fixative was added 
to the sample in the ratio 1:15, gentle swirling ensuring rapid 
mixing of fixative and water. Fixation requires at least 30 
minutes, but samples will remain preserved in this state for 
months. In practice, samples were left for 12-24 hours. 

Each sample was filtered onto a 22mm diameter, 3!lm pore 
size mixed cellulose ester filter (Millipore HA) using a 
Millipore filter holder with a fritted glass base for supporting 
filters. Gentle suction (<100 mmHg) was provided by a 
vacuum pump. Before ali of the sample was removed, tap 
water was slowly added until no Bouin's fluid (yellow colour), 
which inhibits subsequent staining, remained. The water was 
then sucked from the column until it was just empty, 
preventing the rupture of cells. The filter was removed and 
placed, residue up, on a hot plate at 35°C for 1-2 minutes in 



order to remove excess moisture. A 22-mm2 cover slip, onto 
which a drop of liquid agar (2.5% w/v) (heated to 60°C to 
maintain liquid state) had been placed, was inverted and 
loweredgently but quickly onto the filter. Gentle pressure was 
immediately applied to the coverslip in order to obtain a thin 
layer of agar on the filter. The agar was left to solidify (2-5 
minutes). Two of the four edges of the filter which extend past 
the cover slip were trimmed (allowing the filter to fit into a 
Columbia staining jar), and the cover slip peeled off. All 
subsequent reagents were kept in staining jars and the filters 
transferred from jar to jar. Filters were initially placed back to 
back in a jar containing water, with subsequent transfers as 
follows: 

(1) 0.5% (w/v) potassium permanganate (KMn04) solution 
for 5 minutes (preparation for impregnation of stain by 
bleaching or oxidising cytoplasmic components that would 
otherwise become stained and obscure the desired structures). 
W ash in tap water until excess KMn04 is removed; for all 
washes the filters were transferred into a staining jar immersed 
in constant! y flushed, 18-20°C water bath. 

(2) 5% (w/v) oxalic acid for 5 minutes (completely removes 
KMn04 by reduction). Wash for 10 minutes. 

(3) 2% (w/v) protargol solution for 12-24 hours, until pH 
shifts to 6.9 (selectively stains structures with silver). Protargol 
solution was prepared by placing 0.5g of thin copper plate 
(flamed and washed in 100% ethanol to expose a non-oxidised 
surface) in a jar with distilled water, sprinkling protargol 
powder onto the surface of the water, and allowing the powder 
to dissolve without stirring (the pH was subsequently adjusted 
to 8.8 with either 0.1N HCl or 0.1N NaOH). 

(4) 1% (w/v) hydroquinone solution dissolved in 5% (w/v) 
sodium sulphite solution plus 4% (w/v) anhydrous sodium 
carbonate solution for 8 minutes (hydroquinone reduces 
(develops) the silver, sodium sulphite, an antioxidant, preserves 
the hydroquinone solution, and sodium carbonate increases the 
pH, facilitating the silver reducing activity of hydroquinone). 
W ash for 10 minutes. 

(5) 0.5% (w/v) gold chloride solution for 15 seconds (gold 
amalgamates with the silver proteinate and through reduction 
displaces sorne silver, adding contrast and col our to the stain). 

(6) 2% (w/v) oxalic acid solution for 2 minutes (to produce a 
purple-grey tone by reducing the gold-silver protein 
agglomerate, and to hydrolyse cellular components which may 
obscure stained structures). Wash for 10 minutes. 

(7) 5% (w/v) sodium thiosulphate solution for 5 minutes (to 
fix stain by reduction). Wash for 10 minutes. 

(8) Dehydrate in isopropanol series (30-50-70-95-1 00-100-
100%) for 5 minutes each (since the clearing agent and 
mounting medium are not miscible with water). 

(9) Three 100% xylene rinses of 5 minutes each (to clear the 
cells and filters). 

(10) 20% xylene: 80% Permount solution for 1 hour (to 
replace xylene with the embedding medium, which prevents 
opaque air pockets forming when the Permount hardens). 

Each filter was then mounted with Permount on a slide by 
placing drops below and on the filter, and covering with a 
cover slip. It was important to ensure no air bubbles were 
trapped under the filter or cover slip at this stage, before the 
mounting medium hardened. After hardening, the coverslip 
was sealed with nail varnish to prevent moisture entering. 
Stained cells were then examined and photographed at x1000 
( oil immersion) magnification through the Olympus BH2 
microscope. 
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7. Scanning Electron Microscopy 
Cells were prepared for the Scanning Electron Microscope 

(SEM) following the methodology of Takayama (1985), a 
process developed for the preparation of fragile specimens. 

In preparation for fixation, 15mm diameter round cover slips 
were coated with 0.1% poly-1-lysine solution for 30 minutes. 
One or two drops of sample and a drop of osmium tetroxide 
(2% in filtered seawater) were then placed on the coverslip, 
and after a fixation time of 30 minutes, the supernatant was 
removed with a micropipette, the fixed cells remaining 
attached to the coated cover slip. 

The cover slips were then passed through a series of transfer 
dishes, firstly a rinse in distilled water, and then a dehydration 
series of ethanol (30-50-70-90-95-100-100-100%) for 30 
minutes each, and finally two 15 minute transfers through 
100% amyl acetate. 

A specimen boat for the Critical Point Drier (CPD) (Polaron 
E3000), designed to hold the cover slips during the process, 
was fabricated (figure 2.2). 

Figure 2.2 Sample holder for the Critical Point Dryer (made in 
brass, 2 samples per holder). 

Due to the their fragile nature, care was taken not to allow the 
specimens to dry out during transfer to the CPD. Prior to use, 
cold water was run through the CPD apparatus to reduce the 
temperature below 20°C. After loading the sample boat, the 
chamber was filled with liquid co2 and then flushed for 2 
minutes by leaving both the co2 inlet and vent valves 
moderately open. After flushing, the chamber was filled with 
co2 and left for 2 hours, followed by flushing for another 2 
minutes. The inlet valve was closed and the level of liquid C02 

allowed to fall to the level of the top of the boat using the drain 
valve, which was subsequently closed. The C02 cylinder and 
cold water tap were turned off, and the system heated with two 
commercial hair dryers up to 34-36°C (1200lb/in2

), at which 
point the liquid C02 vaporises. The heaters were turned off, the 



co2 gas vented very slowly (>10 minutes), and the specimen 
boat removed. 

The coverslip was attached to a SEM stub and gold/palladium 
sputter coated (Polaron E5100 Series II 'Cool' Sputter Co~ter) 
for 3 minutes, giving a 50nm thick coating. The preparatiOns 
were stored in a desiccating chamber, and viewed and 
photographed through an Hitachi s-2500 SEM. 

8. Crossing experiments 
In order to attempt to provoke hypnozygote formation in 

cultured Alexandrium minutum populations, selected strains 
were crossed and maintained under varying environmental 
conditions. In preparation, cultures of the stock strain, 
AM89BM, and the newly isolated strains M91-3, M91-7, P93-
5, and P93-13, were grown for 1 week in K medium with N 
reduced to 10% of normal concentration (see Chapter 3, section 
B2 for medium composition) at 20°C and 1001-1E.m·2.s-1 in a 
14:10 hour light/dark (L:D) cycle. Crosses were performed by 
mixing 7 .5ml of the parent culture of one strain with 7 .5ml of 
the parent culture of another in a sterile glass ~etri-dish whi~h 
was sealed with Parafilm to prevent evaporatiOn. Each stram 
was crossed with the other four strains in triplicate, the first 
example maintained under the same conditions as the parent 
cultures the second maintained at 12°C and 50/-lE.m-2.s-1 

(14: 10 L:D), and the third maintained at 4°C in continuai 
darkness. The crossed cultures were subsequently monitored 
under the inverted microscope (x100/x200/x400 magnification) 
for the presence/absence of planozygotes and hypnozygotes 
over a 3 week period. 

(d) 

.............. 
10um 

C. Results 
The results described in this section are based on many hours 

of observations of live cultures, analysis of severa] hours of 
video images of hundreds of cells, light microscope 
observations of severa] hundred osmium tetroxide fixed and 
over 200 protargol stained cells, together with examination of 
SEM images of severa] hundred cells. 

1. Vegetative cells 
The vegetative cells of A. minutum strain AM89BM are small 

(typically between 17 and 26f.!m long, absolute range 14-
30!-lm), more or less oval in ventral view, and are generally 
slightly longer than wide. The epicone is more highly d_omed 
than the hypocone, which is hemi-elliptical and often shghtly 
antapically flattened. The cingulum is deep and shows a 
descending displacement of approximately one cingulum 
height. The sulcus is narrow and deep and extends _well into the 
hypocone. The 1' plate is narrow, and connects dtrectly to the 
Po in which the comma and caHus are generally not well 
defined. Interestingly, this strain lacks the characteristic ventral 
pore in the 1' plate which Balech (1989) sta~es is alway,~ 
present in this species (Plate 1, figure 1 ). The h~tght _of the 6 
plate is generally 1.5 to 2 times greater than tts wtdth. _T~e 
anterior sulcal plate (S.a.) is approximately as long as lt ts 
wide. The form and arrangement of thecal plates are illustrated 
in figure 2.3. 

S.a.~ S 

S.d.p. 
- s.s.p. 

(e) 0 s.p. 

Figure 2.3 Form and arrangement ofthecal plates o~ Alexandrium minutum strain A~89BM: (a) v~ntral v~ew; (b) apical ~iew; 
(c) antapical view; (d) light micrograph of ventral vtew; (e) sulc~l plates: ~.a.= antenor plate, S.p.- postenor p_late, S.s.a. left 
anterior lateral plate, S.s.p.= left posterior lateral plate, S.d.a.= nght anteno~ lateral plate, S.d.p.= nght postenor lateral plate, 
S.m.a.= anterior median plate, S.m.p.= posterior median plate. Scale bar apphes to whole thecae (a, b, c, and d). 

Live cells are pigmented a light brown-orange colour. The 
nucleus of the cell in the vegetative state is typically crescent 
shaped and situated in the central 1 hypothecal region of the 
cell (Plate 1, figure 2). 
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2. Asexual division 
In the earliest stage of asexual division the crescent shaped 

nucleus becomes spherical and migrates to the centre of the 
cell. The mitotic division of the nucleus is initiated before any 



external signs of cellular division are apparent. The flagellar 
basal bodies replicate at this earl y stage in such a way that each 
new cell will subsequently possess one old and one new basal 
body. Nuclear division is oblique, with one newly fonning 
nucleus migrating towards the top corner of the cell and the 
other towards the opposite bottom corner. As the newly 
fonning nuclei separate the first external signs of cellular 
division are apparent (Plate 1, figure 3). The thecal plates are 
retained as the cell divides diagonally (Plate 1, figure 4). Figure 
2.4 illustrates the line along which the thecal plates are shared 
between the two newly forming cells. 

The flagella have replicated by this mid-division stage, such 
that each new cell possesses both transverse and lateral 
flagella. As division proceeds the two cells move apart and 
new thecal plates are synthesised. The nuclei move 
progressively apart, but typically remain attached by a thin 
projection of nuclear material until late in the division process 
(Plate 2, figure 1). Throughout mid- and into late division, the 
dividing cells are enveloped by one 

Figure 2.4 Sharing of parent cell thecal plates between 
daughter cells during division. 

outer cell membrane (Plate 2, figure 2); it is unclear whether, 
and exactly at which point, this membrane is either cleaved and 
shared between daughter cells, or shed and the two new cells 
form separate outer membranes. The basal bodies move further 
apart as, by late division, the cells appear 'stacked', with the 
hypothecal tip of one cell attached to the epithecal tip of the 
other in the region of the apical pore (Plate 2, figures 3-4). The 
nuclei finally detach and the last thecal plates are synthesised. 
The two new cells are always identical in size. The total time 
for the division process up to this late 'stacked' stage is less 
than 1 hour, but the cells may remain in this last stage for 
considerably longer. 

Throughout the division process the direction of swimming is 
straight, but whereas during early and mid-division swimming 
velocity is relatively slow, towards late division the 'stacked' 
cells swim much faster, with speeds comparable to vegetative 
cells. 'Phased' cell division was observed in Alexandrium 
minutum cultures. Hourly observations of the percentage of a 
culture population in division ( counts made through the light 
and dark cycles of a culture in the exponential growth phase) 
indicate a trend of increased division rate in the dark phase, 
with a peak (7.4%) 2 hours before the onset of the light phase 
(figure 2.5). 

Cells isolated at any stage of the division process described 
were always observed to subsequent! y separate to two cells, 
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Figure 2.5 Asexual division through a Light:Dark cycle. 

confirming these observations as asexual reproduction. The 
average size of newly formed cells was 20.04f.!m, s.d. 1.23~m 
(n=320). The average size of cells immediately prior to 
division (indirect measurement) was 25 .16f.!m, s.d. 1.44~m 

(n=l40). 

3. The sexual cycle 
Mating gametes generally constituted a low proportion of 

culture populations. Mating may be between cells of similar 
size (Plate 3, figure 1 ), or of differing sizes (Plate 3, figure 2). 
In live samples, two cells were occasionally observed in close 
proximity to each other swimming in tight circles, apparently 
attached by means of the lateral flagella of one of the cells. 
During the initial stages of gamete attachment the cell nuclei 
remain crescent shaped, and there are no obvious 
morphological differences from vegetative cells. The initial 
contact between cells is al ways between the hypocone of this 
cell and the sulcal region of the hypocone of the other. There 
does not appear to be, however, a set pattern for the orientation 
of the two cells with respect to each other. The cells may be 
joined cingulum:cingulum through antapical tip:antapical tip 
(Plate 3, figures 3-4, Plate 4, figure 1), the relative orientation 
of cingula ranges from approximately parallel to perpendicular 
(Plate 4, figures 2-3), and may be skewed to an oblique angle 
(Plate 4, figure 4), and, significantly, cells may be orientated 
inversely (Plate 5, figure 1). 

Initial cellular fusion is between the hypocones of the two 
gametes. During this phase the nuclei become spherical, but 
remain apart while plasmogamy continues (Plate 5, figure 2). 
Sorne thecal plates at the point of contact between the gametes 
are shed as fusion progresses (Plate 5, figures 3-4). The relative 
orientation of gametes at the initial point of contact evidently 
affects aspects of subsequent fusion. A certain degree of 
reorientation of sorne cell configurations occurs earl y in fusion, 
allowing the hypocones to come into greater contact. 
Hypocone fusion is often observed to be almost complete 
before the epicones begin to fuse, and one of the transverse 
flagella is lost during this stage. After fusion of the epicones, 
gamete fusion is concluded when the nuclei fuse and the basal 
bodies come into close proximity (Plate 6, figure 1), resulting 
in the formation of a motile planozygote. 

The duration of gamete fusion is generally several hours, and 
throughout the process the velocity of swimming is slow, the 
direction being dependent on relative orientation of gametes. 
The average size of gametes was 23.43f.Lm, s.d. 4.08~m 

(n=240), the size range being similar to that of vegetative cells. 



Sorne of the live pairs of cells isolated in very earl y fusion 
were observed to separate, presumably as the flagellar 
attachment was affected by agitation during isolation, but all 
cells in which cellular fusion had commenced were observed to 
remain paired (although in sorne cases fusion did not progress 
after isolation), confirming these observations as gamete 
fusion. Successful gamete mating of isolated pairs in multi
well plates sometimes took as long as 7 days, but the average 
duration of fusion from early gamete attachment to the 
formation of a motile planozygote (based on twice daily 
extemal morphological observations) was 2 days (n = 214). 

The lateral flagella of the motile planozygote may or may not 
be situated adjacent to each other as has typically been reported 
for dinoflagellate planozygotes (Plate 6, figures 2-3). During 
this phase the cell swims very slowly and is often found 
towards the bottom of the culture vessel. The planozygote may 
remain motile for several days, becoming darker, before losing 
flagella (Plate 6, figure 4). Average planozygote size was 31.18 
j.Ull, s.d. 3.281-lm (n=325). 

Planozygotes were observed in all crossing experiments under 
all three different environmental regimes, but the 
transformation of the non-motile planozygote to the 
hypnozygote resting cyst stage was never observed in culture. 
Hypnozygote cysts were observed in sediments from the Abers 
of northem Brittany from which this species was isolated. The 
clear, mucoid cysts are roughly oval in shape when viewed 
from above (Plate 6, figure 5), and reniform when viewed from 
the side (Plate 6, figure 6). The cyst has a distinctive thick cell 
wall which surrounds the cytoplasm, which contains numerous 
storage granules and, in mature specimens, a single orange-red 
accumulation body. Prior to excystment the accumulation body 
becomes less obvious, and Brownian motion can clearly be 
seen in the granular cytoplasm. Hypnozygote size ranged from 
25-331-lm, with an average value of 29!lm, s.d. 1.5!lm (n=45). 

The processes of cell division and gamete mating and fusion 
are diagrammatically illustrated in figures 2.6a and b, and life 
stage size distribution summarised in figure 2. 7. 

C. Discussion 
1. Taxonomie designation 

In his monograph on the Alexandrium genus, Balech (1995) 
describes four species in the minutum group (A. minutum, A. 
angustitabulatum, A. lusitanicum, and A. andersoni). The form 
of the 6" and the S.a. clearly distinguish this isolate from A. 
andersoni. The absence of the ventral pore in the 1' plate of 
this strain would suggest a designation of A. angustitabulatum, 
the only member of the group which typically lacks this 
feature. There are a number of reasons, however, why this 
isolate is designated as A. minutum. 

The shape of the 1' plate is typical of A. minutum/A. 
lusitanicum, the posterior right margin being rather long, and 
not always straight. The ventral pore is present in sorne natural 
specimens from Breton waters (Nezan, pers. comm.), and was 
indented into the 4' plate in material from a bloom in Vilaine 
Bay, Brittany, examined by Balech (Balech, 1995). The 
differences between A. minutum and A. lusitanicum are so 
small that Balech (1995) expresses the view that species 
independence is doubtful. On the basis of evidence which 
illustrated the similarity in toxin profiles between Australian, 
Spanish, and Portuguese strains of A. minutum and A. 
lusitanicum, Franco et al. (1994) proposed that these species 
should be considered as synonymous. Similarly, Scholin & 
Anderson (1994) and Scholin et al. (1994) concluded that A. 
minutum and A. lusitanicum are identical although distinct 
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from A. andersoni on the basis of genetic amplification 
analyses. Costas et al. (1995) and Zardoya et al. (1995) also 
reached the same conclusion after examining Spanish and 
Portuguese strains of A. minutum and A. lusitanicum using 
molecular markers and genetic sequence analysis. Honsell 
(1993), in contrast, maintained that the differences observed 
between isolates of A. minutum and A. lusitanicum from the 
Adriatic Sea are sufficiently consistent to support 
discrimination between the species. The direct link between 1' 
and the Po is more characteristic of A. lusitanicum, but the 
main distinguishing characteristic, the width of the S.a., 
indicates that this isolate is, in any case, A. minutum. 
Additional evidence is provided by the fact that strain 
AM89BM has a genetic restriction profile very similar to that 
of an Australian strain clearly identified as A. minutum (Erard
Le Denn, 1997). 

2. Asexual division 
In Alexandrium minutum, division is oblique and the cingula 

are parallel throughout. Division in the related species A. 
tamarense (Anderson & Lindquist, 1985; Destombe & 
Cembella, 1990) also follows this pattern. The two newly 
forming cells share the thecal plates from the parent cell 
obliquely, and each cell synthesises the remaining plates during 
division. The two new cells are always identical in size; there is 
no evidence of the budding division which results in cells of 
unequal size observed in sorne dinoflagellate species ( e.g. 
Gymnodinium cf. nagasakiense, Partensky & Vaulot, 1989). 

It is unclear whether there is any advantage for the newly 
formed cells in remaining 'stacked' after division is apparently 
completed. When such cells are manipulated with a 
micropipette they typically separate, indicating that plate 
synthesis, and bence division, is indeed complete. As noted, 
cells in this configuration swim rapidly, although it is not 
known whether the swimming velocity is faster relative to that 
of the individual cells, a factor which could convey sorne 
advantage with respect to migration to optimal growth 
environments. 

3. The sexual cycle 
Alexandrium minutum gametes remain . thecate and vary in 

size over a range similar to that of vegetative cells. As in many 
other species, gametes appear morphologically and 
morphogenetically indistinguishable from vegetative cells. 
Anderson & Lindquist (1985) report that gametes of A. 
tamarense are morphologically indistinct from vegetative cells, 
and note that it is not known whether gametes are formed by 
division of vegetative cells or whether vegetative cells are 
capable of sexuality directly. Fritz et al. (1989), in contrast, 
reported that A. tamarense gametes are somewhat smaller and 
less heavily pigmented than vegetative cells. 

Alexandrium minutum fusing gametes may be isogamous or 
anisogamous. In sorne strains of Alexandrium assignable to A. 
tamarense or A. excavatum, Destombe & Cembella (1990) 
report that both isogamy and anisogamy have been observed. 
The majority of dinoflagellate species, however, exhibit either 
one mode or the other (table 2.1 ). 

From this study there is evidence that the initial contact 
between Alexandrium minutum gametes is through flagellar 
attachment as described by Gao et al. (1989a). In this process 
the transverse flagellum of one gamete migrates out of the 
girdle and grasps the longitudinal flagellum of the other before 
returning to the girdle. The two gametes subsequently move 
together, perhaps by helical movement of the transverse 
flagellum of the first gamete being pulled back into the girdle 
over the longitudinal flagellum of the second. This process is 
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Plate 1 

Figure 1. 1' plate (arrowhead) lacking ventral pore (SEM). 

Figure 2. Crescent shaped nucleus of vegetative cell (LM, protargol stained specimen). 

Figure 3. Early division, newly forming nuclei (LM, protargol stained specimen). 

Figure 4. Mid division, sharing of parent cell thecal plates (SEM). 

(Scale bars: figure 1=1)lm; figures 2-4 = 5)lm). 
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Plate 2 

Figure 1. Mid/late division, nuclei still attached (LM, protargol stained specimen). 

Figure 2. Mid division, membrane surrounds newly forming cells (LM, phase contrast). 

Figure 3. Late division, 'stacked' cells (LM, phase contrast). 

Figure 4. Late division 'stacked' cells. (SEM). 

(Ail scale bars 5J.lm). 
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Plate 3. 

Figure 1. Isogamous mating (LM, phase contrast). 

Figure 2. Anisogamous mating. (LM). 

-

Figure 3. Gametes attached cingulum:cingulum (still frame from video recording). 

Figure 4. Gametes attached cingulum: antapical tip (still frame from video recording). 

(All scale bars Sflm). 

21 

2 



Plate 4. 

Figure 1. Gametes attached antapical tip:antapical tip (still frame from video recording). 

Figure 2. Gamete pair with parallcl cingula orientation (still frame from video recording). 

Figure 3. Perpendicular gamete cingula orientation (LM, phase contrast) . 

Figure 4. Gamete orientation skewed (still frame from video recording). 

(Ali scale bars 5!J-m) . 
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Plate 5. 

Figure 1. Gamete pair oriented inversely (still frame from video recording). 

Figure 2. Mid/late fusion, spherical nuclei apart (LM, protargol stained specimen). 

Figure 3. Barly fusion, cingula perpendicular, sorne thecal plates shed (SEM). 

Figure 4. Earl y fusion, cingula perpendicular, thecal plates in region of fusion shed (SEM). 

(Ali scale bars 5)lm). 
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Plate 6. 

Figure 1. Planozygote, large nucleus and two pairs ofbasal bodies (arrowhead) (LM, protargol stained specimen 

Figure 2. Motile planozygote, two adjacent lateral flagella (still frame from video recording). 

Figure 3. Late fusion, two lateral flagella opposite (still frame from video recording). 

Figure 4. Non-motile planozygote, heavily pigmented (LM). 

Figure 5. Hypnozygote cyst, top view (LM). 

Figure 6. Hypnozygote cysts, side view (LM). 

(All scale bars 1 Ü)..lm). 
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(a) Asexual Division 

.. .. 

(b) Sexual Division 

Figure 2.6 Diagrammatic illustrations of asexual division (a) and gamete mating and fusion (b) in Alexandrium 
minutum as revealed by protargol silver staining. 

1 1 1 
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Vegetative cells 

Veg. cells prior to division 

Veg. cells after division 
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Figure 2. 7 Summary of size distribution of different life stages of Alexandrium minutum. 
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rapid, and bence will seldom be observed; in the present study 
two cells were occasionally observed swimming in tight circles 
in close proximity to each other, clearly linked by a flagellum. 
Gao et al. (1989a) did not observe inverse orientation of 
Scrippsiella sp. gametes, and bence in this species there is 
presumably sorne mechanism by which the gametes are able to 
determine relative orientation. This mechanism must be related 
to the initial contact between the gametes, the flagellar 
attachment process described above. Gao et al. (1989a) suggest 
that flagellar hairs may play an important role in the flagellar 
attachment process by providing better grip between the 
flagella, and that there may be macromolecules at the flagellar 
surface which act as cell recognition factors. There is perhaps 
sorne structural 1 biochemical difference between the flagella of 
the two species, which would account for the fact that flagellar 
attachment in this strain of A. minutum is not specifie with 
respect to relative cell orientation. 

In Alexandrium tamarense, the fusion process involves not 
the fusion of thecae, but instead the fusion of gamete pellicular 
layers, which subsequently play a major role in the 
development of ensuing stages (Fritz et al., 1989). As observed 
in A. minutum in this study, sorne A. tamarense thecal plates 
are lost during the fusion process, although others may remain 
to surround the gametes until late in cytoplasmic fusion (Fritz 
et al., 1989). 

Mating gametes of Alexandrium minutum do not fall 
directly into either of the categories outlined by Gao et al. 
(1989a). Initial fusion is always between the hypocones (i.e. 
posterior) of each cell, and bence this species cannot be classed 
in group 2. The situation with respect to A. tamarense is 
confused; Fritz et al. (1989) report that fusion is similarly 
initiated between hypocones, but Destombe & Cembella (1990) 
state that in A. excavatum (=A. tamarense) fusing cells are 
characterised by contact between the epicones. The relative 
orientation of A. minutum cingula in early fusion varies from 
approximately parallel, as in group 1, to perpendicular. The 
relative position of flagellar bases in early fusion is 
consequently not necessarily close, another characteristic of 
group 1. In A. tamarense, Fritz et al. (1989) report that while 
fusion is typically initiated at the hypothecal region of each cell 
with one slightly higher than the other (i.e. approximately 
parallel), other orientations were observed. For the same 
species (A. tamarense), Anderson & Lindquist (1985) report 
that the cingula of fusing cells are typically at oblique angles to 
each other, an observation they used to distinguish gametes 
from dividing cells, in which cingula were observed to be 
parallel. In Gymnodinium catenatum, Blackburn et al. (1989) 
report that gametes can either be joined equatorially or with the 
girdles more or less perpendicular to each other. In the present 
observations on A. minutum there was not a dominant early 
fusion orientation, however by late fusion the cingula are most 
often orientated parallel and the basal bodies are close. A. 
minutum exhibits sorne of the characteristics of group 1 
species, but is evidently not a typical example. Gao et al. 
(1989a) emphasised the interspecific differences in relative 
orientation of cingula in fusing gametes, but it is evident from 
comparison of different reports on certain species, and from the 
present study, that a range of cingula orientations may occur 
within a single species. This variability confuses attempts at 
classification of modes of fusion, and may affect estimates of 
abundance of dividing and fusing cells based on cingular 
orientation which have been employed in previous studies. 

Nuclear fusion in Alexandrium minutum is very similar to that 
observed in A. tamarense by Fritz et al. (1989). In both species 
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the two gamete nuclei remain well away from the region of 
fusion until the cytoplasms are almost completely merged. It 
seems likely that the manner in which the chromosomes of A. 
minutum align and pair is similar to the process described in A. 
tamarense by Fritz et al. (1989). Transmission electron 
micrographs of fusing gametes of A. tamarense revealed that 
the nuclei are often lying at right angles to each other in early 
fusion, and subsequently realign as they approach each other so 
that their chromosome lengths run parallel. A similar situation 
can be envisaged in certain of the gamete orientations observed 
in A. minutum. 

The duration of gamete fusion, at least several hours, is 
comparable with those reported for most dinoflagellate species. 
The swimming behaviour of A. minutum gametes is quite 
distinct from that of dividing cells. Throughout division cells 
swim straight and relatively fast, and are distributed throughout 
the culture. In contrast, fusing gametes swim slowly, often in 
tight circles, and are generally observed towards the bottom of 
the culture vessel. Similar behaviour is observed for many 
dinoflagellate species, including A. tamarense (Anderson & 
Lindquist, 1985; Fritz et al., 1989). Observations of relative 
swimming behaviour have been employed as a distinguishing 
factor between reproductive stages, but this method must be 
qualitative and cannot be used after cell fixation. 

The observation in this study that A. minutum planozygotes 
may not exhibit the typical flagellar orientation is unique, and 
may be particularly significant. The fact that the two 
planozygote trailing flagella are located alongside one another 
is widely accepted. In view of the fact that planozygotes were 
not observed to mature into hypnozygotes in the present study, 
the observation of alternative flagellar orientations may be 
representative of immature planozygotes, but it is also possible 
that alternative orientations may not always have been sought 
or recognised as planozygotes in sorne previous studies. On a 
practicallevel, the sensitivity of flagella to fixatives has made 
the identification of planozygotes by flagella in fixed samples 
impossible. Planozygotes do appear to be darker in colour, 
particularly late in their development, but identification cannot 
be made on such a qualitative basis. For the purposes of this 
study, therefore, A. minutum planozygotes were best identified 
by their size, a differentiation employed previously by 
Anderson et al. (1983) for A. tamarense planozygotes. The 
average size of planozygotes was calculated to be 31.18J.!m 
(s.d. 3.28!-lm), and the average size of cells immediately before 
asexual division as 25.16J.!m (s.d. 1.44!-lm). In a sample set of 
over 500 video recorded cells, 95% of cells with a length of 
28.5!-lm or greater were planozygotes, and bence, in this study, 
all cells with a length of 28.5!-lm and over were operationally 
defined as planozygotes. 

The heavier pigmentation observed in Alexandrium minutum 
planozygotes is likely to be a result of denser cytoplasm with 
less vacuolar space and an increase in lipid storage bodies and 
starch grains, as reported for A. tamarense by Fritz et al. 
(1989). Spector (1980) observed a build up of storage products 
in the planozygotes of Peridinium cinctum and suggested that 
these products may help to sustain the cell during the ensuing 
dormancy period. Fritz et al. (1989) report that the planozygote 
amphiesma in A. tamarense is also changed, the region just 
inside the pellicular layer being thickened with a dense 
material, which subsequently forms the hypnozygote cyst wall. 
Transmission Electron Microscope (TEM) studies are required 
on A. minutum to verify the potential similarities in 
ultrastructure during reproduction. 

There are a number of reasons which might account for the 



observed lack of hypnozygote cyst stages in cultured 
Alexandrium minutum. In cultured A. tamarense, Anderson & 
Lindquist (1985) report that repeated attempts to obtain cysts 
from crosses and single cultures of axenic and non-axenic 
isolates from the parent culture were unsuccessful, but, after 
rninimising the effects of bacteria by making frequent 
exponential phase transfers, cysts were observed. This 
procedure was not effective in the present study. 

Anderson et al. (1985) suggested that several factors, all 
associated with batch culture conditions, may have inhibited 
Gyrodinium uncatenum cyst formation after sexual induction. 
Changes in pH, accumulation of excretion products, or even 
the absence of nutrients were proposed as potential inhibitory 
factors. Blanco et al. (1995) demonstrated that the effect of 
extracellular products on encystment can be quite important in 
reducing cyst production efficiencies. Cyst production in 
cultures of Scrippsiella trochoidea, Lingulodineum polyedrum, 
and Alexandrium lusitanicum grown in medium pre
conditioned by cells of their own species was lower than in 
unconditioned control cultures, but the authors did not discuss 
the possibility that this effect may have been due to inhibition 
of the transformation of planozygote to hypnozygote stages. 
Since gamete induction is generally accepted to be triggered by 
intracellular nutritional limitation, planozygotes are 
presumably also deficient in the limiting nutrient, and yet 
hypnozygote cysts must contain sufficient nutrient reserves for 
dormancy, prolonged quiescence, and eventual germination. 
This apparent contradiction lead Anderson & Lindquist (1985), 
Anderson et al. (1985), and Lirdwitayaprasit et al. (1990) to 
theorise that nutrient uptake occurs during the planozygote 
stage, and leads to the possibility that only those planozygotes 
which either have sufficient nutrient reserves following gamete 
fusion, or are able to augment nutrient pools using excreted or 
regenerated nutrients, are able to complete the transformation 
to hypnozygote cysts (Anderson et al., 1985). The absence of 
Alexandrium minutum cysts in nutrient limited cultures and the 
formation of cysts of this species in natural populations may 
thus be hypothesised to reflect the dynarnic nature of natural 
nutrient regeneration. A. minutum planozygotes were, however, 
observed in nutrient rich cultures, albeit at very low levels (see 
Chapter 4), and, as in all cases when planozygotes were 
observed in culture, the transformation to hypnozygote cysts 
did not occur. Rengefors et al. (1996) suggested that 
Scrippsiella trochoidea hypnozygotes, despite having a much 
reduced metabolic rate in comparison with vegetative cells, and 
being surrounded by highly resistant outer walls, are able to 
accumulate nutrients during the resting states of dormancy and 
quiescence. The sediments in which cysts accumulate provide a 
nutrient rich environment which may thus serve as a potential 
nutrient source for dinoflagellate resting cysts, perhaps 
reducing the absolute requirement for nutrient uptake during 

the planozygote stage. 
The lack of Alexandrium minutum hypnozygotes may be 

associated with mating type determination and gametic 
recognition. In dinoflagellates, sexual reproduction may occur 
within a clone, termed homothallic, or between two different 
mating types, termed heterothallic. Most dinoflagellates for 
which sexuality is known are considered to be homothallic 
(Pfiester & Anderson, 1987). A. minutum evidently exhibits 
homothallism, i.e. self recognition of gametes occurs. In A. 
excavatum (=A. tamarense), clones with self recognising 
gametes may produce zygotes, but these zygotes are usually 
infertile, expressed either in the meiotic phase, where 
planomeiocytes are unable to undergo meiosis, or more 
frequently earlier in the planozygote phase, where production 
of the hypnozygote cell wall is affected (Destombe & 
Cembella, 1990). A. excavatum is considered representative of 
a multiple mating-type system, in which both homothallism 
and heterothallism can occur. Differentiation of the cell 
recognition mechanism (i.e. heterothallism) is related to the 
establishment of reproductive barriers in order to maximise 
heterozygosity and genetic interchange. Heterothallic mating of 
crossed A. excavatum clones may produce viable 
hypnozygotes. Other reports on A. tamarense also indicate that 
this species has both homothallic and heterothallic strains ( e.g. 
Anderson et al., 1994). Sexual reproduction in Alexandrium 
apparently more closely resembles that of certain ciliates and 
forarninifera than of typical algal species, in that the 
segregation of mating type is not necessarily an 'all-or-nothing' 
phenomenon (Destombe & Cembella, 1990). Heterothallism 
may be the dominant process in the production of fertile 
hypnozygotes under natural conditions, but under particular 
circumstances homothallism may also occur. Further 
investigation is required to determine whether A. minutum 
exhibits the same multiple mating-type system, and whether 
the inhibition of hypnozygote production in cultured A. 
minutum populations was due to genetic or environmental 
factors, or possibly a combination ofboth. 

Comparison of the results of this study with reports on 
observations of related Alexandrium species indicate that many 
similarities exist, particularly between A. minutum and A. 
tamarense. These two species are closely related, and if such 
sirnilarities are observed between members of other 
dinoflagellate species groups, it may in the future be possible 
to reliably predict details of the reproductive cycle of a given 
species by comparisons with reports on closely related species. 
At present insufficient numbers of detailed dinoflagellate life 
cycle studies have been reported to allow such comparisons to 
be drawn, and it should be noted that significant differences do 
exist between the reproductive modes of A. minutum 1 A. 
tamarense and other Alexandrium species. 

Chapter 3 

Laboratory Methods 

A. Introduction 
The ultimate aim of research into dinoflagellate life cycles is 

to gain a better understanding of the ecolo gy of the organisms 
in their natural environment. Taken in isolation, in situ 
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investigations into phytoplankton ecology are inherently 
difficult to interpret due to the multivariability of the natural 
environment. Culture studies permit focused examination of the 
organisms reaction to selected variables, but the fact that many 



aspects of the culture environment are unnatural to microalgae 
(including, for example, constant temperature and photoperiod, 
the quantity and quality of light, the lack of biotic interactions, 
and high nutrient concentrations) must similarly be taken into 
account during interpretation. The experimental strategy 
employed in this study combined investigations on natural in 
situ populations of Alexandrium minutum with those on both 
batch and semi-continuous laboratory cultures, using identical 
analytical techniques. This kind of comprehensive 
experimental approach has rarely been applied in the study of 
dinoflagellate life cycles, with detailed field studies to support 
culture investigations into sexual induction particularly lacking 
(Chapter 1, section D4). 

This chapter details the development of the laboratory based 
methods used in this study, including isolation and culturing 
techniques, population size and life cycle composition 
determination, and extra- and intracellular nutrient analyses. 
The actual experimental protocols and the field survey 
sampling techniques are detailed in the relevant chapters ( 4 and 
5). 

B. Culture techniques 
Dinoflagellates are one of the more difficult groups of 

phytoplankton to maintain in culture (Keller & Guillard, 1985), 
witnessed by the fact that historically the successful culturing 
of dinoflagellates has lagged considerably behind that of 
severa} other protist groups. Taylor (1987a) gives a short 
history of the use of laboratory cultures in dinoflagellate 
research since the first reported success, the culture of 
Crypthecodinium (=Gymnodinium) cohnii by Küster in 1908. 
Useful syntheses of the wide variety of methods reported for 
the isolation and culture of phytoplankton are provided by 
Stein (1973), Guillard & Keller (1984), Brand (1986; 1990), 
and Guillard (1995). The development of simple and reliable 
culture techniques is primary to any research study with 
dinoflagellates (Keller & Guillard, 1985). 

1. Routine equipment preparation 
The maintenance of dean and sterile conditions is one of the 

fundamental principles of microalgal culturing, and extensive 
precautions were taken to avoid chemical and biological 
contamination of ali equipment. 

The routine for glassware preparation involved scrubbing and 
soaking in warm phosphate-free micro-detergent (Decon), 
rinsing extensively with distilled water, soaking in 10% 
hydrochloric acid and rinsing again with distilled, and finally 
double-distilled water. The glassware was left to dry inverted in 
a dean dust-free place. To avoid biological contamination, 
dean glassware was sterilised before use in an oven at 200 oC 
for 2 hours (the necks of botties and tubes were plugged with 
cotton wool and covered with aluminium foil to maintain 
sterility on removal from the oven). Plastic equipment was 
purchased pre-sterilised and used for only a single application. 
Ali other equipment utilised during media preparation and 
culturing ( e.g. the plastic tubes and joints used in continuous 
culturing, the polycarbonate lids of glass reagent botties) were 
cleaned appropriately and sterilised by autoclaving at 121 oc for 
15 minutes. To minimise contamination by autoclave steam, 
deionised water was used in the autoclave, and the items were 
wrapped in aluminium foil. 

Ali media preparation and cell transfers were conducted in the 
aseptic environment of a laminar flow cabinet. The cabinet was 
left permanently running, and the interior was always wiped 
with 80% ethanol before use to remove dust and micro
organisms. Rands were always washed with disinfecting soap 
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and rinsed with 80% alcohol prior to handling sterile 
equipment in the cabinet. 

2. Culture medium 
The establishment in culture of diverse forms of marine 

phytoplankton has been a priority in marine laboratories for 
several decades, and many media, both seawater-based and 
artificial, have been developed which have made significant 
progress towards this goal. The medium most widely employed 
in the culture of coastal dinoflagellates, in common with the 
culture of many other phytoplankton classes, is f/2 (Guillard, 
1975), a seawater-based medium with added trace metals, 
vitamins, and inorganic forms of the nutrients nitrate and 
phosphate. For the purposes of this research a slightly modified 
version of an alternative, K medium (Keller et al., 1987), 
developed specifically for the culture of fastidious oceanic 
phytoplankton, was employed. Based on f/2, K medium also 
incorporates sorne of the best features of the wide variety of 
media currently in use. Keller & Guillard (1985) report that 60 
out of 69 dinoflagellate clones tested, many of which were 
previously maintained only with difficulty, grew weil in K 
medium. While nitrate, trace metals (except for copper), and 
vitamin levels are identical to those of f/2, the differences 
include the addition of ammonium as weil as nitrate as the N 
source, the addition of selenium, a reduction in copper 
concentration, and an increased level of chelation (Keller et al., 
1987). The molar concentration ofK medium additions used in 
this study are shown in table 3.1. 

The ability of microalgae to utilise a variety of nitrogen 
sources has been weil documented (see Chapter 1, section Dl). 
Of the additional constituents of K medium in comparison with 
f/2, the addition of ammonium had the greatest positive effect 
on Alexandrium minutum cell yield (table 3.2). Cryptomonads 
and chrysophytes especially prefer ammonium as a N source, 
growing weil in culture medium containing up to 50jlM, 
whereas sorne other phytoplankton species are more sensitive 
to ammonium concentration, tolerating only 25 jlM or less 
(Keller et al., 1987). An inhibitory effect on A. minutum batch 
culture growth was evident at ammonium concentrations of 
25jlM and above, but at lOjlM (hereafter the K value for 
ammonium concentration), cell yield was enhanced. The 
presence of ammonium in the culture medium may more 
accurately simulate the natural estuarine environment, in which 
this constituent plays an important role in phytoplankton 
nutrition. 

The use of an organic P source, glycerophosphate, rather than 
inorganic orthophosphate, in K medium is proposed as a partial 
remedy to the problem of precipitate formation upon 
autoclaving (Keller et al., 1987). Since media were not 
autoclaved (for reasons outlined in the following discussion), 
and inorganic phosphate is the P form preferred by 
phytoplankton (Nalewajko & Lean, 1980), orthophosphate was 
retained as the P source in this study. 
The level of chelation is weil above that of most alternative 
media; the ratio of chelator:metal in K medium is 10:1, 
compared to 1:1 in f/2. Provasoli et al. (1957) suggested that a 
ratio above 3:1 could result in metal deficiencies for coastal 
phytoplankton, and while most (including coastal) species 
performed weil in K medium, sorne coastal isolates grew 
poorly (Keller & Guillard, 1985). Alexandrium minutum is a 
coastal species, but reacted positively with slightly enhanced 
growth in response to the increased chelation, the addition of 
selenium and the reduced copper concentration of K medium 
(table 3.2). 



Table 3 .1. Composition of K medium. Stock solutions are numbered 1-5. Each stock is made such that the addition of 
lmlllitre yields the final concentration in the medium. 
Additions Final concentration in medium (~) Comments 

(1) KN03 884 same as f/2 (Guillard, 1975) 
(2) NH4Cl 10 addition to f/2 
(3) Na2 ortho-P04 36 same as f/2 (K uses organic form) 
( 4) Trace metals: 
FeEDTA * 11.7 f/2 uses FeCI3 
MnCh.4H20 0.9 same as f/2 
ZnS04.7H20 0.03 same as f/2 
CoS04.7H20 0.05 same as f/2 
Na2Mo04.2H20 0.08 same as f/2 
CuS04.5H20 0.01 one halff/2level 
Na2EDT A.2H20 100 order of magnitude higher than f/2 
Na2Se03 0.01 addition to f/2 
( 5) Vitamins 
Thiamin-HCI 0.3 same as f/2 
Biotin 0.0021 same as f/2 
B12 0.00037 same as f/2 
Seawater to 1 litre 
1-5 made with reagent grade chemicals and HPLC grade water. 
Ali solutions filter-sterilised through 0.2j.lm membrane filters. 
1-4 stored at 4 oc. 
5 stored frozen at -20°C. 
* ethylenediamine tetra-acetic acid. 

The organic buffer Tris, which has an amino group which 
reacts with the fluorescent marker in amino acid analysis 
(Flynn, 1988), was not included. The effects of Tris in K 
medium are uncertain; the lmM leve! is insufficient to override 
the natural carbonate buffering system of seawater, and is not 

effective as a copper buffer in the presence of high levels of 
EDT A (Keller et al., 1987). While beneficiai growth effects are 
reported for sorne plankters (Keller et al., 1987), the omission 
of Tris did not have a negative effect on cell yield of A. 
minutum (table 3.2). 

Table 3.2. Effects ofK medium additions onAlexandrium minutum cell yield (25 days batch culture growth, 27ml in 
25 x 1 OOmm glass tubes, identical inoculation ce li concentration). 

Medium composition Cell yield: averag~ of 3 counts, s.d. (103 cells.mr1
) %Control 

Control: f/2-Si 
Control + NH4: 

10f.lM 
25j.1M 
50f.lM 
100j.1M 

Control + selenium, EDT A, - Yz Cu 
Kmedium 
K- Tris 

Silicate, a mineral added to f/2 for the culture of diatoms but 
generally omitted for the culture of other algal classes, was not 
added to the K medium in this study. 

Stock solutions of the enrichments, prepared using analytical 
grade reagents and HPLC grade water, were filter-sterilised 
through 0.2pm Gelman Acrodisc membrane filters and stored 
in sterile dark glass botties at 4 oC to inhibit the action of any 
bacteria which may have remained. Stocks were replaced every 
6 months as a precautionary measure, despite the fact that 
analysis of the major nutrient enrichments (nitrate, ammonium 
and phosphate) revealed no significant degradation of nutrient 
concentration after severa! months. Vitamin stocks were stored 
frozen at -20°C in polycarbonate tubes. 

Natural seawater from Argenton, northern Brittany (salinity c 
33) was used as the base for K medium. The seawater was 
stored for severa! weeks prior to use in order to allow 
biological uptake of available nutrients. Autoclaving of 

30.4 (2.9) 100 

37.3 (3.7) 123 
29.0 (3.4) 95 
24.1 (4.1) 79 
14.4 (4.0) 47 

32.8 (3.0) 108 
37.8 (2.7) 124 
36.9 (3.1) 121 

seawater, before or after addition of the enrichments, often 
resulted in the formation of a precipitate which was observed to 
have an inhibitory effect on Alexandrium minutum growth. 
Precautions to prevent the precipitate, including the use of 
organic phosphate (Keller et al., 1987), the use of Teflon 
botties, and rapid cooling upon depressurisation, were not 
always successful, and since micro-filtration was deemed to be 
an adequate method of sterilisation, media were not autoclaved 
in this study. Filters of 0.2f.lm porosity are generally considered 
to yield water free of bacteria (Brand, 1986), and the use of 
filter sterilisation has the advantage of avoiding uncertainties 
about the stability of media enrichments inherent when using 
heat sterilisation methods. Seawater was thus pre-filtered 
through Whatman GF/F glass fibre filters (average pore size 
0.7flm), and subsequently fine particles and dissolved organic 
matter removed by filtration through in-line 0.2flm Millipore 
C 18 and Florisil cartridge filters, liquid flow produced by the 
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use of a peristaltic pump (for each filtration stage, the first 
50ml of filtrate was discarded to minimise the possible effects 
of chemical contamination from filters). Each K-medium 
enrichment was then added in the correct proportion to the 
seawater base. The medium was stored at 4°C until use, and 
was al ways used within one week of preparation. 

The precipitation phenomenon seemed to be more 
pronounced at certain times of the year, presumably reflecting 
seasonal changes in seawater composition. While the 
precipitate may have been silica based, and changes in silica 
content are not thought to significantly affect dinoflagellate 
growth, this does highlight the fact that other components of 
the seawater base may also vary seasonally. Culture 
experiments in this study spanned 3 years, but the fact that all 
batch culture experiments were conducted between May and 
July, and all continuous culture experiments between August 
and September, was intended to minimise any effects of 
variations in seawater composition. 

Seawater is an intrinsically complex medium, containing over 
fifty known elements in addition to a large and variable number 
of organic compounds (Stein, 1973). A version of K medium 
utilising a synthetic base, AK, is also cited (Keller et al., 1987). 
The use of artificial media has obvious theoretical advantages; 
the exact composition of natural seawater used as the base for 
most media is rarely known, and, as discussed, is likely to vary 
seasonally. ln practice, however, it has often proved difficult to 

Table 3.3. Maximum cell yield in different culture vessels 
inoculation concentrations identical). 

Vessel type and capacity, and quantity ofK medium 
Glass tube (25xl50mm), 27ml medium 
Glass conical flask 100ml, 50ml medium 
Glass spherical flask 250ml, 125ml medium 
Glass spherical flask 500ml, 250ml medium 
Glass spherical flask 11, 500ml medium 
Glass spherical flask 21, 11 medium 
Glass carboy 101, 51 medium 
Plastic culture vesse! lOOml, 50ml medium 
Plastic culture vesse! IL 500ml medium 

Variations in the quantity and quality of illumination as a 
result of differing culture vesse! characteristics may have 
contributed to these differences, but equipment was not 
available to measure light levels within the various types of 
culture vessels used in this study. Population density effects in 
the surface layers, and differing levels of cell:culture vesse! 
surface interactions, and of gaseous exchange, are other 
possible causes. 

4. Isolation technique 
Micropipette isolation of individual motile Alexandrium 

minutum cells from sediment slurries was conducted in order to 
obtain unialgal, donal cultures. 

Approximately five grams of sediment known to contain A. 
minutum hypnozygote cysts (collected in 1991 from Morlaix 
Bay and 1993 from the Penzé estuary, Brittany, following 
bloom events, and subsequently stored in the dark at 4°C) were 
mixed in a petri dish with culture medium, and placed in an 
illuminated incubator (14:10 L:D cycle) at 20°C. The sediment 
slurries were monitored daily under a binocular microscope 
until motile cells were observed following excystment of the 
hypnozygotes (usually 3 to 4 days after inoculation). A few 
drops of water containing motile cells were transferred with a 
plastic pipette into the first cavity on a depression slide (25 x 
75mm, 3 cavities per slide). The isolation micropipettes were 
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obtain satisfactory phytoplankton growth in artificial media 
(Stein, 1973). Actively growing Alexandrium minutum cells 
inoculated directly into AK medium soon died, and the graduai 
'weaning' of algae from seawater to artificial medium, using 
mixtures of the two becoming increasingl y artificial, suggested 
by Keller et al. (1987), proved equally unsuccessful. 

3. Physical parameters 
Stock cultures were maintained in culture rooms at 14±1 oc 

and 20±1 oC. In experiments involving other temperatures, 
incubators at 12±0.5°C, 16±0.5°C, and 24±0.5°C were 
employed. 

The culture rooms were used for the majority of experiments 
in this research, with irradiance provided by fluorescent bulbs 
(CLAUDE 40W Cool-White tubes). Light intensity, measured 
with a LI-1000 Data Logger (LI-COR, Inc.), was manipulated 
by adjustment of the number and position of light strips. 
Incubators were equipped with the same type of bulbs, with 
light levels similarly adjustable. The light/dark (LD) regime in 
ali experiments was 14h:10h. 

Upon inoculation, culture vessels were stoppered with a pre
sterilised cotton wool and gauze bung in order to prevent 
microbial contamination while allowing gaseous exchange. 

Considerable differences in growth rate and maximum cell 
yield were recorded between populations cultured in differing 
types and sizes ofvessel (table 3.3). 

(25 days batch culture in K medium, relative cell 

Maximum cell yield (103 cells.mr1
) 

37.8 
35.4 
40.0 
40.3 
50.7 
70.9 
25.2 
40.2 
30.4 

made by drawing out sterile 230mm glass Pasteur pipettes over 
a flame into capillaries with a bore diameter of approximately 
twice that of the cells. A 15cm long, 4.8mm internai diameter 
Latex tube attached to the other end of the micropipette 
allowed gentle controlled suction to be applied through a 
mouthpiece. Individual cells were isolated at x400 
magnification under the binocular microscope, and in order to 
dilute any contaminants (picoplankton, bacteria) associated 
with the A. minutum cell, transferred in sequence through the 
other two cavities containing sterile seawater, before being 
placed into separate wells in a multi-well plate containing 2ml 
of sterile culture medium. 

The plates were incubated under identical conditions as the 
slurries, and monitored regularly until new cultures had 
increased to a sufficient density to allow transfer to a suitable 
culture vesse!. Species identity and culture purity were 
subsequently confirmed in dense cultures. 

5. The experimental strain 
Different donal strains of Alexandrium minutum isolated 

during the initial phase of this proj ect were observed to exhibit 
widely differing zygote yields (see following section for 
method of life cycle stage enumeration), varying from 0 to 
36.2% of total motile cells after 30 days batch culture in K 
medium with N levels reduced to 10% (table 3.4). As discussed 



in Chapter 2, this observation presumably reflects variations in 
self-fertilising efficiencies. As none ofthe strains isolated were 
observed to form hypnozygotes, even after repeated attempts at 
cross-fertilisation, strain AM89BM, the stock strain maintained 
at IFREMER since 1989, was used for culture experiments in 
this study. This strain exhibited one of the higher zygote yields 

of the strains available, and provided continuity with previous 
research conducted at IFREMER. While stock cultures had 
previously been maintained in f/2, new stocks were developed 
and maintained in K medium. Cells were transferred every 2-3 
weeks in the mid 1 late growth phase of population 
deve1opment. 

Table 3 .4. Zygote efficiencies of differing clonai strains of Alexandrium minutum (30 da ys batch culture in 
25xl50mm glass tubes containing 27ml K/10-N medium). 

Strain Zygote efficiency (.% total motile cells), average- of 3 counts and s.d. 

AM89BM 
M91-3 
M91-5 
M91-7 
M91-8 
M91-15 
M91-18 
M91-S1 
M91-S2 
P93-5 
P93-7 

P93-13 
P93-14 

Attempts to obtain axenic cultures using separate and 
combinations of antibiotics ( chloramphenicol, gentamycin, 
ampicillin and cloxacillin) of varying concentrations were 
unsuccessful, the excessive manipulation of cells necessary at 
low antibiotic concentrations causing mortality, and a toxic 
effect evident at high concentrations. Before inoculation in ali 
culture experiments, two mid exponential growth phase 
transfers were conducted, a technique cited to minimise the 
effects ofbacteria (Anderson & Lindquist, 1985). 

C. Cell Enumeration and Sizing 
A number of experimental variables are given relevance by 

being normalised on a 'per cell' and 'per unit volume' basis. In 
instances where such parameters are being measured on a very 
small scale, the ability to accurately estimate cell numbers and 
cell volume is of particular importance. 

1. Cell counting 
Electronic counting 1 sizing with the use of a Coulter counter 

did not prove a reliable means of estimating cell numbers or 
volume for Alexandrium minutum. Cultures of this species 
contain too much debris, mainly thecal plates, and aggregate 
into clumps, particularly as the cultures age, resulting in 
clogging of the aperture tube and anomalous recording of both 
cell numbers and volume. 

The standard manual method for counting phytoplankton cell 
numbers in the size range 10 - 1 001.1m, is by the use of the 
Sedgwick-Rafter (SR) cell. The cells were first immobilised by 
the addition of a few drops of Lugol's iodine or 1% formalin 
per 50ml of sample, the latter having the advantage of not 
staining debris, enabling easier visual identification of cells 
from such material. Samples were stored at room temperature. 
Fixed samples were homogenised by a set routine of gentle 
shaking, and the SR cell always filled using disposable 1ml 
plastic large bore pipettes, each used only one time. Counts 
were conducted using an inverted microscope (Zeiss Axiovert) 
at x200 magnification. According to the chi-squared test, at the 
95% confidence level, the accuracy of the estimation of a total 
population from a count of part of that population is rough1y 
20% if 100 objects are counted, and 10% if 400 objects are 
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30.7 (3.9) 
21.5 (4.4) 
16.4 (4.2) 
33.3 (2.7) 

0 
30.2 (3.4) 
26.5 (3.2) 
18.9 (4.0) 
27.3 (5.0) 
36.2 (3.9) 
5.8 (1.7) 

22.4 (2.6) 
29.0 (3.3) 

counted (Vemick 1978). In previous related studies, varying 
numbers were counted (200, Anderson et al., 1983 and 
Anderson et al., 1984; 400, Anderson & Lindquist, 1985). 
Approximate1y 400 cells were counted in each sample when 
possible, counts being made in triplicate for each aliquot, an 
average and standard deviation value subsequently being 
calculated. 

2. Measurement of cell dimensions 
Manual microscopie cell sizing using a calibrated graticule 

eyepiece, while considered to be accurate, particularly under 
high magnification, is a laborious process. Anderson & 
Lindquist (1985) report that the fixatives used to immobilise 
phytop1ankton cells affect cell volume, and describe a method 
involving photomicrography of unfixed cells concentrated by 
mesh filtration. In this study, gentle centrifugation (2000rpm 
for 1 minute) was found to be an effective method of 
immobilising unfixed cells, which were subsequently video
recorded through a Sony DXC-101P video camera connected to 
an Olympus BH2 optical microscope. Video images were later 
analysed by the use of Global Lab SP0550 image processing 
and analysis software with frame grabber. With this system it is 
possible to analyse up to 30 different variables of the particles 
within the frame within seconds. All images were recorded at 
x200 magnification with an identical illumination level, and the 
image analysis system was calibrated by video recording a 
graticule slide at the same magnification. Any overlapping cells 
were discounted from measurements (with experience a 
suitable dilution of the centrifuged pellet of cells to minimise 
overlapping of cells within the frame can be attained). 

Alexandrium minutum cells can be considered spherical (they 
are variously described as 'sub-spherical' Balech, 1989; 
'rounded to oval' Montresor et al., 1990; 'rounded or 
sometimes irregularly oval' Erard-Le Denn, 1991), requiring 
measurement of only one dimension for calculation of cell 
volume. In order to calculate a mean cell volume for a sample, 
the appropriate dimensions of at least 25 randomly selected 
cells must be measured, and the volume of each of the 
measured cells calculated, i.e. the mean cell volume should not 
be calculated from average linear dimensions of the individual 



cells (Smayda, 1978). In this study, the utilisation of the image 
analysis system facilitated the measurement of the dimensions 
of between 100 and 200 cells at each sample point, and the 
automatic calculation of an average cell volume for each 
sample set. 

D. Dissolved nutrient analyses 
1. Sample preparation 

The first stage in preparation of samples for nutrient analyses 
is the separation of cells from the medium. Whatman GF/C 
glass fibre filters (25mm diameter) were pre-ashed in an oven 
at 450oC for 2 hours, and rinsed immediately prior to use with 
2ml of ultra pure water. A re-usable filter bolder, designed to 
achieve gentle filtration in chemically clean conditions, was 
constructed from a 13ml Universal type centrifuge tube with 
5mm eut off the tip, glued with plenty of epoxy resin to a 
Millipore Swinnex filter bolder, from which the female inlet 
had been removed with a craft knife. The silicone seal must be 
removed from the filter bolder, as on tightening it can tear the 
filter resulting in leakage. To prolong the usefulness of each 
filter unit, the thread should not be tightened too strongly, and 
the deviee should be washed in Nutricon, rather than the 
alkaline Decon which would affect the glue. The plunger of a 
disposable plastic syringe was pulled down to the 5ml mark 
and attached below the filter unit with a short (lem) length of 
PVC tubing. The sample was poured into the upper tube and 
the plunger of the syringe pulled down 0.5ml to the 5.5ml 
mark. By maintaining the air gap in the lower syringe at 5.5ml 
the vacuum applied to the filter remains gentle (<75mm Hg 
according to Flynn, 1988). Ifthere was an air-lock in the filter 
unit, slight pressure was applied on the plunger to expel the air. 
This re-usable bolder proved cheaper and easier to use than the 
filter apparatus consisting of plastic syringes fitted either end of 
a 0.2J.Lm Gelman Acrodisc LC PVDF filter unit cited by Flynn 
(1988), but care must be taken to clean the apparatus 
thoroughly between each use to prevent cross contamination of 
samples. 

The volume of sample filtered was calculated in order to 
attempt to obtain a mono layer of cells on the filter, as increased 
shear stresses resulting from accumulation of cells on a filter 
can cause cell rupture (Goldman & Dennet, 1985). After 
filtration, cells collected on filters were not washed, as the risk 
of rupturing cells is considered to outweigh errors associated 
with any relatively small amounts of dissolved nutrients from 
the medium remaining in the filter matrix (Flynn, 1988). Cells 
collected on filters were destined for analysis of particulate 
CHN, P and InAA concentrations, while the filtrate was 
divided for subsequent analysis of dissolved nitrate, nitrite, 
phosphate, and total ammonia content. 

2. The Technicon Auto-Analyser system 
Analyses of aqueous nitrate, mtnte, and phosphate 

concentrations were conducted using a Technicon Auto
Analyser system, an automated closed-flow system in which 
the sample and all reagents are pumped through a system of 
tubes, fittings and specially designed flow-through deviees. 
The underlying chemical principles of the autoanalyser 
technique are based on the manual techniques for the 
constituent in question, but all individual steps of the analytical 
procedure are carried out in a continuously moving stream of 
the sample, and the final determination is effected by a flow
through colorimeter. The Technicon Auto-Analyser system was 
operated according to manufacturers' protocols. Useful reviews 
of automated methods of chemical analysis include Tréguer & 
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Le Corre (1975), and Grasshoff & Erhardt (1976). 
The chemical methods in the automated system do not deviate 

from manual methods, but sample and reagents are scaled 
down to the required levels. The pre-set volume of sample is 
detennined, and then the amounts of reagent which correspond 
to the sample pumping rate are calculated. 

The 'peak recording' mode of operation was employed in this 
study. The sample was aspirated for a certain length of time (90 
seconds), followed by an intennediate wash period with 
sodium chloride solution for about the same time, resulting in 
an analogue record similar to that illustrated in figure 3.1. The 
sample series were preceded by blanks and standards to 
establish the baseline and construct a calibration graph. Blanks 
and standards were periodically reanalysed to determine any 
baseline or calibration drift. 

T Standard Samples 

2 3 4 5 6 7min 

Figure 3.1 Schematic display of the analogue record in 'peak' 
mode of operation. 

3. Nitrate and nitrite analysis 
Samples for analysis of nitrate, nitrite, and phosphate were 

stored frozen at -20 oC in ultraclean polyethylene botties and 
analysed within 2 months. There is conflicting evidence on the 
effect of storage (Parsons et al., 1984), but tests revealed no 
significant degradation of nutrient concentration during this 
storage period. 

The automated determination of nitrite concentration in 
seawater is an exact adaption of the manual procedure 
described by Parsons et al. (1984), in which the nitrite ion 
reacts with sulphanilamide under acidic conditions to yield a 
diazo compound which couples with n-1-
naphthylethylenediamine dihydrochloride to fonn a soluble azo 
dye, the concentration of which is measured colorimetrically at 
550nm .. 
Rea gents 
1. Sulphanilamide. 5g of sulphanilamide are dissolved in 50ml 
of concentrated hydrochloric acid and made up to 1 litre with 
distilled water. The reagent is stable for at least 1 month when 
stored at 4 °C in a dark glass bottle. 
2 n-1-naphthylethylenediamine. 0.5g of n-1-
naphthylethylenediamine dihydrochloride is dissolved in 1 litre 
of distilled water. This reagent is also is stable for at least 1 
month when stored at 4°C in a dark glass bottle. 
3. Standards. 690mg of dried sodium nitrite are dissolved in 1 
litre of distilled water, giving a stock standard with a nitrite 
concentration of 1 OmM. W orking standards are prepared by 
appropriate dilutions of this stock standard solution. 

The precision of the automated system is the same as that of 
the manual method (Grasshoff, 1976), i.e. ±0.02f.1M within the 



range 0.01-2.5j.tM (Parsons et al., 1984). Distilled water is used 
as the blank. 

Automated aqueous nitrate analysis is likewise an exact 
adaption of the manual procedure described by Parsons et al. 
(1984), and is based on the quantitative reduction of the nitrate 
to nitrite by means of a heterogeneous reaction in a cadmium
copper reductor, with nitrite subsequently measured by the 
procedure described above. The reductor is an U-shaped glass 
tube with an inner diameter of approximately 2.8mm and a 
totallength of 28cm. The cadmium-copper filings which fill the 
reductor are prepared by stirring 100g of cadmium filings (0.5-
2mm) with 500ml of 2%w/v copper sulphate solution until the 
blue colour has left the solution, which is drained off. Both 
ends of the tube are packed with glass wool plugs before the 
reductor is connected to the manifold. Because of the 
controlled flow through the reductor, the automated procedure 
has an even better reproducibility than the manual method 
(Grasshoff & Erhardt, 1976). The reductor was periodically 
repacked to maintain reducing efficiency. 

Rea gents 
1. Buffer. 50g of ammonium chloride are dissolved in 5 litres of 
distilled water, and the solution adjusted to pH 8.5 with 
concentrated ammonia. 
2. Sulphanilamide. As nitrite analysis reagent above. 
3. n-1-naphthylethylenediamine. As nitrite analysis reagent 
above. 
4. Standards. 1.011g of potassium nitrate are dissolved in 1 
litre of distilled water. The nitrate concentration of this stock 
standard solution is 1 OmM. W orking standards of desired 
concentrations are made by appropriate dilutions of the stock 
standard. 

The manifold consists of two parts; in the first part the sample 
stream is mixed with buffer solution and passed through the 
reductor, the second part is identical to the nitrite manifold. The 
precision of the method is ±0.3j.tM at the 20j.tM level, and the 
range 0.05-45j.tM (Parsons et al., 1984). Dilution of sorne 
samples was necessary to obtain a nitrate concentration within 
the optimum detection range. 

4. Phosphate analysis 
Dissolved inorganic phosphate concentrations were analysed 

following the single reagent procedure outlined in Parsons et 
al. (1984), using the automated technique of Tréguer & Le 
Corre (1975). The sample was allowed to react with a 
composite reagent containing molybdic acid, ascorbic acid and 
trivalent antimony, and the extinction of the resulting blue 
coloured reduced complex was measured at 885nm. 

Reagents 
1. Reagent 1. 500ml2.45M sulphuric acid (136ml concentrated 
H2S04 made up to 1 litre with distilled water); 
*150ml ammonium molybdate solution (40g NH4Mo70 24.H20 
made up to 1litre with distilled water); 
*50ml potassium antimonyl tartrate solution (3g 
K(SbO)C4H40 6.0.5H20 made up to 1 litre with distilled water); 
The stock solutions of the components of this composite 
reagent remain stable· under suitable storage conditions and 
hence were prepared in advance, but the composite reagent 
itself was al ways mixed just prior to use. 
2. Reagent 2. Ascorbic acid solution (9g C8H80 6 made up to 
500ml with distilled water). 
3. Standards. 68g of KH2P04 dissolved in 1 litre of distilled 
water gives a stock standard concentration of 0.5mM. Working 
standards of desired concentrations are made by appropriate 
dilutions of the stock standard. 
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In order to prevent the formation of a precipitate which 
produces an irregular signal, it is necessary to dilute the 
seawater with distilled water, this dilution subsequently being 
taken into account when calculating phosphate concentration. 
Fairly long mixing coils and the heating step are employed to 
ensure adequate colour development. This automated method 
has been widely employed as it has been demonstrated to give 
a good agreement to the manual method, and gives a very 
stable baseline and good sensitivity and reproducibility 
(Tréguer & Le Corre, 1975). The range of this method is 0.03-
5j.tM, and the precision at the 3j.tM level is c. 0.01j.tM (Parsons 
et al., 1984). 

5. Total ammonia analysis 
There are indications that, even with refrigeration, losses or 

gains of ammonia may be significant after storage for more 
than a few days (Parsons et al., 1984), and thus ammonia 
concentration was analysed as soon as possible after filtration, 
always within 1-2 hours. Most waters contain ammonium ions 
and free ammonia in an equilibrium dependent particularly on 
pH, and to a lesser extent on temperature, pressure, and salinity 
of seawater. The total concentration of the two species, usually 
termed 'total ammonia' concentration, was determined 
following Method E of HMSO (1982), a spectrophotometric 
method based on the reaction of ammonia with phenate and 
hypochlorite ions in the presence of potassium ferrocyanide 
catalyst, forrning an indophenol blue compound. The high 
concentration of magnesium normally present in seawater 
would be partially precipitated at the high pH value required 
for stable colour formation in the salicylate method used for 
ammonia determination in fresh waters (HMSO, 1982), 
precluding the use of this method which has the advantages of 
greater reagent stability and more pleasant handling 
characteristics. 
Rea gents 
1. Phenol reagent. Dissolve 2.5g of phenol (pure, white 
crystalline) in 25ml ethanol. 
2. Chlorinating reagent. 
Solution A: Dissolve 2.5g of sodium hydroxide pellets in 25ml 
water. After cooling to room temperature, add 0.5g sodium 
dichloroisocyanurate and dissolve. 
SolutionB: Dissolve 5.5g of sodium hydroxide pellets in 200ml 
water, then add lOOg of tri-sodium citrate and dissolve. This 
solution is boiled for 15 minutes to remove ammonia, and 
cooled to room temperature before use. 
Immediately prior to use, combine solutions A and B and make 
up to 250ml with water. 
3. Catalyst reagent. Dissolve 0.1g potassium ferrocyanide in 
20ml water. 
4. Standards. Dissolve 0.7638g of ammonium chloride (dried 
at 105°C for 3 hours) in 200ml water, a solution which contains 
1mg NH3 as N.mr1

. Working standards of desired 
concentrations are made by appropriate dilutions of the stock 
standard. 

Reagents and standard solutions were made up daily using, 
where appropriate, HPLC grade water ( considered ammonia 
free). To 25.5ml of sample, first 1ml of phenol reagent, then 
1ml of chlorinating reagent, and finally 1ml of catalyst reagent 
were added, mixing thoroughly between each addition. The 
sample flasks were placed on a hotplate at 30±1 °C under an 
array oftwo 8" 15W tube type 365nm ultra violet lamps for 45 
minutes, after which the absorbance of the blue colour which 
developed was measured at 640nm in a Perkin-Elmer Lambda 
2 UV/VIS spectrophotometer against ammonia-free water in 
matched glass 1 cm path length cuvettes. 



AH ammonia determination methods require great care to 
avoid contamination, both from ammonia in the atmosphere 
( other ammonium products must not be used in the laboratory 
simultaneously), and from glassware (which must be acid 
washed and thoroughly rinsed in HPLC grade water before 
each use). The phenol method has a minimum limit of 
detection of0.33!lM or of 6ppm (HMSO, 1982). 

E. lntracellular nutrient analyses 
1. Cellular CHN analysis 

Filters with cell samples for CHN analysis were stored frozen 
at -20oc in sealed petri dishes. Prior to analysis, the filters 
were dried overnight in an oven at 60 oC. Analysis was 
conducted in a LECO 800 CHN analyser. Calibration consisted 
of a set of 6 analyses of a given weight of Na2EDT A. Blank 
pre-ashed Whatman GF/C filters showed a degree ofvariability 
in the level of N, and it was thus necessary to analyse several 
blanks in order to obtain a reliable average value. Empty 
capsules were analysed after every 5 sample filters in order to 
continually verify calibration. 

2. Particulate P analysis 
Particulate P was determined by an extraction/oxidation 

method, followed by aqueous phosphate measurement by the 
procedure of Parsons et al. (1984). 

Cell samples on filters stored at -20°C were thawed to room 
temperature prior to extraction. After rinsing the filters twice 
with 2ml of 0.17M disodium sulphate, 2ml of magnesium 
sulphate was added to the filter in a glass jar, which was placed 
in an oven at 95°C for 3 hours, a square of aluminium foil 
covering the neck of the jar. The filter was then removed with 
clean tweezers and discarded, and the sample in the jar left for 
a further 2 hours at 450°C. After cooling, 5ml of 0.2M 
hydrochloric acid were added, the jar sealed with a clean 
screw-on polycarbonate cap, and the sample placed in an oven 
at 80°C for 30 minutes. Upon cooling, 20ml of HPLC grade 
water was added, and the sample centrifuged at 2000rpm for 5 
minutes. The supernatant was removed for subsequent 
dissolved phosphate analysis by the method detailed in the 
previous section. 

3. InAA analysis 
The concentrations of individual amino acids in Alexandrium 

minutum cells were measured following the reverse phase High 
Performance Liquid Chromatography (HPLC) procedure of 
Flynn (1988) with modifications outlined by Flynn & Flynn 
(1992). 

This method, capable of measuring low picomole amounts of 
a-amino acids, relies on the pre-column derivatisation of the 
amino acids with o-phthalaldialdehyde (OPA) and 2-
mercaptoethanol to give highly fluorescent derivatives which 
are separated on passage through the chromatography column, 
giving individual fluorescent signais relative to the original 
amino acid concentrations. Solute retention is mainly due to 
hydrophobie interactions between the solutes and the 
hydrocarbon stationary phase, solutes being eluted in order of 
decreasing polarity 1 increasing hydrophobicity. 
Instrumentation 

The HPLC system comprised a high pressure mixing gradient 
pump system (Merck Hitachi L-6200) with Rheodyne injector 
(200J.!l loop ), the analytical column (HPLC Technology 
Ultratechsphere 150mm x 4.6mm, 5].lm end-capped ODS C18) 

which was protected by a guard column (Waters Guardpak 
with ].lBondapak inserts), both of which were kept at constant 
temperature within a column thermostat heater (Merck T-
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6300), and a scanning fluorescence spectrometer (Perkin Elmer 
LS-30; excitation 332nm, emission 456nm). Lengths of tubing 
(0.009" internai diameter) between injector, guard column, 
column and detector were kept as short as possible. The data 
were processed through JCL-6000 software. 
Glassware and reagent preparation 

A set of glassware was kept specifically for HPLC analysis. 
Routine glassware preparation involved scrubbing and soaking 
in warm Decon detergent, rinsing in distilled water, soaking in 
10% hydrochloric acid and rinsing thoroughly in double 
distilled and finally HPLC grade water. Glassware was dried 
inverted and stored in a clean place. 

Ail chemical reagents were of HPLC grade, the solvents 
(water and methanol) being special HPLC grade for fluorescent 
applications (Fisher chemicals). 
Sample storage and InAA extraction 

In order to measure the algal InAA pools, the amino acids 
must first be extracted into a solvent compatible with the 
derivatisation method. Hot water extraction has advantages 
over the alternative TCA extraction method in terms of greater 
amino acid recovery and an extract pH suitable for 
derivatisation (Flynn, 1988). Filters, stored frozen at -20oC in 
1.5ml Eppendorf tubes, were thawed before extraction. Flynn 
(1988) found no deterioration of amino acid concentrations 
when samples were stored at 4 oc, but suggested that freezing is 
preferred as an extra safeguard against biotic degradation. Hot 
water extraction was performed by adding 1ml of near boiling 
HPLC grade water ( dispensed with a Gilson repeating pipette) 
in the same Eppendorf tube as storage, closing the lid of the 
Eppendorf tube, and incubating in an oven at 70°C for 30 
minutes. After incubation the tube was centrifuged (5000rpm, 2 
minutes) and the supernatant (approximately 750J.!l) pipetted 
into a new Eppendorf tube, which was stored frozen at -zooc 
until analysis. 
Standards and internai standard 

Stock 20J.!M standard solutions of chromatographically pure 
L-amino acid standards, made with HPLC grade water, were 
filter sterilised (Gelman Acrodisc 0.2J.lm pore size) into sterile 
plastic Universal tubes and stored frozen at -20°C. Stock 
standards were replaced every month, even though Flynn 
(1988) report no deterioration after 6 months. Calibration 
standards (25-400nM) were prepared by dilution of the stock 
solutions on the day of use, as bacterial action may 
significantly affect low (<50nM) concentration standards over 
the course of a day (Flynn, 1988). Stock solutions of the 
internai standard, 2-amino n-butyric acid (GABA), were 
prepared and stored as the other standards, and diluted to 5 or 
lOJ.!M on the day of use. 
Mobile phases 

Mobile phases were made up according to Flynn (1988): 
sol vent A was 9:1 acetate buffer:methanol (MeOH), sol vent B 
was MeOH. The acetate buffer, made by titrating 0.05M 
sodium acetate trihydrate to pH 6.8 with acetic acid, was stored 
at 4°C and used within 48 hours. 550ml of solvent A and 
400ml of solvent B was sufficient for one day of 
chromatography (start up, 10 injections, and shut down). 

The solvents, and 500ml of water, were degassed by helium 
bubbling for at least 15 minutes on the day of use. If the mobile 
phases are not adequately degassed, air bubbles can form in the 
pumps, leading to cavitation and eventually loss of solvent 
flow, or bubbles may form at the column outlet, where the high 
pressure is released, leading to severe disruption of the 
chromatogram as they flow through the detector cell (Macrae, 
1988). 



After degassing, 3.2% tetrahydrofuran (THF) was added to 
solvent A and 3% THF to solvent B (Flynn & Flynn, 1992). 
Smail additions of THF to the HPLC solvents affect the 
retention times of different OPA-amino acids complexes in 
different ways, effectively providing a convenient alternative to 
using different solvent and gradient systems (Flynn, 1988). The 
THF concentrations used were those found by Flynn (1988) 
and Flynn & Flynn (1992) to give optimum peak separation for 
amino acid analysis. HPLC grade THF is not stabilised, and 
bence was renewed each year before analyses commenced. In 
early method development, a contamination peak (present in 
blank as weil as standard and sample injections) which 
coeluted with Gin was found to be due to contamination from 
polypropylene mobile phase reservoirs, probably as a result of 
a reaction with THF. Glass reservoirs were subsequently found 
to be totaily inert. 
Derivatisation 

The derivatisation reagent was made by dissolving 0.135g 
OPA in 5ml MeOH and making up to 25ml with borate buffer 
(1.9g sodium tetraborate in 50ml water). 2ml volumes were 
filter sterilised (Gelman Acrodisc 0.2Jlm pore size) into sterile 
plastic Universal tubes, and stored in a refrigerator at 4°C. On 
the day of use 1 OJ.ll of 2-mercaptoethanol was added to 2ml 
OP A stock solution. 

Derivatisation was performed in disposable 2ml Eppendorf 
tubes. A Gilson repeating pipette (with ejectable tips), 
calibrated regularly by pipetting smail volumes of water into a 
beaker on an accurate balance, was used for ailliquid transfers. 
Disposable latex gloves were always used when handling the 
derivatisation tube to prevent contamination from amino acids 
on bands. Ail samples and reagents were ailowed to warm to 
room temperature before commencing derivatisation. 20111 of 
internai standard was added to 480J.1l of sample in the 
microtube. The reaction was started by the addition of 100111 of 
derivatisation reagent and the mixture shaken. After exactly 2 
minutes the reaction was halted by the addition of 300!11 of 
borie acid (1.24g in 50ml water), the mixture again being 
vigorously shaken. By lowering the pH of the mixture below 
7.5, this addition also protects the silica base ofthe analytical 
column which breaks down at pH <2 and >7.5 (Flynn, 1988). 

200111 of the mixture was loaded into the injector 45 seconds 
after the reaction was halted, and 15 seconds later (exactly 3 
minutes after the reaction was commenced) was injected onto 
the column. Timing of derivatisation and injection is critica1 
with respect to reproducibility of quantification; even though 
the addition of borie acid stops the reaction, it does not prevent 
the degradation ofproducts (Lindroth & Mopper, 1979). 
Chromatography 

In order to protect the analytical colurnn, and bence maintain 
chromatographie efficiency, it is necessary to take certain 
precautionary measures. The analytical column and guard 
column inserts were preconditioned by flushing with methanol, 
and aqueous solvents, other than 50:50 MeOH:water, were 
never ailowed to stand in the system. System back pressure was 
periodically observed to start to increase, probably due to 
irreversible accumulation of organics in the guard column 
inserts (Flynn, 1988), and bence inserts were replaced every 
40-50 injections when chromatography (peak shape or 
retention time) started to deteriorate. For ail gradients, flow rate 
(and bence pressure) were altered slowly to minimise damage 
to the colurnn. The analytical and guard column were 
maintained at constant temperature (27-28°C) inside a column 
thermostat heater. Start up. The column and guard column 
were stored with 50:50 MeOH:water attached to the 
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instrument, and the pumps were stored contmmng 100% 
MeOH. Pump A was primed on water, and pump B on MeOH. 
The priming valve was shut and programme 1 (table 3.5) run, 
washing the column in 100% MeOH to remove any fluorescent 
material, replacing the MeOH with water, and then slowing the 
flow rate to 0.1 ml.min-1

. The pumps were stopped and the 
solvent line for pump A placed in the solvent A reservoir, and 
20ml solvent drawn through the priming valve. Programme 2 
(table 3.5) was run for 2 minutes, followed by programme 3 
(the main gradient programme) to equilibrate the column 
before the first injection. During start up, the injector was 
flushed with methanol and then water. Analysis. The main 
gradient programme 3 (table 3.5) was a multi-step progression 
from 0% to 80% MeOH followed by an increase to 100% 
MeOH and a 5 minute wash with 100% MeOH (an addition to 
the gradient of Flynn, 1992) to remove organics, and a decrease 
and re-equilibration to 0% MeOH (figure 3.10). The additional 
MeOH wash was found to maintain column efficiency, prolong 
colurnn life, and reduce the frequency of guard column insert 
renewal, at the expense (in terms of time) of between one and 
two injections per day (Flynn, 1988, points out that a 
compromise must be reached between the speed of the analysis 
and the life of the guard and analytical columns). Time 
between injections was thus 35 minutes. The injector was 
flushed with methanol and water, and the syringe rinsed 
thoroughly and kept filled with water between each analysis. 
Shut down. If it was necessary to stop the analysis, to replace 
the guard column insert for example, programme 4 (table 3.5) 
was used to decrease the pressure gently. Programme 2 
followed by programme 3 were used to restart analysis. Each 
day after the last analysis was complete, programme 4 was run 
and the pumps stopped. The solvent line for pump A was 
placed in water, pump A was primed with 50ml water, and 
programme 5 (table 3.5) run to wash out the buffer (solvent A). 
The column was left containing 50:50 MeOH:water. Pump A 
was then primed with MeOH, the priming valve shut and the 
pumps turned off. 
Data processing 

The data processing software electronically integrates the 
chromatogram, recording the quantitative data (peak areas) in 
relation to retention times. After calibration with standards of 
known concentration, identification of peaks and subsequent 
computation of amino acid concentrations in the samples was 
conducted automatically, but the integrator also bas a raw data 
reprocessing capability, and bence peak identification was also 
always checked manuaily, and fine-tuned when necessary. 
Chromatographie reproduction is sensitive to temperature, 
column equilibration and to the condition of guard column 
(Flynn, 1988); despite the preventative measures outlined, 
graduai degradation of chromatographie efficiency (peak area 
or retention time) was sometimes observed through the course 
of a day. Compensation was made through the routine injection 
of standards. The integrator was calibrated at the start of the 
day and standards injected at intervals ( every 3 injections, 
including the final injection of the day). The integrator was not 
recalibrated with each standard injection, instead a correction 
was made for any deterioration of column efficiency by 
plotting the injection number for the standards against the 
reported concentration, the % error for each injection 
calculated and the data for the unknowns corrected. 
Resolution and reproducibility 

A sample chromatogram (100J.1M each amino acid) is 
illustrated in figure 3.2. When calibration standards were 
plotted, linearity was observed at least over the range 25-



Table 3.5. Chromatqgraphy programmes (aU steps in gradients are linear). 
'frogramme 1 (Start up) 

Time(min) Flow (ml/min) %A (water) 
Initial 0.1 0 

2.0 2.0 0 
15.0 2.0 0 
20.0 2.0 100 
30.0 2.0 100 
32.0 0.1 100 

Programme 2 .(Speed up); Programme 4 (Slow down) has flow rates reverseà 
Time (mitt) Flow (ml/min) %A-(. olventA) 

Initial 0.1 (2.0) 100 
2.0 2.0 (0.1) 100 

Programme 3 (Main gradient) 
Tirne (min) Flow (ml/min) %A ( ol vent A) 

J nitial 2.0 100 
7.0 2.0 80 
14.0 2.0 48 
19.0 2.0 20 
22.0 2.0 0 
27.0 2.0 0 
31.0 2.0 lOO 
35.0 colutnn e·quilib,rated 

l>rogramme 5 (Sb ut down) 
Time (hùn Flow ml/min) %A water) 

Initial O.l 100 
2.0 2.0 100 
16.0 2 .0 100 
22.0 2.0 50 
28.0 2.0 50 
30.0 0.1 50 
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%B (MeOH) 
100 
100 
lOO 
0 
0 
0 

%B (MeOl::l) 
0 
0 

o/aB (so1vent B) 
0 

20 
52 
80 
lOO 
LOO 
0 

%B (MeOFI 
0 
0 
0 

50 
50 
50 

30 



250J.1M (2.65-26.5 pmoles) of each amino acid applied to the 
column, as reported by Flynn (1988). A low detector gain 
setting (1.0) was employed; higher settings affect the linear 
response of the detector, and increase baseline noise (Flynn, 
1988). Quantification was improved by diluting samples such 
that sample peaks fell within the linear part of standard curves, 
and when concentrations of different amino acids within a 
sample varied widely, it was sometimes necessary to conduct 

two separate analyses of the sa me sample at different dilution 
factors. The reproducibility obtained with the system and 
method described (table 3.6) was within a similar range to that 
reported by Flynn (1988) , considered by the author as good. 
The quantification of Gly, Om and Lys standards showing 
grea test relative variability (due, for the latter two, in part to 
interference from a coeluting buffer peak). 

Table 3.6. Reproducibility (95% confidence limits expressed as % of mean, n = 5) and retention time of amino acid 
standards (lOO~tM = 10.6pmoles) using the system and method described. Internai standard was GABA (RT 13.0 mins.). 

Amino acid Retention time (mins.) Confidence limits (% of mean) 
Aspartic acid (Asp) 1.5 1.7 
Glutamate (Glu) 1.8 3.1 
Asparagine (Asn) 3.8 2.2 
Serine (Ser) 4.9 3.7 
Glutamine (Gln) 6.8 2.4 
Histidine (His) 7.0 2.8 
Glycine (Gly) 7.8 5.7 
Threonine (Thr) 8.3 1.6 
Arginine (Arg) 9.0 1.8 
Alanine (Ala) 10.0 3.6 
Taurine (Tau) 10.5 2.1 
Tyrosine (Tyr) 11.7 3.8 
Methionine (Met) 14.5 2.2 
Valine (Val) 14.7 1.7 
Tryptophan (Trp) 15.3 1.4 
Phenylalanine (Phe) 15.8 2.2 
Leucine (Leu) 16.5 4.3 
Isoleucine (Ile) 16.7 3.5 
Omithine (Orn) 18.4 5.9 
Lysine (Lys) 18.8 7.3 

Chapter 4 

Culture Experiments 

A. Batch Culture 
1. Protocol 

Batch experiments with cultured Alexandrium minutum 
(strain AM89BM) followed the multi-tube approach of 
Anderson & Lindquist (1985) and Anderson et al. (1985). 

Sterile, ultraclean 25 x 150mm glass culture tubes containing 
25ml of K medium (Chapter 3), with varying concentrations of 
N and P nutrients according to experimental requirements, 
were inoculated with 2ml of exponentially growing culture. 
Inoculation cultures were transferred at !east twice during 
rapid-growth phase prior to use as an inoculate, a technique 
cited to minimise the subsequent effects of bacteria (Anderson 
& Lindquist, 1985). Tubes were plugged with sterile cotton 
wool bungs, preventing contamination while allowing sorne 
degree of gaseous exchange. Cultures were grown in a 14:10 
L:D cycle, with light levels and temperature being set 
according to experimental design. In ali culture experiments 
(batch and semi-continuous), cultures were grown at a salinity 
of32. 

At each sample point the contents of a number of randomly 
selected tubes were mixed and, according to experimental 
requirements, subsamples were taken for enumeration and 
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sizing, and filtration conducted to obtain samples for analysis 
of intracellular and extracellular nutrient concentrations. 

2. Zygote yield experiments 

Experimental design 
The first set of batch culture experiments was designed to 

study Alexandrium minutum growth and zygote yield in 
response to variations in temperature, irradiance, and 
nutritional conditions. 

The effect of temperature on Alexandrium minutum growth 
and zygote yield was investigated in cultures grown at an 
irradiance of 150~Em-2 s- 1 at two initial nutrient regimes; 
nutrient-replete medium (K) and under N-limitation, N 
nutrients reduced to 1 0% of K values (K/1 0-N). Cultures were 
grown at 12 oC, 14 oC, 16 oC, 20oC, and 24oC under each 
nutrient regime. 

In a simi1ar manner, light was varied at a constant 
temperature, 20 oC, in initial nutrient-rep1ete (K) and N-limited 
(K/1 0-N) conditions. By mas king fluorescent tubes with fine 
mesh in separate compartments within the culture room, light 
supply was manipulated to achieve levels measured as 50~Enf 
2s-1

, 1 OO~Em-2 s- 1 , 150~Em-2 s- 1 , 200~Em-2s- 1 and 250~Em-2s- 1 • 
The effect of initial nutrient availability was tested in cultures 



grown at a temperature of 20 oC and an irradiance level of 
150pEm-2s-1

. The effects ofN and P were tested separately by 
varying the concentration of each in the presence of excess of 
the other. K-N, K/4-N, K/10-N, K/20-N and K/40-N cultures 
were thus ali grown with K-P concentrations, while K-P, K/2-
P, K/5-P, K/10-P and K/20-P cultures were grown with K-N 
levels. 

Nine culture tubes were grown for each experimental variable 
(a total of216 tubes). Inoculation cultures were preconditioned 
by transferring three times under appropriate nutrient, 
temperature and irradiance levels prior to the start of the 
ex~eriment. Inoculation cell concentration was between 1.5 x 
10 and 2.5 x 103 cells.mr1

• The tubes were harvested 25 days 
after inoculation, three sets of three tubes being selected at 
random for each experimental variable, and the contents mixed 
and subsampled for enumeration of total motile cell yield, and 
for sizing to estimate planozygote abundance. The motile cell 
and planozygote yields for the three sets of subsamples were 
then averaged, and a standard deviation calculated. 

The index of relative zygote yield utilised by Anderson et al. 
(1984 ), 'encystment efficiency', was simply the cyst:motile 
cell ratio. In order to accurately reflect the proportion of the 
population which has formed zygotes, however, it is necessary 
to take into account the fact that each zygote is the product of 
the fusion of two gametes (Anderson & Lindquist, 1985). A 
'motile cell equivalent' (M) is thus calculated first: 

M = N + P + 2C 
Where N is the total motile cell count, P is the planozygote 
count (already included once inN) and C is the cyst count. A 
zygote efficiency index, can then be calculated: 

Z.E. (%) = 2P + 2C x100 
M 

The cyst formation index of Watanabe et al. (1982), which 
does not take account of sexual stages before encystment, may 
underestimate the extent of sexual fusion due to variations in 
the efficiency of the transformation of planozygote to cyst 
(Anderson et al., 1985). The zygote efficiency index, which 
measures the proportion of the motile cell equivalent which has 
undergone successful gamete mating to form zygotes, may by 
the same token underestimate the extent of gamete formation, 
as uncertainty must also exist about the efficiency of gamete 
ma ting. 

Results 
The results of zygote yield experiments are summarised in 

table 4.1. 
Temperature effects. Alexandrium minutum growth occurred 

throughout the range of experimental temperatures, in both full 
K medium and K/10-N. The optimum range for growth in both 
nutrient regimes was between 14 oc and 20°C, although cell 
yield was reduced by approximately one third in K/10-N 
medium. Within the optimum range, maximum cell yield was 
obtained at 20°C in both nutrient regimes. Cell yield was 
reduced at the lowest temperature (12°C), and more markedly 
at high temperature (24 °C). 

Planozygotes were recorded, albeit at low relative abundance, 
in populations initiated in nutrient-replete K medium, the 
maximum zygote efficiency being 6% at 20°C. Zygote 
production in N-limited medium showed a narrower optimum 
temperature range than growth, with important concentrations 
only at 16°C and particularly 20°C, when nearly one third of 
the vegetative population formed planozygotes. Very few 
zygotes, if any, were seen at the extremes of the experimental 
temperature scale in either nutrient regime. 
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Light effects. In both nutrient regimes, cell yield was light 
limited at the lowest level of irradiance (50pEm-2s-1

), reaching 
saturation at 1 OOpEm-2s-', with no indication of photoinhibition 
at light levels up to 250pEm-2s-1

. In the K/10-N cultures, cell 
yield and zygote yield were tightly coupled, reflected by a 
relatively constant zygote efficiency (between 26.3 and 33.3%) 
over the range of irradiances. Low planozygote abundances 
were recorded at alllight levels in nutrient-replete medium. 

Nutrient effects. Alexandrium minutum cell yield was 
proportional to initial nutrient concentration in the medium, 
maximum cell yield at K nutrient concentrations being 32.4 x 
103 cells.mr', with growth decreasing in cultures in which 
initial concentrations of the limiting nutrient were below this 
maximum concentration. In the N-variation series, 
planozygotes were present at low relative abundance at K 
concentration, and zygote efficiency was relatively constant 
between K/4-N and K/20-N (between 29.1 and 33.3%). At 
extremely low initial N concentration (K/40), the proportion of 
the population forming zygotes was reduced. At low initial P 
concentrations (1.8 and 3.6!lM) increases in cell yield were 
matched by increases in zygote yield such that zygote 
efficiency remained relatively constant (35.2 to 36.9%). At 
higher initial P concentrations, zygote yield decreased as cell 
yield increased, zygote efficiency consequently falling. 

Discussion 
Alexandrium minutum cell yield was not observed to increase 

in medium containing 2K relative to K concentrations of 
nutrients (data not shown). At K nutrient concentrations, 
therefore, A. minutum growth was limited by a factor other than 
N or P availability, and conditions for these nutrients can be 
considered replete. Growth was, however, to sorne degree N
or P-limited at ali experimental dilutions of K nutrient 
concentrations employed in this study. 

Optimum light conditions for Alexandrium minutum growth 
in this experiment occurred at and above 100pEm-2s-1

• Prézelin 
(1987) summarised the typical dinoflagellate response to light 
intensity. Dinoflagellates are typically light saturated for both 
photosynthesis and cell division at and above approximately 
300pEm-2s-', while cell division can be maintained as 
photosynthesis becomes increasingly light limited down to 
light levels about one third of light-saturating rates. Increased 
pigmentation characterises growth at irradiance levels below 
300pEm-2s-' down to about 15pEm-2s-' for cultured 
dinoflagellates. Below 100pEm-2s-1 cells are increasingly 
photo-stressed, division rates slow, and many cell processes 
begin to break down. An Australian strain of A. minutum has 
been reported to exhibit progressively reduced growth rates at 
irradiance levels from 100pEm-2s-1 down to almost complete 
inhibition at 14pEm-2s-' (Cannon, 1993a). While optimal cell 
division evidently occurs at 100pEm-2s-', photosynthesis may 
be limited. A light intensity of 150pEm-2s-' was chosen for 
subsequent batch culture experiments, in order to minimise 
possible effects of C-stress. 

The temperature range for optimum growth was wider, but 
the overall tolerance range for growth narrower in this French 
strain of Alexandrium minutum in comparison with a South 
Australian strain of the same species (Cannon, 1993a). 
In common with previous studies on dinoflagellate sexuality, 
nutrient limitation in the culture medium resulted in important 
proportions of the Alexandrium minutum vegetative cell 
populations forming zygotes. Sexuality occurred under 
separate limitation of both N and P nutrients in the medium, a 
situation reported for certain other dinoflagellate species 



Table 4.1 Summary of the results of zygote yield experiments. 

Experiment Temp. Irradiance Nu trient 
(OC) (p.Em-2s-1) concentration 

Temperature 12 150 K 
14 
16 
20 
24 

12 K/10-N 
14 
16 
20 
24 

Irradiance 20 50 K 
100 
150 
200 
250 

50 K/10-N 
100 
150 
200 
250 

Nutrient 20 150 K-NP 

K-P K/4-N 
K/10-N 
K/20-N 
K/40-N 

K-N K/4-P 
K/10-P 
K/20-P 
K/40-P 

(Chapter 1, table 1.1). The zygote efficiency data indicate that a 
relatively constant proportion of the population, approximately 
30%, formed zygotes across a range of nutrient limiting 
concentrations, despite the differing population sizes. Anderson 
et al. (1984) observed a similar threshold zygote efficiency 
across a range of low initial nutrient concentrations for A. 
tamarense (20-40%), and suggested that sorne characteristic of 
batch culture conditions, such as the rapid depletion of extemal 
nutrients or high biomass, might have caused this relative 
constancy. The observation that zygote efficiency was reduced 
at very low initial N levels (K/40-N) is evidently not a density
dependent effect, by which gamete interactions would be Jess 
frequent at low cell densities, as zygote efficiency was near the 
threshold level in the K/40-P culture, which exhibited a similar 
cell yield to the K/40-N culture. 

Sexuality is rarely reported for dinoflagellate cultures grown 
in media with high initial nutrient concentrations, but low 
relative zygote abundances (0.1 to 6%) were observed in 
nutrient-replete Alexandrium minutum batch cultures. Since 

Average motile A vera ge zygote Zygote Efficiency 
cell yield and s.d. yield and s.d. (%) 

(1 03 cells.ml-1
) (103cells.ml_l) 
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15.3 (1.4) 0.02 (0.03) 0.31 
25.1 (2.1) 0.5 (0.2) 4.24 
27.8 (1.2) 0.4 (0.4) 2.75 
32.2 (2.2) 1.0 (0.7) 5.98 
5.3 (1.3) 0 0 

11.0 (1.4) 0.06 (0.06) 1.07 
18.0 (0.9) 0.2 (0.2) 2.45 
16.3 (3.4) 1.6 (0.4) 17.70 
20.5 (2.8) 4.0 (0.7) 32.41 
3.7 (2.7) 0.2 (0.2) 10.06 

14.3 (3.6) 0.07 (0.1) 0.99 
29.1 (1.1) 0.4 (0.2) 2.69 
32.2 (2.2) 1.0 (0.7) 5.98 
31.0 (1.8) 0.3 (0.3) 1.61 
29.8 (2.8) 0.1 (0.04) 0.24 

6.1 (2.3) 1.0 (0.4) 26.30 
16.8 (0.7) 3.4 (0.7) 33.31 
20.5 (2.8) 4.0 (0.7) 32.41 
16.3 (4.4) 3.2 (0.3) 32.85 
18.5 (3.6) 3.1 (1.2) 28.85 

32.2 (2.2) 1.0 (0.7) 5.98 

22.7 (1.5) 3.9 (0.3) 29.11 
20.5 (2.8) 4.0 (0.7) 32.41 
9.1 (1.1) 1.6 (0.3) 30.21 
4.9 (1.6) 0.5 (0.2) 19.47 

26.4 (2.2) 0.5 (0.3) 3.77 
18.7 (1.2) 1.7 (0.3) 16.70 
9.1(1.4) 2.1 (0.8) 36.87 
4.2 (0.7) 0.9 (0.2) 35.20 

growth is not limited by medium nutrients, this low level of 
sexuality would seemingly not be linked to nutrient limitation. 
The possibility that the Jow lev el of sexuality is a result of the 
density-dependent stress factors which inhibit A. minutum 
growth cannot be discounted, but it can be concluded, in 
agreement with the majority ofprevious reports summarised in 
Chapter 1, that limitation of extemal nutrients in the growth 
medium is the most important environmental factor associated 
with induction of sexual reproduction. 

Varying light levels had very little effect on relative zygote 
production, even when growth was sub-optimal at low light 
intensity. Tt seems unlikely, therefore, that sexual induction is 
linked to the cellular response to differing irradiance levels. 

In contrast to light, temperature variation had a significant 
effect on zygote efficiency once sexuality had been initiated by 
nutrient limitation. The zygote efficiency varied by 
approximately 30% in cultures grown with the same initial 
nutrient concentration, K/10-N, at different temperatures. Very 
few Alexandrium minutum zygotes were produced below 14°C, 



and the optimum temperature range for zygote production, 16-
200C, was narrower than that for growth. Although the 
difference between the optimum ranges for growth and zygote 
formation was greater for A. tamarense (Anderson et al., 
1984), the conclusion that sorne metabolic process unique to 
gamete formation or fusion requires a more specifie 
temperature range than those which support cell division, is the 
same. This situation does not seem to be universal among 
dinoflagellates, however, as Watanabe et al. (1982) reported 
identical optimum temperature ranges for cell yield and zygote 
production for Scrippsiella trochoidea. 

3. Time-course experiments 

Experimental design 
Changes m extracellular and intracellular nutrient 

concentrations were monitored in conjonction with 
enumeration of Alexandrium minutum life cycle stages over 20-
22 day time-courses in batch culture. The experimental nutrient 
regimes are outlined below: 

Table 4.2 Experimental nutrient reg1mes 1ll batch culture 
time course experiments. 

Culture Nitrate A mmonium Phosphate 
(JJ.M) ÜA.M) ütM) 

A (K-N,K-P) 884 10 36 
B (K/4-N, K-P) 221 2.5 36 
C (K/10-N, K-P) 88.4 1 36 
D (K-N, K/4-P) 884 10 9 
E (K-N, K/10-P) 884 10 3.6 

Cultures were grown at a temperature of 20°C, a salinity of 
32, and a light regime of 14:10 L:D at 150].1Em-2s-1

• One 
hundred and twenty tubes were cultured at each nutrient 
regime, with the contents of four randomly selected tubes 
mixed and sampled at the same time each day ( 6 hours into the 
L phase). 
Cell specifie growth rates ( cell-11) were calculated from: 

cell-11 = ln Cn - ln Cn-x 
tn - tn-x 

where Cn and Cn-x were the cell numbers measured at times 
t(n) and t(n-x) in days. 

The aim of this study is to investigate the extemal nutrient 
conditions and intracellular nutrient physiology during the 
transition from asexual to sexual reproduction. The fact that 
gametes of this species are morphologically indistinguishable 
from vegetative cells (Chapter 2), necessitates an estimation 
from the available evidence of the timing and extent of gamete 
formation. With knowledge of the duration of gamete fusion, 
the rapid increases in planozygote abondances can be used as a 
marker for the onset of sexuality (Anderson et al., 1985), 
necessarily accepting the assomption that ali gametes mate 
immediately upon formation (the very fact that dinoflagellate 
gametes are often indistinguishable from vegetative cells 
means there is little evidence to confirm or deny this 
assomption). As detailed in Chapter 2, the fusion of gamete 
pairs of the experimental strain of Alexandrium minutum may 
take as long as one week, but the average duration was 2 days 
(>200 pairs observed). Timing and extent of gamete formation 
can thus be estimated by relating this observation to the 
measured increases in relative planozygote abondance, through 
the calculation of a 'gamete formation index': 

at time t, G.I.(%) = {2(Pt+2- Pt+ 1)} x 100 
Nt- Pt- 0.5(Gt-l) 

where P is the planozygote abondance, N is the total motile cell 
concentration, and G is the gametes formed at particular t. The 
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gamete formation index is an estimation of the proportion of 
the vegetative cell population which forms gametes between 
each sample period. In effect, it can be stated with good 
confidence that observed planozygote production was preceded 
two days earlier by relative levels of gamete mating and, by 
inference, gamete formation. 

Results 
(A) K-N, K-P (Figure 4.1 a-h, Appendix la) 

After inoculation into medium containing K concentrations of 
both N and P, Alexandrium minutum cell yield increased until 
day 10 at an overall cell specifie growth rate of 0.29 dai1

, 

peaking at nearly 35 x 10-3 cells.mr1 (figure 4.1a). Cell-11 was 
variable in the first days of growth, and exponential phase 
values of cell-11 exceeded 0.54.dai1

. Planozygotes were 
present at low relative abondances from day 8, increasing 
gradually until the maximum zygote efficiency (5.2%) was 
recorded on day 16. The maximum gamete index was 1.95% 
on day 12. No hypnozygote cysts were seen in this, or any 
other nutrient regime, even in tubes left for 90 days. 

Carbon content peaked at 2420 pg.cell-1 on day 4, decreasing 
by over 50% during the next 4 days, followed by a graduai 
increase (figure 4.1 b). Average cell volume varied by 
approximately a factor of two, with rapid growth phase cells 
being smallest (minimum 4.2pl on day 5). The standard 
deviations of average cell volumes were generally higher in the 
later stages of the growth phase, indicating a greater mix of cell 
sizes as growth ceased (figure 4.1 b ). 

Extracellular ammonium was depleted within 2 days, but 
significant quantities of the other available nutrients remained 
in the medium at the end of the experimental period. Of the 
available 884jlM nitrate, almost 400jlM was utilised, while 
high nitrite levels ( over 20jlM) accumulated (figure 4.1 e ). Over 
one third of the available 36jlM phosphate remained in the 
medium at the end of the time-course (figure 4.1c). 

Uptake rates of both N and P, calculated from the 
disappearance of nutrients from the medium, indicate a rapid 
initial uptake following inoculation (max. rates 216pgN.celr 
1.dai1 and 4 7.6 pgP .cell-1.dai1

, both on day 1 ), decreasing 
throughout the growth phase, with low uptake evident even 
after the cessation of population growth (figures 4.1 cande). 

Cellular N increased dramatically upon inoculation and was 
variable, but relatively high in the early stages of population 
growth. Later in the growth phase, the N quota decreased to a 
minimum value of 175 pg.cell-1 on day 8, increasing thereafter 
and remaining fairly stable during the decline phase (figure 
4.1 f). The P cell quota was also lowest as growth slowed, 
reaching a minimum level of 23.5 pg.cell-1 on day 8, and 
increasing late in the time course (figure 4.1d). The C:N ratio is 
indicative of an N-sufficient status throughout population 
development, reaching a maximum value of 7.7 on day 18 
(figure 4.1g). The C:P ratio fluctuated without an apparent 
trend between 36.5 and 63.4, values suggesting a degree of P
stress (figure 4.1 d). 

InAA concentration through the time course varied between 
4.9 and 7.1% of total cellular N concentration, peaking at 
373mM on day 4, before falling to stable decline phase values 
of c 130mM (figure 4.lf). InAA composition varied little 
through the experimental period, being dorninated by Arg, Gin, 
Glu, Ala, Asp, Ser, and Gly (figure 4.1h). During the growth 
phase, values for the mole ratio of Gln:Glu were high, between 
1.17 and 1.93, indicating N-replete cells. The ratio fell below 1 
on day 16 as relative Gin concentration declined, and decreased 
to a minimum of 0.71, reflecting an intermediate N status, by 
the end of the experiment (figure 4.1g). 
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Figure 4.1a-h. Batch time-course experimentA (nutrient-replete): (a) population development (error bar= range of triplicate 
counts); (b) cellular C content and cell volume (error bar = standard deviation); (c) extemal phosphate concentration and P uptake 
calculated from disappearance of phosphate from the medium; (d) internai P physiology; (e) extemal nitrate and ammonium 
concentrations and N uptake calculated from disappearance of N nutrients from the medium; (f) cellular N physiology; (g) N 
status biomarkers; (h) concentrations of the main components oflnAA. 
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(B & C) N-limitation (Figures 4.2a-h and 4.3a-h, Appendices 
lb and le) 
Cell yields were reduced when initial N nutrient 

concentrations in the inoculation media were reduced to 25% 
ofK values and below. Maximum cell yie!.fis were 27.3 x 10-3 

cells.mr1 on day 13 in K/4-N, and 22 x 10- cells.ml-1 on day 8 
in K/10-N (figures 4.2a and 4.3a). In contrast with cultures 
grown under other nutrient conditions, the growth response of 
the K/4-N culture was not immediate, significant population 
increase starting after a lag phase of 3 days. Overall cell 
specifie growth rates during the growth phases were very 
similar to growth in nutrient-replete K medium (0.28 day·1 in 
K/4-N, 0.29 dai1 in K/10-N). Exponential phase values of cell
!l were extremely high in K/4-N (0.84.dai1 on day 5), due 
possibly to one anomalous cell count, and marginally lower 
than the rate in N-replete medium in the K/10-N culture 
(0.46.dai1

). 

Planozygotes were first recorded on day 6 in K/4-N and day 5 
in K/10-N, at which times cell yields were similar, but a factor 
of 2 below the population density at which planozygotes were 
first observed in nutrient-replete conditions (figures 4.2a and 
4.3a). The major increments in relative zygote yield occurred 
between days 9 and 13 in K/4-N (4.1% to 23.2%) and between 
days 7 and 11 in K/10-N (6.3% to 26.7%), both coinciding with 
the late stages of the growth phase or earl y stationary phase. 
The main pulses of gamete formation are estimated to have 
occurred between days 8 and 11 in the K/4-N culture (G.I. 6.8-
8.1%), and on days 6 and 7 in the K/10-N experiment (G.I. 11-
18%). Zygote efficiency gradually increased through the later 
phases after these main pulses in production, reaching just over 
30% by the end of the time course in each culture. 

Average cell volumes in the N-limited cultures were higher 
than cells in N-replete medium during the growth phase, but 
decline phase cells were typically smaller. The greatest ranges 
of cell sizes were again observed late in the growth phase and 
through the stationary phase (figures 4.2b and 4.3b). Cellular C 
was always lower under N-limitation (figures 4.2b and 4.3b), 
with minimum values ofC.unit biovolume-1

, c 105 pgC.pr1 in 
each culture, approximately one third lower than in N-replete 
conditions. 

Ammonium disappeared rapidly from the medium in each N
limited culture, and nitrate was effectively depleted by day 13 
in K/4-N and by day 7 in K/10-N (figures 4.2e and 4.3e). In 
each culture, low nitrite levels accumulated during the growth 
phase, but gradually decreased during the decline phase. 

The cellular N quotas increased early in the growth phase 
concomitant with maximum calculated N uptake rates of 143.9 
pg.cell-1.dai1 between days 0 and 1 in K/4-N, and 122.3 
pg.cell-1.day·1 between days 2 and 3 in K/10-N, but as extemal 
N nutrients became scarce, minimum intracellular values 
around 70 pgN.cell-1 were reached in each culture (figures 4.2f 
and 4.3f). N.cell-1 increased slightly from the minimum values 
during the decline phase. N.unit biovolume-1 varied little after 
growth ceased, at values over 50% lower than in late stages of 
the N-sufficient culture, and minimum values were identical 
(9.9 pgN.pr1

) in K/4-N and K/10-N. 
The C:N ratios, which fluctuated considerably during the 

early part of the time-course, steadily increased through the 
growth and stationary phases, rising above 7 on day 11 in K/4-
N and day 6 in K/10-N, and reaching maximum values of 11.8 
in K/4-N and 15.6 in K/10-N, both indicative of significant N
stress after growth ceased (figures 4.2g and 4.3g). 

Maximum InAA concentrations soon after inoculation were 
212mM in K/4-N and 151mM in K/10-N, while minimum 
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values in the later N-starved stages of the experiment (c 30mM 
in both cases) were more than four times lower than the 
minimum values in the nutrient-replete culture (figures 2.3f 
and 2.4f). The percentage of cellular-N as InAA declined 
slightly when N limited growth, and while the relative 
contribution of most amino acids to InAA remained stable 
through increasing N-stress, those of both Gln and Arg were 
considerably reduced. Throughout exponential growth in both 
K/4-N and K/10-N, the Gln:Glu ratio was above 1. The ratio 
fell below 1 just before population growth ceased, and steadily 
decreased due to depletion of Gln, reaching 0 on day 17 in both 
cultures (figures 4.2g and 4.3g). 

Extemal phosphate was not depleted in either culture, and P 
cell quotas were similar to those of cells grown in N-replete 
conditions, with minimum values of 25 pg.cell-1 in K/4-N and 
22.4 pg.cell-1 in K/10-N (figures 4.2c-d and 4.3c-d). The C:P 
ratios again fluctuated unpredictably, but over ranges of values 
lower than the population grown in N-replete medium (21.1 to 
40.2 in K/4-N and 23.3 to 36.2 in K/10-N). 
(D & E) P limitation (Figures 4.4a-h and 4.5a-h, Appendices 
ld and le) 
Growth was P-limited when the initial phosphate 

concentration in the medium was 9!lM and less. Maximum cell 
yields were 14.6 x 103 cells.ml-1 in K/4-P and 8.2 x 103 

cells.mr1 in K/10-P (figures 4.4a and 4.5a). Cell-!l was higher 
over the shorter growth phases under P-limitation than growth 
in N-limited conditions (0.46 dai1 in K/4-P, 0.37 dai1 in 
K/10-P). The main pulses of relative planozygote production 
occurred between days 6 and 10 in K/4-P (2.6% to 38.9%) and 
between days 6 and 8 in K/10-P (3.8% to 26.3%), after which 
zygote efficiencies were again observed to gradually increase, 
reaching maximum levels higher than those recorded in N
limited cultures (41.5% in K/4-P, 41.9% in K/10-P). The 
gamete index was highest on days 5-6 in K/4-P (12-16%), and 
on day 6 in the K/10-P culture (20.3%). 

P-limited cells were generally larger throughout population 
development, and size distribution was more uniform in later 
stages of the cultures (figures 4.4b and 4.5b). 

A pattern very similar to that of N in P-limited cultures was 
observed for intracellular C. Minimum values of cellular C in 
early stationary phase were 580 pg.cell-1 in K/4-P and 950 
pg.cell-1 in K/10-P (figures 4.4b and 4.5b). Decline phase 
intracellular C values in K/4-P were similar to those of the K 
culture, but in K/10-P, cellular C was relatively high 
(maximum 3100 pg.cell-1

), and despite the increased average 
cell volume, C.unit biovolume was almost 65% higher 
(maximum 355.8 pg.pr1

). 

Maximum calculated P uptake rates (28 pg.cell-1.dai1 

between days 0 and 1 in K/4-P and 17.7 pg.cell-1.dai1 between 
days 1 and 2 in K/10-P) were lower than in P-replete medium, 
but phosphate was depleted from the extemal medium by day 6 
in K/4-P and by day 5 in K/10-P. Cellular P quotas close to the 
minimum values of 16.9 pg.cell-1 in K/4-P and 16.6 pg.cell-1 in 
K/10-P were reached soon after disappearance of extracellular 
phosphate (figures 4.4c-d and 4.5c-d). The increase in cell 
volume late in the time course was relatively greater than the 
slight increase in cellular P, such that P.unit biovolume-1 levels 
continued to faU through the decline phase, reaching minimum 
values of2.01 pg.pr1 in K/4-P and to 1.86 pg.pr1 in K/10-P. 

Clearer trends were evident in the C:P ratios in cultures 
grown under P limitation, with progressive increases through 
the time course culminating in maximum values of 100 in K/4-
p and 171.5 in K/10-P, indicating very high levels of P-stress 
relative to other nutrient regimes (figures 4.4d and 4.5d). 
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Extracellular ammonium was depleted by day 3 in both 
cultures, but of the available 884J.LM nitrate in the medium, 
only approximately 200J.LM was used in the K/4-P culture, and 
approximately half as much in K/1 0-P (figures 4.4e and 4.5e ). 
Throughout the growth and earl y stationary phases intracellular 
N was reduced in comparison to the nutrient-replete population 
on both a cellular and biovolume basis. Minimum values in 
early stationary phase, particularly ofN.unit biovolume-1

, were 
only slightly higher than those observed in N-limited cultures. 
Later in the stationary phase, intracellular N recovered to levels 
marginally below that of the K population in K/4-P, and to 
levels significantly higher in K/10-P (figures 4.4f and 4.5f). 

Intracellular levels of C and N were both reduced under P
limitation, such that the C:N ratio in the K/4-P population was 
similar to that of the K culture (figure 4.4g). C and N varied 
over greater ranges in the K/10-P culture, in which the C:N 
ratio was higher, generally above 7. The ratio reached a 
maximum value of 12.6, suggesting fairly severe N-stress soon 
after population growth ceased, before falling to a steady 
stationary phase level around 8 (figure 4.5g). 

During population growth, InAA concentrations were similar 
to equivalent N-limited cultures, but upon cessation of growth 
due to P starvation, InAA remained at relatively high levels 
(figures 4.4f and 4.5f). The percentage of cellular N as InAA in 
P-depleted cells was reduced in comparison with nutrient
replete decline phase cells, but not as low as N-deplete cells. 
Gin and Arg were again the two amino acids which showed the 
greatest changes in relative contribution to total InAA upon P
depletion, but while the contribution of Gin was again reduced, 
that of Arg was considerably enhanced (figures 4.4h and 4.5h). 
The Gln:Glu ratio immediately increased upon inoculation, 
followed by a steady decline throughout the time course. The 
initial increase was greater in the K/10-P culture, and the ratio 
fell below 1 on day 5 in the K/4-P culture, and on day 9 in 
K/10-P (figures 4.4g and 4.5g). 

Discussion 
Increases in cell numbers in microalgal batch cultures follow 

a characteristic pattern (figure 4.6). In order to provide a 
framework within which to examine the transition between 
reproductive strategies, certain general physiological trends 
through Alexandrium minutum population development can be 
elucidated. 

Ag:ç of cultun: 

Figure 4.6 The characteristic pattern of growth shown by a 
unicellular alga in a culture of limited volume; (1) lag phase, 
(2) exponential phase, (3) phase of declining relative growth 
rate, (4) stationary phase, (5) decline phase (Fogg, 1975). 
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The rates of nutrient uptake and photosynthetic C assimilation 
immediately following inoculation were such that cells, limited 
to one division each day, were able to expand in size and 
charge internai nutrient pools. Such 'luxury' nutrient uptake 
and storage, documented for many dinoflagellate species 
(Dortch et al., 1984), including Alexandrium tamarense 
(Pfiester & Anderson, 1987), may provide a competitive 
advantage over smaller algae when external nutrient supplies 
become depleted (Chapman & Pfiester, 1995). The uptake of 
nutrients in this earl y stage of population development matched 
the structural incorporation of C during cell growth, and 
C:nutrient ratios were consequently low. The lack of a 
discernible lag phase in most culture treatments indicates that a 
high proportion of inoculum cells were viable and active, being 
weil adjusted to high growth conditions. When old inocula are 
used, cells may require a period of reconstitution before active 
growth can begin (Fogg, 1975). 

As a response to the improved physiological status, a period 
of rapid asexual division ensued. During the exponential phase, 
growth results in the production of more material, which is 
itself capable of growth, so that the actual rate of growth 
accelerates continuously (Fogg, 1975). The exponential phase 
values of cell-!lmax for nutrient-limited cultures were somewhat 
higher than those measured by Flynn et al. (1996) for a strain 
of Alexandrium minutum isolated from the rias of Galicia in 
Spain (nutrient and physical conditions were similar, but not 
exactly comparable). During exponential growth of A. 
tamarense with an excess of nutrients, metabolic processes 
were concluded to be sufficiently synchronised to produce 
daughter cells of generally uniform size and composition 
(Anderson & Lindquist, 1985). If a cell does not take up 
enough of a particular nutrient to double cellular content 
between divisions, the two daughter cells will have a lower 
quota of the nutrient. Exponential A. minutum growth rates 
were high relative to A. tamarense, and nutrient uptake rates 
were evidently not sufficient to maintain constant intracellular 
nutrient levels, with cells thus dividing at the expense of stored 
nutrient reserves (physiological nutrient stress). During rapid 
growth, C, N and P were depleted at similar rates, and hence 
total internai nutrient ratios remain relatively constant. 
Exponentially growing algal cells have high photosynthetic 
capacity and the main product of their photosynthesis is protein 
(Fogg, 1975). The Gln:Glu ratio remained above 1 during rapid 
population growth in all batch culture nutrient regimes, this 
high ratio itself not indicative of exponential growth, only that 
cells have sufficient N for amino acid synthesis (Flynn et al, 
1989). 
Limited medium volume means exponential growth must 

eventually cease in batch culture. Theoretical maximum algal 
growth rates will only occur when ali environmental variables 
are optimal, allowing the best possible efficiency of internai 
nutrient assimilation. As reviewed in Chapter 1, stress caused 
by sub-optimal growth conditions provokes metabolic 
readjustments, over which the cell exerts a degree of control. 
The direction of these adjustments tends to maximise growth 
rate under the new conditions (Shuter, 1979). As stress 
increases beyond a certain level, the cell's responses become 
inadequate to maintain maximum division rates; growth rate 
decreases and ultimately halts with yield limitation (Flynn & 
Flynn, 1995). The stress factors responsible for the limitation 
and eventual cessation of growth in Alexandrium minutum 
batch cultures were either environmental or nutritional. 

In nutrient-replete batch culture, the minimum cellular 
nutrient quotas at the end of the growth phase were 
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considerably higher than the estimated '2S' level necessary for 
cell division, and hence growth was evidently not halted by 
nutrient limitation. Dinoflagellates often only grow to a low 
density irrespective of the concentration of micronutrients 
supplied (Dixon & Syrett, 1988). Environmental factors, 
usually density-dependent, such as self-shading, pH variations, 
and concentrations of excreted substances, have been suggested 
to limit growth in nutrient-replete microalgal culture (Fogg, 
1975). The non-nutritional factors which inhibited growth did 
not prevent continued low rates of nutrient uptake, resulting in 
graduai increases in cellular N and P quotas. Likewise, graduai 
increases in cellular C content during the stationary phase are 
indicative of continued low rates of photosynthesis. 

In nutrient-limited batch cultures, the most obvious response 
to nutritional stress was a decrease in the cellular quota of the 
limiting nutrient. The rapid physiological changes exhibited in 
batch culture make it difficult to determine whether 
maintenance of InAA concentration occurred in earl y stages of 
N-stress in this experiment, but such primary metabolites are 
known to be subject to homeostatic regulation, with recycling 
from macromolecules and sorne structural components (Flynn 
& Flynn, 1995). As the cellular quota of the limiting nutrient 
declined, a lesser proportion of the population would have been 
in a condition to divide during each division period, and hence 
population growth slowed. Nutrient quotas feil to minimum 
levels, c 70pg N.cell-1 and c 17 pgP.cell-1

, at approximately the 
same time as the external limiting nutrient disappeared (the 
K/4-N culture proving a slight exception, with 11J.!M nitrate 
still present in the medium as cellular N approached the 
subsistence level). These minimum nutrient quotas, averaged 
over the population, may be slightly above the subsistence 
level at which cells can just survive. Asexual division 
effectively ceased when the 2S quota of the limiting nutrient 
had been reached and no further external nutrients were 
available. 

The interrelationship between P-stress and N-stress is not 
often considered (Davies & Sleep, 1989). P-stressed 
Alexandrium minutum cells were also N-stressed despite the 
apparent sufficiency of extracellular nitrate-N, suggesting an 
effect ofP-stress on N uptake or primary assimilation, possibly 
through the availability of ATP. Nitrate, and nitrite at pHs 
around neutrality, enters algal cells by an active uptake 
mechanism requiring ATP (Syrett, 1981). Neither nitrate nor 
nitrite reduction requires ATP, whereas the assimilation of 
ammonium by the GS/GOGAT pathway does require ATP to 
drive the synthesis of Gin (Syrett, 1981). In a comparative 
study of Alexandrium species, Flynn et al. (1996) noted that the 
composition of InAA, and the concentration of its components, 
generally decrease in response to both N-stress and P-stress. 
This effect was observed in nutrient-limited A. minutum batch 
cultures in this study, the decrease in InAA concentration under 
P-stress the result of reduced overall cellular N content. InAA 
concentrations declined at similar rates during the growth 
phases in N- and P-limited culture. Following N limitation of 
growth, the concentration of cellular N and its components 
continued to decrease with time. In the absence of a N source, 
the C fixed in photosynthesis is switched from the path of 
protein synthesis to that leading to carbohydrate (Fogg, 1975). 
The decrease in A. minutum InAA concentration observed 
under N-stress, both in absolute terms and relative to total 
cellular N, is indicative of this metabolic switch. Flynn et al. 
(1996) stated that Gln:Glu ratios of Alexandrium during N
stress are always higher than seen in other algae, but 
interestingly, in this experiment the ratio feil to 0 after 
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extended periods of N-deprivation. This observation calls into 
question the applicability, to this experimental strain of A. 
minutum at least, of the conclusion that for Alexandrium 
species the range of Gin: Glu ratios indicative of N-sufficiency 
and N-deprivation should be considered to be elevated relative 
to other algae. Deficiency of P appears to be accompanied by a 
conservation of protein synthesis (Morris, 1981). After 
cessation of growth due to internai P-stress in P-limited 
cultures, continuing N uptake resulted in a partial recovery of 
cellular N content. 

While the contribution to InAA of most constituents remained 
fairly stable throughout the experimental period, the relative 
amounts of both Gin and Arg differed markedly under nutrient 
stress. The relative contribution of Gin to InAA declined upon 
cessation of growth in ali culture treatments, this effect being 
slight when non-nutritional factors limited growth in nutrient
replete culture, and more marked after P-, and particularly N
stress caused growth to cease. The reduction in the relative 
amount of Gin, and consequent decrease in Gin: Glu ratio, may 
be a result of increased levels of a-oxoglutarate relative to Gin 
synthesis, indicative of a surplus ofC relative toN (Flynn et al, 
1989). The concentration of Arg, a precursor in the synthesis of 
PSTs, also declined at a relatively faster rate than the majority 
of amino acids in response toN-stress, while under P-stress, in 
common with the observations of Flynn et al. (1996), relative 
Arg concentration increased. While differences in cellular toxin 
content might consequently be assumed, the observation that P
stressed, non-toxic, A. tamarense could have Arg 
concentrations equivalent to toxic A. minutum, lead Flynn et al. 
(1994) to conclude that there was no simple relationship 
between the presence of Arg and toxin in A. minutum. 
Secondary metabolites, such as PSTs, are not fully integrated 
into the homeostasis of the cell and may not be turned over 
quickly, if at ali (Flynn & Flynn, 1995). 

Increases in Alexandrium minutum cellular C quota after the 
cessation of division indicate that photosynthesis was not 
completely inhibited by N- or P-starvation of the duration 
experienced by cultures in this experiment. The decrease in 
C.unit biovolume·1 in nutrient-depleted, and particularly N
starved cells, suggests a greater degree of vacuolation (Flynn et 
al., 1996), a factor which may have important implications for 
the compartmentalisation of intracellular components. The 
exact locations of internai nutrient pools and metabolic 
reactions are poorly understood (Syrett, 1981 ), but it is clear 
that internai pooling capabilities will significantly influence 
intracellular metabolic chemistry. 

Alexandrium minutum responded to nutrient limitation by an 
important proportion of the population undergoing sexual 
reproduction, but the details of this transformation are not 
easily resolved, the main obstacle, common to many studies of 
dinoflagellate sexual reproduction, being the difficulty in 
distinguishing gametes from vegetative cells until they are in 
the process of fusion (Anderson & Lindquist, 1985, Anderson 
et al., 1985). The gamete index, the calculation of which is 
based on the average recorded duration of A. minutum gamete 
fusion, provides the best available estimate of the timing and 
extent of the onset of gamete mating, and by implication 
gamete formation. 

In nutrient-replete culture gamete formation was estimated to 
have first occurred, albeit at a very low level, on day 6, during 
mid-exponential growth, when the population density was 16.2 
x 103 cells.mr1

• Under nutrient limitation, the first gamete 
formation likewise occurred very early in population 



development (as early as day 2 in K/10-P), at very low motile 
cell densities, between 4 and 6.6 x 103 cells.mr1

. In ali cases, a 
small proportion of the population transferred to sexua1 
reproduction even when external nutrients were plentiful, and 
while the majority of the population was able to divide 
asexually during each phased cycle. 

When sexuality was stimulated in nutrient-limited cultures, 
the main bulk of planozygote production occurred in distinct 
pulses of 2 to 4 days duration, after which the increase in the 
relative proportion of planozygotes was graduai. Preceding the 
observed rapid increases in planozygote production, distinct 
pulses of high rates of gamete formation are surmised, as 
growth slowed before the population maxima in N-limited 
cultures, but as, or just after the maxima were reached in P-

limited cultures. These observations provide insufficient 
evidence to determine the mode of gamete formation. Under P 
limitation, gametes do not appear to have been formed by a 
distinct pulse of depauperating division (as is the case, for 
example, with Gonyaulax monilata; Walker & Steidinger, 
1979), and bence it seems that non-dividing vegetative cells are 
able to function directly as gametes. While it would appear 
unlikely that an alternative mode of gametogenesis involving 
division could occur under N-limitation in the same species, 
this situation cannot be ruled out by the evidence available. 

ln order to focus on the nutritional eues for sexual induction, 
the environmental and physiological changes which occurred 
immediately prior to, and during the pulses of gametogenesis 
are given in greater resolution in Table 4.3 below. 

Table 4.3 Detail of external nutrient conditions and internai nutrient physiology immediately prior to and during gam~te 
ormation in nutrient limited batch cultures. 

Culture Day Garn ete External Cellular N N uptake C:N Total InAA Gln:Glu External Cellular P P uptake C:P 
index(% nitrate (pgN. ce11.1) (pg.ce11·1 ratio (mM) ratio phosphate (pgN. cell- (pg.celr1 ratio 

motHe (!JM) .dai1
) (lnAA %cellN) (JlM) 1) .day·1

) 

cells) 

K/4-N 7 0.38 89 101 38.2 6.9 76.1 (5.4) 1.26 27.0 26.5 3.4 26.4 
8 8.12 58 105 29.3 6.8 61.2 (4.6) 1.05 26.0 25.0 2.1 28.4 
9 6.90 23 91 25.9 6.6 62.1 (4.6) 1.03 23.8 25.2 3.6 23.8 

7.05 
11 6.83 11 71 3.7 7.7 52.5 (5.3) 0.78 22.0 26.1 1.2 21.1 

K/10-N 5 4.90 6 150 20.8 5.7 105.5 (5.3) 1.49 29.8 26.8 1.4 31.7 
6 11.36 2 92 5.3 7.7 58.6 (4.8) 1.46 27.8 26.3 5.8 27.0 
7 17.80 0 73 1.8 10.1 56.4 (5.7) 1.39 27.0 25.4 1.6 29.1 

K/4-P 4 2.08 820 155 70.3 4.4 109.7 (5.9) 1.01 0.9 23.8 6.6 28.6 
5 15.58 801 81 23 7.4 63.2 (5.8) 0.95 0.2 18.6 1.9 32.1 
6 11.85 788 106 11.3 5.5 78.7 (6.1) 0.90 0 18.4 0.4 31.6 

K/10-P 5 4.33 834 106 0 8.9 66.1 (6.3) 1.26 0 17.5 1.2 54.1 
6 20.28 827 104 10.4 10.9 63 (6.0) 1.11 0 17.2 0 65.7 
7 7.0 827 105 0 12.6 56.6 (5.6) 1.05 0 17.4 0 76.3 

The maJonty of previous studies, reviewed in Chapter 1, 
suggest sexual induction is linked to intracellular starvation of 
the limiting nutrient. Since severa! species can be forced into 
sexuality by separate manipulations of N or P (Pfiester, 1976; 
Watanabe et al., 1982; Anderson et al., 1984), such a direct 
link between sexuality and nutrient limitation requires that the 
pathways for uptake and utilisation of N and P each include a 
mechanism for the shift to sexual metabolism (Pfiester & 
Anderson, 1987). 

In P-limited Alexandrium minutum cultures in this study, the 
estimated onset of sexual reproduction coincided with the 
cessation of asexual division, as or soon after external 
phosphate was depleted, and as cellular P quota feil to minimal 
values. lntracellular pools of P, reduced by physiological 
nutrient stress during rapid asexual growth, were depleted 
simultaneously with extracellular phosphate depletion, and 
while it is unclear from this evidence to which of these factors 
gamete formation may be most closely linked, previous studies 
suggest that sexual induction is coupled to the depletion of 
intracellular rather than extracellular nutrient supplies 
(Anderson et al., 1985; Anderson & Lindquist, 1985). Cells 
undergoing sexuality in P-limited cultures were thus unable to 
divide asexually due to internai P-stress, and unable to improve 
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internai P status under the environmental stress of phosphate 
depletion. The internai P-stress which may be concluded to be 
associated with sexual induction would be specifically a 
reduction in cellular P quota to near minimal levels, as the 
increase in average cell volume and cellular C content under 
greater P-limited conditions results in a considerable variation 
in internai P status on a biovolume or carbon relative basis 
during gamete formation pulses. 

In N-limited cultures, the surges in relative gamete 
abundance, which were typically of longer duration and lesser 
intensity than under P-limitation, began when external nitrate 
was weil above detection levels and the cellular N quota was 
still as much as 50% above the minimum leve!. The main parts 
of the pulses of sexuality, parti cul arly under greater initial N
limitation, did occur as extracellular nitrate became scarce, and 
as intracellular N approached minimum values. Coïncident 
with these periods of sexual reproduction, significant 
proportions of the vegetative populations continued to divide 
asexually, and in fact rates of asexual and sexual reproduction 
became minimal at the same time, as minimum quotas of 
cellular N, the limiting nutrient, were reached. 

In a search for common mechanisms, it is difficult to 
re concile the observation ofthe onset of sexuality be fore 



external and internai N depletion in N-limited cultures with the 
strong link between sexual induction and minimum cell quota 
of the limiting nutrient suggested under P limitation in this 
study and under separate manipulations of N and P in previous 
studies (Anderson et al., 1985; Anderson & Lindquist, 1985). 

One possible explanation concerns the potential degree of 
error in intracellular nutrient values averaged over sample 
populations. Within any culture there may be sorne cells 
responding differently to their environment than the bulk of the 
population (Pfiester & Anderson, 1987). Over this 
experimental series, the greatest degree of variability in cell 
volume was measured during later stages of the growth phase 
in N-limited cultures (as observed for Alexandrium spp. by 
Flynn et al., 1996), concurrent with the pulses of sexual 
reproduction. There was no consistent relationship between cell 
volume and N quota, evident from the wide range of values of 
N.unit biovolume·' for any particular volume, but taking the 
observation as a general indicator of the heterogeneity of the 
populations during this period, the values of cellular 
physiological parameters of individual cells may also have 
been expected to vary considerably about the average obtained 
for the sample population. The cellular N quota of a proportion 
of cells within the population (a distinction not based on cell 
volume) may thus have been reduced to minimum levels by 
physiological nutrient stress, and as N uptake rates were 
reduced, the transfer to sexual reproduction occurred. This 
effect could also be postulated to be responsible for the low 
levels of sexuality observed earl y in population development in 
each culture. 

In previous studies in which the onset of sexuality has been 
associated with intracellular nutrient levels falling to 
subsistence levels, the difficulty in differentiating between 
vegetative cells and gametes, and thereby pinpointing the exact 
timing of gametogenesis, has often precluded accurate 
determination of the proposed threshold level. The threshold 
level for the activation of the pathway to sexual reproduction in 
Alexandrium minutum under N-stress may occur slightly above 
minimal intracellular N levels. There are certain precedents for 
this hypothesis, Anderson (1983), for example, reported thatA. 
tamarense sexuality was initiated when the N cell quota was 
twice the subsistence level of c 200pg.celr1

• 

W ere the theory of separate sexual induction mechanisms 
linked to near minimum, or minimum levels of intracellular N 
or P to be the case, a greater proportion of each of the nutrient
limited populations, in which the cellular quota of the limiting 
nutrient of the vast majority of cells was eventually depleted to 
minimum levels, might have been expected to undergo the 
transformation to sexual reproduction. In fact, after initial 
gametogenesis pulses, relatively low rates of gamete formation 
were surmised. While zygote efficiencies were high in batch 
cultures harvested after 90 da ys (data not shown), this effect 
was due to mortality of vegetative cells rather than increases in 
planozygote abundance. Gamete mating success rates of 
nutrient-limited Alexandrium minutum batch cultures in this 
study are comparable with the rates of 20-40% reported for 
Alexandrium by Anderson et al. (1984). While it is possible 
that only a genetically predeterrnined proportion of the 
population is able to form gametes, it is difficult to envisage 
the ecological advantage of such a strategy. Within the range of 
cell concentrations in batch culture, there does not appear to be 
a density-dependent effect, by which the frequency of gamete 
encounters would limit planozygote formation, since gamete 
mating pulses in P-limited populations occurred at cell 
concentrations below those at which gamete mating had fallen 
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to very low levels in N-limited cultures. The limitation of 
zygote efficiencies could be explained by an inhibitory effect 
on gamete formation or activity caused by extended periods of 
starvation of the limiting nutrient. If the activation of the 
pathway to gamete formation occurs above subsistence levels, 
or is among the initial metabolic responses as the cellular quota 
of the limiting nutrient falls to subsistence levels, the sexual 
process may be subsequently inhibited as cellular responses 
become inadequate to offset the effects of continuing nutrient 
stress, and metabolic processes start to break down. 

While the explanation of separate sexual induction 
mechanisms linked to N and P physiology would conform with 
the theories of the most recent studies, the results from this set 
of batch culture experiments may be interpreted in an 
alternative way. It could be argued that a threshold level for 
gametogenesis exists at a cellular N level higher than the 
minimum quota, perhaps around 100pgN.celr', and that sexual 
induction in P-limited cultures is in fact a response to reduced 
cellular N content (i.e. the mechanism responsible for the 
activation of sexual reproduction is linked only to cellular N 
levels). 

Cellular N quotas were broadly comparable during gamete 
formation pulses in both N- and P-limited cultures. The relative 
contribution of InAA to total N declines under P-stress 
compared to nutrient-sufficient cells, but not to the same extent 
as under N-stress. The concentrations of InAA were thus very 
similar (56.4-63.2mM) when gametogenesis was induced, as 
were the concentrations of many of its components. Due to the 
likely regulatory importance of primary amino acids, many of 
the metabolic effects ofN stress discussed in Chapter 1, among 
which may be the activation of the pathway which results in 
gamete formation, might also be assumed to be similar. 

Certain aspects of amino acid physiology did differ between 
N- and P-stressed cells during gamete formation pulses. 
Absolute concentrations of both Gin and Glu were different 
during these periods, but Gln:Glu ratios were similar (1.1-0.9) 
except in the K/10-N culture where the Gln:Glu ratio was, 
surprisingly, higher. It is unclear why this effect, due to 
reduced Glu concentration relative to the K-4-N culture, 
occurred in the culture in which sexual induction seemed to be 
more closely linked to external N depletion (reduced Glu 
concentration would classically be interpreted as being the 
result ofincreased amino acid synthesis). The difference in Gin 
concentrations in absolute terms and relative to total InAA 
under N- and P-stress may be significant due to the possible 
regulatory role of this amino acid on N metabolism (Syrett, 
1981). The relative concentrations of Arg showed the greatest 
differences during these periods of gamete formation, and 
hence it seems reasonable to conclude that this amino acid is 
not involved directly in the induction of sexual reproduction. 

The apparent limitation of the extent of planozygote 
formation, together with the observation that ultimate zygote 
efficiencies were higher in P-stressed relative to N-stressed 
populations, could be explained within the context of the latter 
theory of a single sexual induction mechanism linked to sorne 
aspect of declining, but not minimal internai N status. If 
gamete formation is activàted as cellular N falls below 1 OOpg, 
for example, it may be subsequently inhibited as further 
metabolic readjustments occur as cellular N quota decreases 
nearer to the minimum level ( c 70pg.celr1

). By the end of the 
experimental period in the N-limited cultures, the N status of 
the majority of cells would have fallen through this gamete 
inducing level, and hence most, if not all cells will have spent a 
certain period of time as viable gametes. Density-dependent 



gamete mating efficiencies would thus limit zygote formation 
(i.e. gametes do not mate immediately upon formation, as 
assumed in the calculation of the gametogenesis index, and 
they may not be able to successfully mate before cellular N 
status falls further, inhibiting their viability as gametes). The N 
status in N-limited culture populations declined rapidly, 
whereas N quota in P-limited cells levelled out around the 
proposed gametogenesis threshold level, before rising in the 

stationary/decline phases. Gametes in P-limited populations 
may, therefore, have been viable for a longer period, 
accounting for the increased zygote efficiencies relative to N
limited populations, in which case, it would follow that 
gametogenesis is reversible, not only being inhibited as N
stress increases, but also being 'deactivated' as N status rises 
again. This hypothesis is diagrammatically illustrated in figure 
4.7 below. 

Figure 4. 7 Illustration of the theory of gamete induction linked only to internai N physiology. 
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B. Semi-Continuous Culture 
Semi-continuous cultures were established to investigate the 
reproductive response of Alexandrium minutum to controlled 
fluctuations in nutrient physiology from balanced growth 
conditions. All semi-continuous culture experiments were 
grown in K medium (with varied N and P levels) under an 
environmental regime identical to that of time-course batch 
culture experiments (a temperature of 20°C, a salinity of 32, 
and a light regime of 14:10 L:D at 150pEm-2s-1

). 

1. Automated system 

Experimental design 
The first series of semi-continuous cultures were grown in an 

automated system which had previously been successfully 
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employed in microalgal experiments at the IFREMER 
laboratory. Cultures were grown in a 10 litre glass vesse] 
containing 5 litres of medium. Inoculum cultures were grown 
under two nutrient regimes, the control culture (A) in full K 
concentrations of nutrients (884!lM nitrate, 1 011M ammonium, 
36!lM phosphate), and the N-limited culture (B) with K/4 
concentrations of N-nutrients (221!lM nitrate, 2.5!lM 
ammonium, 361lM phosphate). The cultures were inoculated 
and left to grow for 21 da ys to cell densities of c.30 x 103 

cells.ml'1 in the K culture and c.20 x 103 cells.ml'1 in K/4, 
before dilutions commenced. 

An automated system performed sampling and medium 
replacement once every 24 hours, 6 hours into the light phase. 
The culture was first magnetically stirred for 2 minutes to 



ensure homogeneous distribution of cells. Batch culture trials 
in 500ml flasks indicated no adverse effects on population 
growth (in terms of cell yield) with an equivalent level of 
stirring. A volume was pumped out of the culture vessel, via an 
in-line Turner Designs fluorometer, and aliquots were removed 
for analysis. Replacement medium, stored in 1 litre flasks and 
refreshed every 7 days, was pumped into the culture to a 
volume equivalent to that removed each day. Prior to the 
experimental period, equilibrium cell density was maintained 
by varying the dilutions between 5 and 10% depending on the 
previous days growth. Cell specifie growth rates (cell-!l) from 
day to day were calculated using the exponential growth 
equation: 

At time t, cell-1-1 = ln[ C1 1 Cl-D) ] 
Ct-Ct-1 

where C is the cell yield, and D is the dilution rate (volume of 
fresh medium/total volume). 

The cultures were considered to be near steady state 
(balanced growth from day to day) after 10 da ys of dilutions, 
when cell yield and in vivo fluorescence varied by <±15% 
about a constant mean for 5 days. After the operationally 
defined steady state had been established, the experimental 
sampling was initiated and continued for 22 days. Daily 
samples were taken for enumeration, sizing, particulate C, N, P 
and amino acid analyses, and extemal nutrient determination. 
Both cultures were maintained at approximate steady state for 
12 days, after which N-nutrients were eliminated from the 
replacement medium. 

Table 4.4 Experimental nutrientregime in automated em1-
c.ontinuous cul ture experiments. 

Culture Dilut ion Nitrate Ammo:nium Phosphate 
Rate (Jil)1) {ILM) (p,M) 

A (control) 10o/o.d. 1 884 JO 36 Phase 1 (0-12) IO%.d· 1 0 0 36 Phase 2 (13-22) 

B (N-limited) 
Phase 1 (0-12) 5%.d.1 221 2.5 36 
Phase 2 (13-22) 5%.d"1 0 Q 30 

Results 
(A) Control (Table 4.5, Appendix 2a) 

Cell yield remained relatively constant around initiallevels of 
-26 x103 cells m(

1 
throughout the experimental period in the 

nutrient-replete culture. The dilution rate was 10% d- 1, with 
average cell-!l 0.10 d- 1 during the first 12 days, and slightly 
reduced (0.08 d- 1

) in the l 0 da ys after remo val of N nutrients 
from the replacement medium. 

The planozygote abundance was low throughout the 
experiment, the maximum zygote efficiency being 5.6%. The 
maximum gamete index was 3.0% on day 11. 

Cell volume was low (maximum 5.3pl), varied little within 
samples (relatively low standard deviations) and average 
values varied little from day to day. Cellular C quota was low 
relative to batch cultures, fluctuating between 430 and 570 
pg.cell-1

. 

During the first 12 days, medium nitrate-N concentration, 
initially over 600!-LM, gradually decreased, the uptake rate, 
calculated from disappearance of N from the medium, varying 
between 18 and 25 pgN.cell-1.day"1

. N uptake rate remained 
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similar after N nutrients were removed from the replacement 
medium, and consequently medium nitrate concentration 
decreased more rapidly, but never became depleted. 

Cellular N quota fluctuated between 70 and 120 pg.cell-1
, 

levels considerably lower than those observed in nutrient
replete batch culture, with no apparent trend through the 
experimental period. Sirnilarly, cellular N.unit biovolume-1 

fluctuated between 14.4 and 27.5 pg.pr1
. 

The C:N ratio varied between 4.3 and 6.9, again with no clear 
trend, the observation that these values are comparable to those 
in nutrient-replete batch cultures indicating that cellular C and 
N were reduced by equivalent degrees. 

InAA concentration fluctuated without apparent trend within 
the range 70.5 to 104.3mM, representing a similar proportion 
of total cellular N content (5.5-6.8%) as in N-replete batch 
culture. InAA was dorninated by Ala, Ser, Tau, Glu and Gin. 
The Gln:Glu ratio indicated an intermediate N-status (between 
0.85 and 0.55) throughout the time course. 

Extemal phosphate concentration varied between 17.9 and 
28.5f!M, and minimum intracellular P quota (24.2 pg.cell-1

) 

was similar to the minimum level measured in nutrient-replete 
batch culture. C:P ratios remained consistently low, the 
maximum value being 22.5. 

(B) N-Iimited (Table 4.5, Appendix 2b) 
Over the first 12 days of the experimental period cell 

concentrations were relatively stable (~15 x103 cells.mr\ 
while cell yield decreased by >45% over the 10 da ys after N 
inputs were terminated, the losses consistent with the dilution 
rate, indicating the cessation of growth. The dilution rate was 
0.05 d-1

, and average cell-!l was 0.07 d- 1 during the first 12 
day s. 

Sexual stages were also scarce throughout the time-course in 
the N-limited semi-continuous culture, the maximum zygote 
efficiency being 7.3% on day 19. The gamete index remained 
low (maximum value 3% on day 17), with no obvious trend of 
increase after N-nutrients were excluded from the replacement 
medium. 

Cell volume exhibited a consistency within samples similar to 
that in the control semi-continuous culture, but the average cell 
volume was typically slightly lower (minimum value 4.38pl on 
day 10). Maximum cellular C concentration (560pg.cell-1 on 
day 3) was similar to that in the control culture, but following 
cessation of N inputs, C content decreased to extremely low 
levels, the minimum value being 390pg.celr1 on day 15. On a 
biovolume basis, C levels were comparable during growth in 
N-replete and N-limited semi-continuous cultures, within a 
range similar to the lowest levels recorded in batch cultures, 
and after cessation of growth in the treatment culture, C.pr1 

decreased further (minimum value 83pgC.pr1
). 

N-nutrients were absent from the medium throughout the 
experimental period, the additions in the first phase being full( 
depleted each day at an uptake rate of c 10pgN.cell-1.day" . 
Cellular N quota, which varied between 69 and 81 pg.cell-1 

during the first phase, fell consistently below 70 pg.cell-1 

(minimum 58 pg.cell-1
) after N inputs were discontinued. 

N.unit biovolume-1
, initially low relative to the growth phases 

of N-limited batch cultures, fell to a minimum value of 11.5 
pg.pr1 on day 22, greater than the minimum value after 
prolonged periods ofN-starvation in batch culture. 

The C:N ratio varied little (6 to 8.55) through the time-course, 
the reduction in cellular N following removal of N nutrients 
from the replacement medium matching the decrease in C 
content. 



The concentration of InAA, which varied between 58.9 and 
78.2mM during the first 12 days, fell upon cessation of N 
inputs to a minimum of 47.2mM on day 22. InAA generally 
formed a greater proportion of total cellular N (5.5-6.9%) than 
in N-limited batch cultures. InAA composition was similar to 
that of the control semi-continuous culture, Tau, Ala, Ser and 
Glu again the most important components. Gln:Glu varied 
between 0.35 and 0.52 during the steady state N-limited growth 

phase, indicating moderate N-stress, and although the ratio feU 
gradually after cessation of growth, Gln did not become fully 
depleted as in N-starved batch cultures, and hence the ratio 
remained above O. 

Extemal phosphate and cellular P concentrations were high 
throughout the experimental period, and C:P ratios were very 
low, indicative of this P-sufficiency. 

Table 4.5 Summary of reproductive and physiological results from automated semi-continuous cultures. 

Culture Average Average Cellular C 
Cell-~ G.I.(%) (pg) 

A (control) 
Phase 1 (da ys 0-12) 0.10 0.94 570-470 
Phase 2 (da ys 13-22) 0.08 0.73 550-430 

B (N-Iimited) 
Phase 1 (days 0-12) 0.07 0.73 560-450 
Phase 2 (da ys 13-22) 0 0.89 530-390 

Discussion 
In terms of bath total cellular N and InAA, the N physiology 

of Alexandrium minutum cells at times during growth in N
replete and particularly N-limited semi-continuous cultures, 
and after the cessation of growth following discontinuation of 
N-inputs in the treatment culture, feU within the range 
suggested to be associated with gamete formation and mating 
in N-limited batch cultures, but the expected level of sexuality 
did not occur (table 4.5). In the search for potential 
explanations for this difference in reproductive response, the 
consequences of differing growth modes, N composition, or 
other aspects of cell physiology, and sampling systems must be 
considered. The first two ofthese factors are examined in detail 
in the following section (B2), the latter two, for reasons to be 
discussed, may have been of particular relevance in this 
experiment. 

Perhaps the most notable of the differences in internai 
nutrient physiology between cells grown in differing culture 
systems was the reduced C content of cells grown in both N
replete and N-limited automated semi-continuous cultures. 
There is no direct evidence that environmental C was limiting 
(from pH or dissolved organic carbon (DIC) measurements for 
example ), and hence the causes of this C-stress are unclear. 

Seawater typically contains 2mM DIC (Nimer & Merrett, 
1993), the proportions of the main C species, free C02, 

carbonic acid (H2C03) and its ions, bicarbonate (HC03.) and 
carbonate (COt), being dependent upon pH, salinity, the 
partial pressure of co2 in the atmosphere, and temperature 
(South & Whittick, 1987). In the pH range of natural seawater, 
bicarbonate is the dominant species (Raymont, 1980). AU algae 
seem to be able to take up free C02, and the ability to utilise 
HC03·, through the dehydration activity of carbonic anhydrase 
to produce C02, has been demonstrated in a variety of algae 
(South & Whittick, 1987). While Raymont (1980) suggested 
that photosynthesis is rarely likely to be limited by co2 
availability (mainly as bicarbonate) at ambient DIC 
concentration, it is not known to what extent dinoflagellates are 
able to utilise C species other than C02. Dinoflagellates are 
relatively large algae which, especially when present at high 
cell densities, may be expected to be more prone to DIC stress 
due to the thickness oftheir boundary layer (Raven, 1991). C
stress may occur as a result of high growth in nutrient-saturated 
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Cellular N C:N InAA (mM) Gln:Glu 
(pg) 

120-80 4.4-6.2 110-74.8 0.85-0.58 
120-70 4.6-6.9 104-70.5 0.82-0.55 

80-69 5.9-7.3 82.0-58.9 0.52-0.35 
66-58 6.0-8.5 69.3-47.2 0.42-0.09 

culture conditions (Flynn & Flynn, 1995), by a combination of 
the same depauperating division process responsible for 
reductions in cellular N and P content under physiological 
nutrient stress, the environmental stress of localised depletion 
of extemal C nutrients, and pH increases driving DIC 
dissociation to even lower proportions of dissolved C02. Cell 
yield before dilutions commenced in the control semi
continuous culture was equivalent to the maximum density in 
nutrient-replete batch culture, in which cellular C quotas were 
considerably higher. The growth rate of semi-continuous 
culture cells responding to daily medium replacement was low 
relative to exponential batch cultures, below the rate at which a 
high level of physiological nutrient stress would seem likely to 
occur. 

The effects of nutrient depletion on the photosynthetic rate, 
and hence ultimately cellular C content, of the dinoflagellate 
Gonyaulax polyedra were reviewed by Prézelin (1987). Non
dividing cells in a nutrient depleted environment may sustain 
cellular metabolic requirements by the breakdown of pigment
protein complexes in photosynthetic membranes, and nutrient 
depletion may also affect photosynthetic enzyme activity. The 
depletion of cellular N in the N-limited semi-continuous 
culture below the minimum level measured in the equivalent 
batch culture could be held responsible, through these 
processes, for the decreased cellular C concentration, but this 
explanation does not account for the very low C content of 
cells grown in the control, relatively N-sufficient, semi
continuous culture. 

Culture vesse! characteristics may influence microalgal C 
physiology. The importance of gaseous exchange between 
medium and atmosphere (and hence surface area:volume 
ratios) are frequently mentioned in culture studies, mainly in 
relation to co2 replenishment, a factor which may be 
significant when environmental C is depleted in surface layers 
as a result of rapid growth and accumulation of cells near the 
medium:air interface (Flynn et al., 1996). The surface 
area:volume ratio of the medium in the large semi-continuous 
culture vesse! was greater than that of medium in the tubes in 
which batch cultures, which were relatively intracellularly C
sufficient, were grown. The daily mixing of semi-continuous 
cultures prior to sampling is likely to have alleviated the 
localised depletion of environmental nutrients. The size and 



shape of culture vesse! may affect the quantity and quality of 
photosynthetically available light (Fogg, 1975), but without the 
means to measure underwater irradiance, it is not known in this 
case whether such potential variations could have been of 
sufficient magnitude to cause the observed differences in C 
physiology. 

Another possible cause of the decreased C status of cells 
grown in this semi-continuous culture system may have been 
the physical agitation of cells during culture mixing prior to 
sampling. ln trials prior to the initiation of semi-continuous 
cultures, physical stress surprisingly did not affect Alexandrium 
minutum cell yield (in contradiction with the conclusion of 
Taylor, 1987b, that the most evident first effect of turbulence 
on dinoflagellates is on the division process), but it may have 
resulted in other, non division rate limiting effects on cellular 
physiology. Physical stress may have metabolic consequences, 
just as nutritional stress causes metabolic readjustments. 

C-stress has important implications conceming the reliability 
of indices of N-stress. In absolute terms, the cellular N levels 
after cessation of N-inputs in N-limited semi-continuous 
culture were very low (as much as 15% lower than the 
minimum leve! measured in batch culture cells), but the C:N 
ratio remained relatively low, the maximum value, 8.5, would 
classically be interpreted as indicative of a mildly N-stressed 
status. The Gln:Glu ratio also remained higher than that of 
batch culture cells after an equivalent period of N starvation, 
suggesting a lesser degree of N -stress. This effect was due the 
continuing presence of low concentrations of Gin, presumably 
reflecting the lack of C acceptors in the primary ammonium 
assimilation process. These indices, in common with many of 
the frequently employed markers of internai N physiology, 
accurately describe N status only when internai C is not 
limited. 

1t is not clear whether C-stress may affect the induction of 
sexual reproduction or gamete behaviour. C-stress, like 
limitation of N and P discussed previously, will be 
accompanied by controlled metabolic readjustments. C-stress is 
known to affect N physiology (Flynn & Flynn, 1995), and 
hence may have an indirect influence on metabolic pathways 
regulated by N components. Among the consequences of C
stress, the gamete formation process predicted to occur in 
response to critical intracellular N or InAA concentrations may 
be inhibited, or simply not activated. The lack of planozygotes 
may, however, be a direct result of physical perturbation. Initial 
contact of Alexandrium minutum gametes is flagellar and 
during earl y stages of fusion there is only a fragile cytoplasmic 
attachment between gametes (Chapter 2). Mechanical agitation 
may disrupt this process (micropipette isolation of early fusion 
stages frequently caused separation of gametes), and thus 
account for the scarcity of planozygotes in populations grown 
in the automated semi-continuous culture system. 

2. Manual system 

The second set of semi-continuous culture experiments was 
conducted on a smaller scale, with gentle manual stirring 
before sampling intended to reduce the possible impact of 
perturbation on cellular physiology and the sexual fusion 
process, and the addition of bicarbonate to the growth medium 
to reduce the possible effects ofDIC-stress. 

Experimental design 
Cultures were grown in 2 litre spherical glass flasks 

containing 1 litre of medium, under environmental conditions 
identical to the previous batch and semi-continuous culture 
experiments. Cultures were inoculated into K medium enriched 
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with 2mM bicarbonate, containing the nutrient concentrations 
detailed in table 4.6. 

Table 4.6 Inoculation culture nutrient regimes in manual 
semi-continuous culture ex eriments. 

Culture Nitrate Ammonium Phosphate 

A (control) 
B (N-limited) 
C (P-limited) 
D -limited) 

M 

After 14 days, at which time the cultures were estimated to be 
undergoing rapid growth, dilutions were commenced, adding 
medium of the same composition as the respective inoculation 
concentrations. Medium exchange was conducted manually, 6 
hours into the light phase, in a laminar flow cabinet. Flasks 
were gently swirled following a set pattern, the sample 
removed with a pre-packed sterile single use pipette, and 
replacement medium introduced in the same manner. . 

Homogenisation efficiency is to sorne extent sacnficed for 
reduced disturbance to the cells ( cell counts fluctuated over a 
greater range in samples taken using this method). As a 
consequence, and in the absence of other reliable immediate 
indicators of balanced growth, it did not prove practical to vary 
dilution rates dependent on cell yield from one day to the next, 
and hence a set rate of 5% (50ml exchange each day) was 
employed. 

Upon initiation of dilutions, cell co.ncentratio~~ .and 
fluorescence were monitored until approx1mate eqmhbnum 
levels had been attained ( <±20% about constant mean for 5 
days), after which the sampling period commence.d. Sampl.e 
preparation and analysis was identical to the pre~wus seml
continuous culture experiments. Replacement medmm was of 
the same nutrient composition as inoculation medium in each 
culture for the first 10 da ys (Phase 1 ), after which the limiting 
nutrients were omitted for cultures B (no N), C (no P) and D 
(no N or P) for 15 days (Phase 2). In order to investigate the 
effects of nutrient re-feeding, nutrient concentrations in 
replacement medium for cultures B, C and D were increased to 
K concentrations on day 25 (Phase 3). Ail cultures were 
maintained for 30 days. 

The nutrient concentrations in replacement medium (dilution 
rate 5%.dai1

, i.e. 50ml) are summarised in table 4.7. 

Table 4.7 Experimental nutrient regimes in manual sem1-
continuous culture experiments. 

Culture Phase A B c D 

1 (days 0-1 0) K-N,K-P K/4-N, K-P K-N, K/4-P K/4-N, K/4-P 

2 (days 11-24) 0-N, K-P K-N, 0-P 0-N, 0-P 

3 (days 25-30) K-N, K-P K-N, K-P K-N, K-P 

Results 

(A) Control (Figure 4.8a-h, Appendix 3a) 
Cell specifie growth rate was slightly higher than the dilution 

rate of 0.05 d- 1 in the nutrient-replete culture, and consequent! y 
cell yield rose gradually (figure 4.8a), the greater fluctuation in 
day to day cell counts resulting from the sampling procedure 
employed means daily cell-11 values were often misleading, 
necessitating the consideration of longer term trends. 
Planozygote abundances were low throughout the time-course 
in the control culture (max. G.I. 1.03 on day 26) (figure 4.8a). 



Mean cell volume increased gradually throughout, as did 
cellular C (550-884 pg.celr1

) (figure 4.8b). C status was 
marginally improved relative to the previous semi-continuous 
culture system, but was consistently lower than cells grown in 
nutrient-replete batch culture. 

AU of the initial ammonium, and over half of the initial 
884J.!M nitrate had been utilised before the start of the sampling 
period. Ammonium additions were fully depleted daily, and 
nitrate concentrations gradually decreased, indicating that 
slightly more than the daily 44J.!M nitrate addition was taken up 
from the medium (figure 4.8e). Significant nitrite levels built 
up during the experiment (maximum 30.5J.!M). Approximately 
two-thirds of the initial phosphate had been taken up from the 
medium before the start of the sampling period, and the level 
feil slightly thereafter (figure 4.8c ). 

Nutrient uptake rates were consistently low, and while 
cellular nutrient quotas were below those measured in nutrient
replete batch culture, they remained weil above estimated 
subsistence levels (minimum values 96pgN.ceir', 
21.7pgP.celr1

) (figure 4.8 cande). 
Both the C:nutrient ratios (maximum C:N 7.1, C:P 37.7) and 

the Gln:Glu ratio (minimum 1.02) confirm the nutrient
sufficient status of the population throughout the time course 
(figure 4.8 d and g). 

lnAA concentrations were generally lower and more 
consistent (96.1-137.7mM) than in nutrient-replete batch 
culture (figure 4.8f), but the proportion of cellular N as InAA 
(between 6.75 and 8.3%) was consistently higher. 
Proportionally, many components of nutrient-replete semi
continuous lnAA were similar to nutrient-replete batch culture, 
notably Arg, but important differences were evident, with Ser, 
Ala and Tau ali increased relative to total InAA (figure 4.8h). 

(B) N-Iimited (Figure 4.9a-h, Appendix 3b) 
During phase 1, the rate of asexual growth was perhaps 

slightly below the dilution rate (figure 4.9a), the less efficient 
homogenisation associated with the sampling method causing 
uncertainty. 

Extemal N-nutrients were absent throughout phase 1, 
indicating complete uptake of daily additions (figure 4.9e). 
Medium phosphate concentrations were high throughout the 
time-course (figure 4.9c). 

The cellular N quota (74-92pg.celr1
) indicates that cells were 

N-limited during phase 1 (figure 4.9f), but the level remained 
above the minimum measured in batch culture. 

While the C:N ratio suggests a considerable degree of N
stress (maximum C:N 11.2 on day 9), the Gln:Glu ratio (0.6-
0. 77) indicates an intermediary N status during continued 
asexual growth (figure 4.9g). 

InAA as a percentage oftotal cellular N was again high (6.54-
7.82%), and InAA concentration varied little (70.6-8l.lmM). 
During N-limited steady state growth the relative contribution 
of Arg was notably much reduced in comparison with the 
control culture (figure 4.9h). 

Gamete formation was low during phase 1 (maximum g.i. 
1.53 on day 8) (figure 4.9a). 
Asexual division was minimal during phase 2, as cellular N 

rapidly became fully depleted (minimum N quota 58pg.cell-1 

on day 13) after N inputs ceased (figure 4.9f). 
Increasing N-stress was reflected by a maximum C:N ratio 

of 15.3, and Gln:Glu falling to 0 by day 19 (figure 4.9g). InAA 
concentration fell immediately with the decrease in cellular N 
(figure 4.9f), but the contribution of InAA to total cellular N 
remained high in N-deplete cells relative to batch culture. The 
minimum InAA concentration (50.6mM on day 13), was nearly 
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a factor of 2 greater than that measured in N-deprived 
stationary phase batch culture cells. The relative composition 
of InAA, with the exception of Gln, remained more or less 
stable as N status feil and asexual division ceased (figure 4.9h). 

Gamete formation became more consistent during phase 2, 
but remained at low levels (maximum gamete index 2.8 on day 
23) (figure 4.9a). Zygote efficiency increased steadily from 6% 
to a maximum of 17.6% on day 23. 

Upon N refeeding, asexual division resumed immediately 
( cell-J.! 0.13 d-1 over 5 days). 

Interestingly, a relatively high level of gamete formation (g.i. 
4.3%) was measured on day 26, following the initial relief of 
N-stress, whereafter negligible gametogenesis occurred (figure 
4.9a). 

(C) P limited (Figure 4.10a-h, Appendix 3c) 
Cell yield during phase 1 was lower than the same phase in 

N-limited semi-continuous culture (figure 4.10a), but cell 
specifie growth rate was equivalent. 

The physiology of the limiting nutrient, P, exhibited marked 
similarities to that of the limiting nutrient, N, in the N 
treatment culture (B). Cellular P quota, which was marginally 
above minimum levels during phase 1 (minimum 17.3pgP.celr 
1
), became fully depleted after P was eliminated from the 

replacement medium (minimum 15.3pgP.celr1 on day 24) 
(figure 4.10d), causing a cessation in asexual division. 

The C:P ratio indicates that cells, which already showed a 
degree of P stress during phase 1, became severely P-stressed 
during phase 2 (maximum C:P 76.4) (figure 4.10d), although 
cellular C content and average cell volume were consistently 
higher during this phase in P-deplete in comparison with N
deplete cells (figure 4.10b). 

Despite the excess of N-nutrients in the medium throughout 
the experiment, cellular N levels were limited to between 87 
and 128pg.celr1 (figure 4.10f). In phase 1, Gln:Glu ratios 
indicated a fairly healthy N status (0.67-0.91), but after 
cessation of phosphate inputs in the replacement medium, the 
Gln:Glu ratio steadily feil to a minimum of 0.09 on day 22 
(figure 4.10g). 

InAA as a percentage of N was generally slightly lower than 
the N-limited semi-continuous culture, but InAA 
concentrations were typically marginally higher (minimum 
values 75.4mM in phase 1, 63.1mM in phase 2) (figure 4.10f). 
The composition of InAA in P-limited steady state (phase 1) 
cells was similar to the control semi-continuous culture, the 
reduction in the relative amount of Tau being the most marked 
difference. Upon P-deprivation, important changes involved 
the reduction in the relative contribution of Gln and an increase 
in the relative amount of Arg (figure 4.10h). 

The rate of gametogenesis, low during balanced population 
growth, was again stimulated during phase 2, with levels 
somewhat higher than the N treatment culture (maximum g.i. 
4.8% on day 23) (figure 4.10a). Zygote efficiency reached a 
maximum level of 30% on day 24. 

Asexual growth resumed as phosphate was rapidly taken up 
upon P refeeding, and again a short pulse of relatively high 
gametogenesis (g.i. 6.2% on day 26) accompanied the relief of 
nutrient stress (figure 4.10a). 

(Dl N- & P-Iimited (Figure 4.11a-h, Appendix 3d) 
Cell specifie growth approximated the dilution rate during 

phase 1, at a cell yield comparable to that of the P-limited 
treatment culture. 

Cellular N and P quotas were low during this phase 
(minimum values 82pgN.cell-1

, 17.2pgP.celr1
) (figure 4.11d 

and f), the depletion of extemal phosphate before sampling 
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commenced (figure 4.11c), and the slightly higher range of 
cellular N values in comparison with the same stage in the N
limited culture (figure 4.11f), suggesting the greater importance 
of P-stress. 

The C:nutrient ratios highlight a degree of nutrient stress 
during phase 1 (maximum C:N 10.0, C:P 51.8) (figure 4.11d 
and g), and the Gln:Glu ratio varied between moderately N
stressed values of0.35-0.57 (figure 4.11g). 

InAA concentration was slightly lower during phase 1 (58.1-
67.9mM) compared to the semi-continuous cultures depleted in 
just one nutrient (figure 4.11f). The relative contribution of Gln 
to total InAA was reduced in phase 1 relative to the control 
culture, but the relative importance of the majority of 
components were comparable, Arg and Ser being typically 
slightly reduced, and Lys being increased (figure 4.11h). 

Gamete formation was marginally increased during continued 
nutrient inputs when both N and P were limited (maximum g.i. 
2.3% on day 1) relative to limitation of only one nutrient 
(figure 4.11a). 

Intracellular N and P pools became depleted after nutrients 
were excluded from the replacement medium, the N quota not 
falling quite as low as in the N treatment culture (minimum 
68pgN.cell-1

) (figure 4.1lf), the P quota falling steadily to 
15.8pg.cel1"1 on day 24 (figure 4.11d). 

The rate of reduction in cell yield during phase 2 was slightly 
greater than the dilution rate (minimum cell yield 8.3 x 103 

cells.mr\ indicating the complete cessation of asexual 
division, accompanied perhaps by a degree of mortality. 

Both the C:N ratio (maximum 15.7) and the C:P ratio 
(maximum 68.3) increased during phase 2 (figure 4.11g and d). 
Gln became depleted within 3 da ys of the cessation of nutrient 
inputs, and consequently the Gln:Glu ratio decreased to 0 
(figure 4.11g). 

The proportion of cellular N as InAA decreased during phase 
2 (minimum 5.3%), and was consistently lower than cultures B 
and C. InAA concentration fell to a minimum of 30.7mM on 
day 24, considerably below the level measured under stress of a 
single nutrient, and equivalent to the lowest level observed in 
N-deplete batch culture (figure 4.11f). 

The relative contribution of both Gln and Arg to total InAA 
decreased significantly upon cessation ofnutrient inputs (figure 
4.11h). 

The rate of gametogenesis increased only slightly during 
phase 2 (the maximum G.I 4.49% on day 23, together with 
other similar values late in phase 2, were artificially high as a 
result of sample mixing inconsistency, the effects of which are 
amplified at low cell densities) (figure 4.11a). The zygote 
efficiency reached a maximum level of 19.6% on day 23, a 
lesser proportion of the population forming zygotes than under 
P-limitation alone. Whereas the increments in zygote efficiency 
were graduai and consistent in the cultures limited only in one 
nutrient, the response was somewhat different in culture D. 
Between days 10 and 13, the proportion of the population as 
zygotes rose from 9.6% to 16.2%, whereafter zygote yield 
decreased at a similar rate to vegetative cell yield, such that the 
trend in zygote efficiency did not show further increases, 
indicating the cessation of sexual reproduction. 

The reaction of N- and P-starved cells to nutrient refeeding 
was similar to that of cells starved of either Nor P, a pulse of 
gamete formation occurring as renewed nutrient inputs allowed 
the rapid alleviation of nutrient stress (figure 4.11a). As InAA 
concentration rose on nutrient 'upshock' (figure 4.11f), its 
composition altered, the proportion of Gln initially rising 
dramatically, along with lesser increases in the relative 
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contribution of Arg, Met and Val, whereas the proportion (not 
necessarily the absolute concentration) of Ser, Gly and Tau 
decreased (figure 4.11h). 

Discussion 
In absolute terms, cellular C status, while not reaching the 

very high levels recorded at certain times in batch cultures, was 
considerably improved relative to the first series of semi
continuous cultures. It cannot be ascertained whether this 
alleviation of C-stress was a result of bicarbonate additions, or 
the reduction in the level of culture mixing prior to sampling, 
and consequently, which of these factors may have been 
responsible for the inhibition of the formation of sexual stages 
in the automated semi-continuous culture system. While 
culture vessel characteristics were shown to influence cell yield 
of batch cultures grown in identical media (Chapter 3), the 
addition of bicarbonate to the growth medium would seem to 
be at least partially responsible for the very high population 
densities which developed in this series of semi-continuous 
cultures relative to previous culture experiments. 
Environmental C availability may, therefore, have been the 
growth limiting factor in nutrient-replete batch cultures, and all 
previous cultures may have experienced a degree of C-stress, a 
factor which influences the cell's ability to respond to other 
stresses (Flynn & Flynn, 1995). 

Nutrient limitation of semi-continuous cultures was necessary 
for important levels of sexual reproduction to occur. Sexuality 
in nutrient limited semi-continuous cultures reached maximum 
zygote efficiencies equivalent to batch cultures, but the mode 
of the transformation of reproductive strategy showed 
interesting differences. Whereas gametogenesis occurred in 
distinct pulses in batch culture, the rate of gamete formation 
was typically lower, but more consistent, in semi-continuous 
culture. Consideration of these differences in the context of the 
differing growth modes provides further insights into the 
sexual induction process. 

Populations in the control culture and in phase 1 of the 
nutrient-limited cultures may be considered to have exhibited 
near balanced growth. Macintyre et al. (1997) emphasise the 
need to consider as many parameters as possible when 
assessing a culture as steady-state in order to get an accurate 
description of the true physiological status. The relative 
stability of intracellular nutrient quotas and nutrient status 
indices, and the homogeneity of population size distribution 
during the first phase of each culture, indicate that the 
estimation of steady-state conditions based on cell yield and in 
vivo fluorescence proved acceptably accurate in this case. 

Continuous culture consists essentially of holding a culture at 
sorne point on its growth curve by the regulated addition of 
fresh medium (Fogg, 1975). In the presence of excess extemal 
nutrients, the growth rate in continuous culture may be 
expected to correspond to that measured during exponential 
growth in batch culture, and indeed growth at rates higher than 
the maximum found in batch culture are often observed in 
chemostat cultures (McCarthy, 1981). Average growth rate in 
the nutrient-replete Alexandrium minutum semi-continuous 
culture was, however, much lower than the maximum growth 
rates obtained in the batch culture experiment, suggesting a 
degree of non-nutritional growth inhibition. Sorne of the 
density-dependent effects suggested to be responsible for the 
cessation of growth in nutrient-replete batch culture may exert 
an influence on asexual division rates in the semi-continuous 
culture, in which final cell yield was almost three times greater. 

The low growth rates recorded in phase 1 of nutrient-limited 
cultures suggest that the populations were held at a point late in 



their respective growth curves by the limiting nutrient 
availability. Despite each of the nutrient limited cultures 
showing a consequent degree of nutrient stress, only low levels 
of sexuality were observed. 

These observations may be interpreted as lending support to 
the theory that sexual reproduction is initiated in response to 
cellular nutrient quotas falling to minimum levels. Cellular N 
and P content were typically marginally higher during phase 1 
of the N- and P-limited semi-continuous cultures respectively, 
compared to the levels measured during sexual pulses in 
equivalent batch cultures. Intracellular nutrient values might be 
expected to show a greater degree of synchronisation in 
continuous culture populations, which have experienced 
constant environmental conditions over a period of time. The 
deviation of cell volume values about the population average, 
taken previously as an indicator of more general metabolic 
homogeneity, was consistently lower in near steady-state 
populations. Greater homogeneity in intracellular nutrient 
values would mean the nutrient quotas of a lesser proportion of 
the nutrient limited semi-continuous cultures, which have 
average cellular nutrient values within a range similar to those 
measured during gamete pulses in batch cultures, falling to the 
minimum, and potential sexual induction threshold, level. 

On first reflection, results from the steady-state cultures do 
not appear to support the alternative theory of a single 
induction mechanism linked only to cellular N status. During 
phase 1 in each of the nutrient limited semi-continuous 
cultures, cellular N quotas were near, or below, the lOOpg.celr' 
level postulated to be linked with sexual induction pulses in 
batch cultures, without the equivalent sexual induction 
response. Closer examination of cellular nutrient physiology, 
however, highlights sorne potential reasons for the difference 
in reproductive response, as a consequence of which this latter 
theory cannot be ruled out. 

Evidence from this experiment, and from the literature, 
suggests that nutrient limitation of continuous cultures 
produces rather different metabolic states than does apparently 
equivalent nutrient limitation of batch cultures. Thus, 
Alexandrium minutum cells undergoing balanced nutrient
limited growth in semi-continuous culture were, for example, 
typically of greater volume and cellular C content than cells of 
equivalent cellular N quota during gamete formation pulses in 
batch culture, with resultant consequences for C:nutrient ratios 
and nutrient/unit biovolume values. The comparative 
concentration and composition of InAA pools provides perhaps 
a more detailed indicator of the metabolic differences that exist 
as a result of the differing growth modes. As a percentage of 
cellular N quota, InAA was generally more important in semi
continuous cultures, during both nutrient-replete and nutrient
limited growth, suggesting potential gross differences in 
metabolic strategy. In absolute terms, during phase 1 in the 
single nutrient limited semi-continuous cultures (B and C), 
InAA concentrations remained above the ~60mM level which 
coincided with gamete induction in batch cultures, despite the 
similarity of total N status. Interestingly, in the semi
continuous culture limited in both N and P, InAA concentration 
did vary around this potential threshold level, and the rate of 
gamete formation was higher than that of either of the cultures 
limited in just one nutrient. Daily sexual induction rates were, 
however, still well below those measured during sexual pulses 
in batch cultures. In addition to differences in total InAA 
concentrations, many potentially significant variations in InAA 
composition were observed between batch and semi
continuous cultured cells. The molar concentration of Glu was 
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consistently higher during phase 1 of the single nutrient limited 
semi-continuous cultures in comparison with batch cultured 
cells of equivalent N quota, resulting in lower Gln:Glu ratios. 
The Gln:Glu ratio of cells growing in the N- and P-limited 
semi-continuous culture was lower still, but in this case as a 
result of reduced Gln concentration. The concentrations and 
relative contributions to total InAA of Ser, Ala and the non
protein amine Tau were consistently higher during balanced 
growth, with Asp, Asn and Lys all typically reduced in 
importance. Variations in Gln and Glu concentrations can be 
assumed to reflect the differences in primary ammonium 
assimilation associated with N supply, and, given the likely 
regulatory importance of primary amino acids discussed 
previously, the overall changes could be representative of 
important differences in metabolic state. 

Reported variations in toxin physiology between cells m 
unbalanced and balanced growth are also representative of 
differing metabolic states. Maclntyre et al. (1997) observed 
cellular toxin content of Alexandrium tamarense to be highest 
during growth in batch culture, while N-replete semi
continuous cultures, which obtained N concentrations similar 
to those of batch cultures, did not attain the same level of 
toxicity even after prolonged exposure to extremely high N 
supply. The N-limited semi-continuous cultures reported by 
Maclntyre et al. (1997) and by Anderson et al. (1990) 
demonstrate that toxin profile changes occur in Alexandrium 
spp. when cells adapt to a limiting supply ofN. In contrast, no 
notable changes in toxin profile are reported for actively 
growing batch cultures (Boyer et al., 1987; Ogata et al., 1987; 
Cembella et al., 1987; Flynn et al., 1994). 

In order to understand the causes of these differences in 
metabolic responses, it is necessary to consider environmental 
nutrient conditions not only at the time of sampling, but, 
importantly, also in the recent history of the cultures. 
Differences in the duration of the nutrient stressed periods in 
each growth mode are believed to promote the contrasting 
metabolic states. As reviewed in Chapter 1 and discussed in the 
previous section (A3), metabolic adjustments occur in response 
to nutrient stress. In unbalanced batch culture growth, external 
and internai nutrient changes are rapid, and consequently the 
turnover of metabolic reactions is also rapid; no sooner has one 
adjustment been activated than further decreases in nutrient 
status necessitate an alternative adaptive strategy. ln balanced 
continuous culture growth, by contrast, nutrient supply enables 
cells to continue growing through and beyond the initial 
adjustment period (Maclntyre et al., 1997). During the extra 
period of adaptation, cells will have the opportunity to fully 
synthesise and activate metabolic systems to utilise the 
available nutrients to maximum efficiency. Steady-state cells of 
apparently low N status may thus, for example, be able to adapt 
their metabolism in order to · maintain higher rates of 
photosynthesis and protein synthesis than is possible for cells 
of equivalent N status in the rapidly changing conditions of 
unbalanced batch culture growth. If it is assumed that among 
the consequences of the differing metabolic state, the pathway 
to sexual induction is either not activated, or is inhibited, it 
follows that the theory of a single induction mechanism linked 
to N physiology cannot be precluded. This conclusion 
highlights the importance of considering overall metabolic 
state, and the conditions which have promoted this state, rather 
than drawing comparisons based solely on total cellular 
nutrient content. From an ecological viewpoint, advantageous 
reasons for limiting the transfer to sexual reproduction during 
constant environmental conditions can be postulated. If 



population growth can be maintained, even by a limiting 
supply of nutrients, there may be no immediate benefit to the 
population in producing the sexual stages capable of surviving 
adverse environmental conditions. 

During phase 2 of the nutrient-limited semi-continuous 
cultures, after the limiting nutrient was excluded from the 
replacement media, the near steady-state populations 
effectively shifted to unbalanced growth conditions. As 
intracellular concentrations of the limiting nutrient were 
already low, the dramatic changes characteristic of batch 
culture were not observed, but important changes in metabolic 
state nonetheless occurred. In single nutrient limited cultures, a 
reduced level of asexual growth may have been maintained for 
a short period, as cells, which were well adapted to growth at 
low nutrient supply, were able to divert nutrients from non
essential internai sources. Vegetative reproduction soon ceased, 
however, as the cellular quota of the limiting nutrient feU to 
levels below the minimum recorded in nutrient-limited batch 
culture, and thus nearer to the true subsistence level. 

The intracellular nutrient physiology during phase 2 of the 
nutrient limited semi-continuous cultures does not provide any 
conclusive evidence to determine whether a single sexual 
induction pathway linked to internai N levels, or separate 
pathways triggered by N and P, exist. The fact that N-stress 
again accompanied P-stress in the presence of excess external 
N nutrients in P-limited culture means neither theory can be 
ruled out. Strong evidence is, however, provided in support of 
the hypothesis suggesting sexual reproduction is induced by 
one pathway associated with declining, but not minimal, 
cellular N status. While total cellular N levels were observed to 
vary during the periods of highest gamete formation in phase 2 
of the semi-continuous cultures, differences in the constitution 
of overall N resulted in similar InAA concentrations. 
Interestingly, InAA concentrations during these periods (50.6-
67.1mM in culture B, 63.1-7l.lmM in culture C) were within a 
range similar to the concentrations recorded during gamete 
formation in batch cultures. In addition, the inference that the 
actual rate of sexual induction was very low after day 11 in the 
NP-limited culture, as InAA concentration declined below 
50mM, again indicates deactivation of the sexual process as the 
cells respond to increasing InAA stress. 

While certain components of InAA were of equivalent 
concentration during these periods (notably Glu) the 
contribution of many of the amino acids to total InAA differed 
markedly between the culture limited in N and the culture 
limited in P (Arg again showing the greatest variation). This 
observation highlights the fact that the physiological regulation 
of sexual induction may not be linked simply to the absolute 
concentration of one metabolite, but rather is likely to be a 

response to an unknown, and perhaps practically undefinable, 
aspect of the complex set of consequences associated with 
falling cellular N status. It would be difficult to conceive the 
total InAA concentration itself being directly associated with 
physiological regulation, given the possible variations in 
composition and the differing metabolic functions of its 
components. In Alexandrium minutum culture experiments, 
total InAA concentration is, however, apparently a good 
indirect indicator of the N status at which sexual reproduction 
is induced. 

The explanation postulated for the increased zygote efficiency 
in P-limited compared to N-limited batch culture can similarly 
be applied to the semi-continuous culture; slightly higher InAA 
concentration in comparison with the N-limited culture may 
have resulted in a longer period spent as viable gametes. The 
reasons for the consistently lower rate of sexual reproduction 
observed in the semi-continuous cultures compared to batch 
cultures are not clear. Sample mixing prior to daily sampling 
was kept to a minimum, but it is possible that even this low 
level of perturbation affected the sexual mating process. 
Alternatively, this observation might be explained by the 
physiological history of the cultures; steady-state cells adapted 
to low nutrient availability have a different metabolic state, a 
residual effect of which may limit sexual induction during 
subsequent unbalanced conditions. 

The short gamete pulses which apparently coincided with the 
alleviation of nutrient stress ('nutrient upshock') could be 
interpreted as providing further support for the theory linking 
sexual induction to InAA levels, but certain reservations must 
accompany this conclusion. Qualitative observations of live 
samples at the time, and re-examination of fixed samples (in 
which planozygotes are distinctively darker in colour), suggest 
that these short gamete pulses were not artefactual. The rate of 
gamete formation thus briefly increased as InAA 
concentrations rose rapidly through the range in which 
gametogenesis was estimated to have occurred during nutrient 
downshock. In the same manner as nutrient stress provokes 
metabolic readjustments, the relief of nutrient stress will also 
affect metabolic strategy. It is, however, difficult to envisage 
metabolic responses on upshock mirroring those during 
increasing nutrient stress. Upon nutrient upshock, it may take 
sorne time for cells habituated to low, or non-existent nutrient 
supply to reorganise metabolism in order to efficiently utilise 
the renewed nutrient supply for, for example, protein synthesis. 
It is perhaps during this time that a factor associated with 
nutrient starvation, which previously inhibited sorne aspect of 
the sexual process, is relaxed, allowing a short time for viable 
gametes to mate. 

Chapter 5 

Surveys of natural Alexandrium minutum populations in the estuaries of Northern Brittany 

A. Introduction 
Alexandrium minutum occurrences in French coastal waters 

are apparently a relatively recent phenomenon. The first 
recorded observation of A. minutum (6 x 105 cells.r') was in 
July 1985 in the Vilaine Bay in southern Brittany (Lassus, 
1988). In August 1988 a bloom of greater magnitude (2.3 x 106 

cellsX1
) occurred in the Aber Wrac'h and Aber Benoit in 
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northern Brittany (Lassus, 1988). In response to a perceived 
increase in the frequency of toxic and nuisance phytoplankton 
events in France over the preceding 10 to 15 years, a 
permanent national network of surveillance and research 
(Reseau de Surveillance Phytoplanctonique, 'REPHY') was 
established in 1989 to detect and monitor noxious 
dinoflagellates and other nuisance phytoplankton. Subsequent 



A. minutum proliferations were recorded in the Morlaix Bay in 
July 1989 (3 x 106 cells.r'), in July 1990 (4 x 105 cells.r1

), and 
in July 1992 (1.5 x 106 cells.r1

). Several of these outbreaks 
have caused PST contamination of mussels, oysters and 
cockles, as demonstrated by mouse bioassays and HPLC, and 
have lead to shellfish harvesting bans in the northern Brittany 
region (Erard-le Denn et al., 1993). 

The aim of this part of the study was to describe the 
population dynamics of Alexandrium minutum in the estuaries 
of northern Brittany, with particular emphasis on understanding 
the mechanisms and significance of the sexual process and 
subsequent encystment. Surveys were conducted over a three 
year period, 1995-1997. In 1995 and 1997 proliferations of 
bloom proportions of the planktonic phase were monitored, 
whereas in 1996 A. minutum motile cells were present, but 
remained at low concentrations. A comparative approach to the 
study of bloom development and decline should help to clarify 
the common mechanisms underlying life cycle changes, while 
also permitting an assessment of the magnitude of these 
changes relative to loss factors such as advection, grazing, and 
parasitism. 

B. Sampling 
1. The sampling sites 

The Aber Wrac'h estuary 
The Aber Wrac'h estuary is a small macrotidal flooded 

valley, or 'ria', approximately 7km long, situated on the north 
coast of Finistère in Brittany (figure 5.1). The mouth of the 
estuary is open to the English Channel and is subject to strong 
tidal currents. Tides are semi-diurnal, with a large range (8.3m 
on the highest spring tides). The estuary is shallow and most of 
the bottom is intertidal, with large mudflats exposed in the 
upper estuary at low tide. The Aber Wrac'h drains a dense 
network of small streams to the south of Lesneven, an area of 
intense agricultural land use, and receives industrial waste, 
notably from a clairy in Ploudaniel (DIREN, 1996). The lower 
estuary is the site of shellfish culture. Sampling was conducted 
daily at Paluden (figure 5.2) between 2ih July and 101h August 
1995 at a fixed point in the tidal cycle (low tide). 

The Penzé estuary 
The Penzé river, with a relatively modest average flow of 

2.5m3.s·' (Martin et a/.,1977), discharges into the west part of 
the Morlaix Bay, situated approximately 45km west of the 
Aber Wrac'h along the north Finistère coast (figure 5.1). The 
Penzé estuary is in many respects similar to the Aber Wrac'h. 
The large tidal range (9m on springs in Morlaix) means the sea 
penetrates deeply into the flooded valley which constitutes the 
upper part of the estuary, which has an overall length 
ofapproximately 6km. The Penzé drains an area of 141km2 

consisting largely of intensive agriculture usage (Riaux & 
Grall, 1982). The average depth of the upper estuary, the site of 
extensive intertidal mudflats, is low. The bathymetry of the 
lower estuary is characterised by a gentle slope, with the 
estuary being delimited by a rim which extends near to the 
water surface. 

The survey covered the period l11h - 191h June 1997. All 
samples were collected within 1 hour either side of high tide. 
On the 111h, l21h and 191h June, down-estuary boat transects 
consisting of 8 sampling sites selected on the basis of surface 
salinity were conducted in collaboration with the Station 
Biologique de Roscoff. On the 131h and 161h June, boat samples 
were collected at 3 stations with the assistance of the Affaires 
Maritimes de Morlaix. On the 141h, 15th and 171h June, samples 
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were collected from 3 stations from the river bank (the location 
ofall sample stations are illustrated in figure 5.3). 

2. Sampling procedure 
Surface water samples were collected from mid-stream using 

a weighted PVC sampling bottle suspended from the Paluden 
bridge in the Aber Wrac'h survey. During boat sampling in the 
Penzé survey, mid-stream surface and subsurface water (in the 
lower estuary) samples were collected with a Niskin bottle. 
Otherwise, surface water samples were collected with a clean 
PVC bucket attached to aline from the bank. 

Subsamples (100ml) for phytoplankton cell counts were 
immediately fixed with Lugols iodine. A portion of each 
samp1e was transported to the laboratory unfixed, for 
immediate sizing and behavioural observations. Another 
aliquot of the sample was filtered in situ firstly through 50f.lm 
nylon mesh to remove larger organisms and debris, and then 
onto 25mm pre-ashed Whatman GF/C filters, using the filter 
apparatus procedure described previously (Chapter 3). The 
filters (for cellular CHN, P and InAA analysis) and the filtrate 
(for external nutrient analysis) were kept in a coolbox during 
transport to the laboratory, where they were stored frozen at 
-20°C until subsequent analysis (aqueous ammonium ana1ysis 
was conducted immediately on return to the laboratory, within 
2 hours of sampling). 

Samples of the surface flocculent layer of sediment were 
collected with a spatula from the mud-flats exposed on ebb 
tides. During boat surveys in the Penzé, sediment samples were 
collected with a sediment bed sampler (type Ekman). Prior to 
the Penzé survey in 1997, surface sediment samples were also 
collected in mid-May. Ail sediment samples were stored at 4°C 
in the dark until processing. 

W ater temperature and salinity were recorded at each sample 
point. Average monthly insolation and rainfall values were 
obtained from the Centre Départemental de Météorologie du 
Finistère, and river-flow data from DIREN (Direction 
Regionale de l'Environnement). 

3. Sample processing 
The procedures for cell counts and sizing, and external and 

internai nutrient analysis were identical to those employed for 
culture experiments, and are described in detail in Chapter 3. 

In the Aber Wrac'h survey in 1995, Alexandrium minutum 
cyst numbers were enumerated using the Ludox CLX method 
(Erard-Le Denn & Boulay 1995). The sample was 
homogenised using a Turbula Type T2 homogeniser for 
approximately 1 hour. Subsamples (1g) were suspended in 
50ml filtered sea water and sonicated for 2 minutes in an 
ultrasonic water bath (Bransonic 220 model) to dislodge 
organic detritus. The subsample was then sieved through a 
Sartorius filtration tower containing a series of nylon mesh 
sieves (60f.lm, 40f.1m and 10f.lm). The 10-40f.1m fraction was 
washed with distilled water to dissolve salt crystals, and then 
suspended in 5ml of distilled water and resonicated for 2 
minutes. The suspended sediment was mixed with 5ml aliquots 
of 50 and 100% Ludox CLX (S.P.C.I., France) in a centrifuge 
tube, and centrifuged for 30 minutes at 3000 r.p.m. and TC 
(Jouan GR 4.11 centrifuge). The separation of cysts from 
detrital matter depends on density differences (the density of A. 
minutum cysts is c 1.2 g.cm-3

, Erard-Le Denn & Boulay, 
1995). The residue which collected at the 50% Ludox CLX 
density gradient layer was carefully removed with a syringe, 
rinsed with distilled water through a 1 Of.lm mesh, and 
resuspended in distilled water for enumeration under the 
inverted microscope. 
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Figure 5.1 Location of the Aber Wrac'h and Penzé estuaries. 

Figure 5.2 The Aber Wrac'h estuary (all samples collected at Paluden bridge * ). 
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Figure 5.3 The Penzé estuary (sampling stations A-R shown on right hand illustration) 
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Cyst abundance in the Penzé estuary during the 1997 survey 
was determined using the primuline staining technique of 
Yamaguchi et al. {1995). Initial sample preparation procedures 
(homogenisation, sonication, sieving, washing and 
resuspension in distilled water) were identical to the previous 
method. 5ml aliquots of suspended sediment were fixed with 
the same amount of 1% glutaraldehyde for 30 minutes. After 
fixation, the suspension was centrifuged (3000 r.p.m.) for 15 
minutes at room temperature, and the supematant was 
discarded. 1 Oml of cold methanol was added to the pellet and 
the tubes were placed in a refrigerator for 2 days. The methanol 
was then replaced with 1 Oml distilled water using 
centrifugation. Following the addition of 1 ml of primuline 
stock solution (2mg.mr1 distilled water), the tube was left in 
the dark for 1 hour. After staining, the suspension was 
centrifuged, the supematant containing the fluorochrome 
removed, and the residue washed by recentrifugation in 
distilled water. The pellet was resuspended in 5ml distilled 
water for microscopie observation. 1 OOj.!l of stained sediment 
preparation was placed in a Sedgwick-Rafter cell containing 
lml distilled water, and observed with an epifluorescence 
inverted microscope (Zeiss Axiovert 135) using a 420-490nm 
band pass filter, a DM510 dichroic splitting mirror and a 520W 
barrier filter. 

Yamaguchi et al. (1995) suggest that the use of density 
gradient centrifugation may lead to underestimation of cyst 
numbers in sediments unless the detrital material around the 
hypnozygote is completely removed. Comparison of the two 
methods on a sediment sample collected in the Aber Wrac'h in 
1995 showed no significant difference between cyst counts, 
implying that the duration of sonication employed in the Ludox 
CLX method (2 minutes) was sufficient to dislodge detrital 
material. Although the primuline staining method requires 
more time for sample preparation due to post-fixation methanol 
treatment, which has been demonstrated to improve stainability 
of cysts (Yamaguchi et al., 1995), microscopie observation and 
enumeration can be conducted much more rapidly with this 
method. 

C. Results 
1. Aber Wrac'h 1995 (Figure 5.4a-d, Appendix 4a) 

The weekly surveillance programme conducted by the 
Concarneau IFREMER station first identified the presence of 
Alexandrium minutum motile cells at very low concentration 
(0.7 cells.ml-1

) in the water column in the Aber Wrac'h on the 
lOth July 1995. Population densities increased, but remained at 
low overall concentrations in the following two weeks, before 
the start of the survey. After approximately doubling in density 
over the first two days of the survey, A. minutum motile cell 
abundance increased by greater than five-fold over a 24 hour 
period to 56.3 x 103 cells.ml-1

, the highest density recorded 
during the bloom, on the 30th July (figure 5.4a). After this peak, 
the trend in A. minutum density was of a graduai decline over 
the next 6 days, followed by a more rapid extinction towards the 
end of the bloom. The surface water was visibly discoloured in 
red streaks between the 28th July and 2nd August, this apparent 
patchiness reflected in the unexpectedly low counts on the 31st 
July and 3'd August. Plankton composition during the bloom 
period was largely monospecific, A. minutum constituting 
greater than 90% of the microplankton (2-50j.!m) between the 
2ih July and the 6th August. During the same period potential 
grazers (mainly ciliate species) counted in the fixed samples 
never exceeded 0.93% of the total population by number. 
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Planozygotes were recorded in ali samples. Initially at low 
abundance, the first important increase in planozygote numbers 
occurred between the 31st July and lst August (from 4.9 to 16% 
ofmotile cells), and towards the end of the bloom planozygotes 
consistently accounted for 15 to 20% of the motile cell 
population. The gamete index indicates two main pulses of 
gamete mating; the first (G.I. 28.6%) on the 30th July coïncident 
with the peak in motile cell density, followed three days later by 
a second pulse (G.I. 33.1 %) on the 2nd August (figure 5.4a). 

The lowest average volume of motile Alexandrium minutum 
cells (6.22pl) coincided with maximum cell density on the 30th 
August, the relatively high standard deviation of this average 
value indicating heterogeneity of size distribution within this 
sample. During the latter stages of the bloom, the population 
was characterised by high average cell volumes (>8pl) within 
widely ranging population size distributions. 

Alexandrium minutum cysts were present in low numbers in 
the surface flocculent sediment layer in the month preceding the 
bloom (258 cysts.g-1 wet sediment on the 3'd July). During the 
first days of the survey, cyst abundance remained relatively low 
(c 1 x 103 cysts.g-1 wet sediment), increasing rapidly from the 
1 st August, peaking at over 20.8 x 103 cysts.g-1 wet sediment on 
the 4th August (figure 5.4a). Zygote efficiencies, the calculation 
of which related cysts.g-1 wet sediment to motile cells.m1·1, 
decreased from 44.1% to 11.4% during population 
development, subsequently rising to over 85% late in the bloom 
as motile cell numbers declined. 

Environmental conditions prior to and during the bloom 
period were unusual for the season. Rainfalllevels in the region 
were very high in February 1995, as evidenced by an 
exceptionally high river flow rate in the Aber Wrac'h river 
(figure 5.4b). In the 3 months preceding the bloom there were 
16.6% more hours of insolation than the average (figure 5.4b), 
and rainfall and river flow were both below average. 
Throughout the survey period the prevailing atmospheric 
conditions were warm and calm with substantial rainfall only on 
the 4th and 6th of August. Tidal amplitude during the survey 
period is illustrated in figure 5.4c, the first motile cell 
observations and the subsequent bloom peak coinciding with 
consecutive spring tides. The salinity of water samples varied 
little between 29 and 31, and aftemoon water temperatures 
exceeded 18.5°C. 

Aqueous nitrate concentration was consistently above levels 
required to support Alexandrium minutum vegetative growth 
(136-187J.tM). Ammonium and phosphate concentrations 
decreased as the motile cell population peaked on the 30th July, 
remaining low until the later stages of the bloom (figure 5.4d). 

Cellular C content was very low in the days preceding, and 
the two days following the peak in bloom density (535-
704pg.celr\ subsequently increasing to >2000pg.celr1 as the 
bloom declined. 

Intracellular N concentration followed a similar trend to C 
values, being low through population increase and the initial 
stages of decline (minimum value 87pg.cell-1 on the 29th July), 
increasing rapidly to high levels late in the survey (figure 5.4d). 
The C:N ratio varied little (5.3-7.5) through the majority of the 
bloom period (figure 5.4d). 

The proportion of cellular N as InAA was relatively 
consistent during the first 10 days of the survey (5.7 to 6.5%), 
subsequently showing a greater degree of variability. InAA 
concentration was lowest in the days leading up to the bloom 
peak, (56.5-62.8mM), rising gradually in the following week, 
reaching values > 1 OOmM during the la ter stages of bloom 



Figure 5.4a Aber Wrac'h 1995: Alexandrium minutum population development 
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Figure 5.4b Aber Wrac'h 1995: Insolation and river-flow preceding the bloom period 
(Insolation - lie de Batz; River-flow- Aber Wrac'h). 

300 ,---.------.-------.-------.----..----;::;:=;:;::==:::;~r--r 2,5 
jss million cells/1 

250 
2 

200 
1,5 

150 

100 

50 0,5 

0 +---~~--~----~----~--~----~----~----~---+ 0 
jan-95 rfe::.:· v::.;-9:.::5~=m':':a:"r'::s-:":95~:::-;-:'av-':r~-9:;;5==;-:.:m::::afc..:·9:.::5---,;--f..uë:'in::';-9;:;5==J0.ju:::l~.;':9"c5 =='B::::OU:::." ·.=9.::.5 ---, Sep-95 

~Average insolation (over 30 years) ---fr- Monthly average insolation 
- Average river-flow (over 15 years) -+- Monthly average river-flow 

Figure 5.4c. Aber Wrac'h 1995: Population development in relation to the tidal cycle 
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decline (figure 5.4d). The major components of InAA through 
the bloom period were Ala, Glu, Ser, Gly and Asp (figure 
5.4d). Ala constituted as much as 22.3% of InAA early in the 
bloom, declining slightly in relative importance in later stages. 
Glu concentration was lowest (5.6mM) during rapid increase in 
population density (291h July), becoming the most important 
component of InAA towards the end of the survey period. The 
Gln:Glu ratio was relatively high during population increase 
(0.64 on 291h July), falling as Gln concentration decreased 
during early population decline (minimum 0.18 on the 181 

August) (figure 5.4d). 
Cellular P increased from initial values c 20pg.cell-1 before 

the peak in population density, to almost 40pg.cell-1 as the 
bloom terminated (figure 5.4d). The C:P ratio indicates relative 
P sufficiency during population increase and initial decline 
(minimum value 24.8 on the 31st August), with P stress 
increasing late in the bloom (figure 5.4d). 

2. Penzé 1997 (Figure 5.5a-d, Appendix 4b) 
In 1997, the Penzé was first sampled by the Concarneau 

IFREMER station on the 4th June, Alexandrium minutum 
motile cells being recorded at a density of 427cells.m1·1

• 

Greater sample coverage in the Penzé survey (at least 3 
samples per day) allows more accurate identification, and day
to-day comparisons, of the zone of maximum motile cell 
density in surface waters. The density of the Alexandrium 
minutum population in this central bloom zone, 7.5 x 103 

cells.mr1 on the first day of the survey (111h June), developed at 
a rapid rate, the motile cell concentration more than doubling 
between the lih and 131h June to the maximum value recorded 
during the survey period, 44.6 x 103 cells.mr1 (figure 5.5a). 
Cell counts from the down-estuary transect of samples taken 
from the survey boat on the l21h June reveal that the central 
bloom zone covered a relatively small area between stations 4 
and 5. Concentration of cells was also evident on the seaward 
side of the region of rapid surface water salinity change which 
marked the upper extent of seawater penetration at low tide. 
After the bloom peak on the 131h June, motile cell density 
declined rapidly over the next 4 days. During the latter stages 
of bloom development, Alexandrium minutum constituted 
>96% of the microplankton, with diatoms (particularly 
Nitzschia species), increasing in relative importance through 
bloom decline. 

Planozygotes were recorded at low abundance from the start 
of the survey, the most important increases in relative 
abundance (6.7-33.5-47.3% of motile cells) occurring between 
the 131h and 151h June, just after the peak in bloom density. 
Towards the end of the bloom, planozygotes accounted for c 
15% of motile Alexandrium minutum cells. The gamete index 
was very high in a two day period up to and including the peak 
in motile cell density (lih June G.I. 63.9%, 131h June G.I. 
48.5%) (figure 5.5a). 

Alexandrium minutum hypnozygote cysts were present in 
surface sediments in the month preceding the bloom survey at a 
maximum concentration of 45 cysts. g·1 wet sediment on the 
23rd May. During the bloom survey, cyst abundance increased 
rapidly between the 131h and 141h June (from 222 to 988 cysts.g· 
1 wet sediment), immediately following the peak in motile cell 
density in surface waters, subsequently increasing at a slower 
rate during the rest of the survey (maximum density 1664 
cysts.g-1 wet sediment on the 171h June) (figure 5.5a). Cysts 
were present at much lower numbers (generally an order of 
magnitude lower) than in the Aber Wrac'h survey. Cyst 
abundance in samples collected with the grab corer from mid
stream sandy-mud sediments during boat surveys was 
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generally lower than might have been expected for samples 
taken from the mud-flats which border the stream at low tide. 
Zygote efficiency decreased during bloom development, 
subsequently rising from c 20% to >90% through bloom 
decline. 

The average volume and the heterogeneity of size distribution 
of the Alexandrium minutum population in the central bloom 
zone increased steadily from 5.59pl (s.d.0.68pl) on the first 
sample date to 7.2pl (s.d. 0.85pl) at the end of the bloom. 
Towards the periphery of the bloom the average cell volume 
was typically greater than that of cells in the central bloom 
zone. 

Although meteorological conditions during the bloom period 
were not exceptional for the time of year, higher than average 
rainfall and river-flow levels were recorded in April 1997, two 
months before the bloom, and in May there were 35.5 more 
hours of sunshine than average levels (figure 5.5b). In contrast 
to the Aber Wrac'h 1995 bloom, the peak in bloom density in 
the Penzé in 1997 coincided with the neap tide (figure 5.5c). 
The salinity of mid-bloom samples was between 28 and 31, 
and the maximum midday water temperature prior to the bloom 
peak was l7°C. 

The concentration of aqueous nitrate in mid-bloom samples 
varied unpredictably, over a range which would not be 
expected to limit Alexandrium minutum growth (143 to 
232f.!M) (figure 5.5d). While a seaward decrease in nitrate 
concentration in surface waters was apparent from the 
transects, there was no consistent evidence of temporally 
reduced nitrate concentrations in the mid-bloom zone. Aqueous 
ammonium concentration was, however, generally lower each 
day in the sample with the highest motile cell concentration, 
and in this central bloom zone was lowest (c. lf.!M) during the 
period of rapid population increase (figure 5.5d). External 
phosphate concentration decreased from an initial value of 
2.lf.!M to a minimum value of0.5f.!M on the 171h June, showing 
greater variability late in the bloom (figure 5.5d). 

Comparison of daily samples shows, in general, a 
considerable degree of variability in intracellular nutrient (C, 
N, and P) values, with mid-bloom samples typically having a 
lower content than the samples from the periphery of the 
bloom. 

Cellular C concentration in mid-bloom samples was lowest on 
the first day of the survey (583pg.celr1 on the ll1h June), rising 
gradually toc 950pg.cell-1 in the latter stages ofbloom decline. 
Similarly, N content of cells in mid-bloom samples increased 
steadily from the minimum value of 9lpg.celr1 on the second 
day of the survey, to values >300pg.celr1 at the end of the 
bloom (figure 5.5d). The C/N ratio ofmid-bloom samples was 
highest during rapid population increase (8.4 on the 131h June), 
decreasing late in the bloom (figure 5.5d). 

The InAA concentration of cells in the central bloom zone 
was lowest during late bloom development, the minimum value 
(63.2mM) coinciding with maximum cell density, subsequently 
rising gradually through bloom decline (maximum value 
147.5mM on the 19th June) (figure 5.5d). As a proportion of 
total cellular N content, InAA in the majority of samples 
fluctuated between 4 and 5.6% (overall range 3.4 to 6.4%). 
InAA content of mid-bloom samples was generally similar or 
slightly lower than that of samples taken the same day further 
from the bloom focus. While general trends in InAA 
composition are apparent through the duration of the bloom, 
considerable variability in the concentration of individual 
components was sometimes observed between samples taken 
on the same day (Glu, for example, varied between 23.9 and 
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Figure 5.5a Penzé 1997. Alexandrium minutum population development 
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Figure 5.5b Penzé 1997: Insolation and river-flow preceding the bloom period 
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Figure 5.5c Penzé 1997: Population development in relation to tidal cycle 

50 

45 

40 

35 

30 

25 

20 
Estimated first 

15 appearance of 
motile cens 

10 

~ 5 

0 

"' "' "' "' "' "' "' ~ "' ~ {. 9' "' .... <p 'f' ô ~ ~ :p: f. f. ~ ~ ..,. "' "' ;< <p 'f' ~ "E· "E· '2' "E· "E· '2' '2' 
3 3 3 3 3 3 3 ~ 5' 5' 5' 5' 5' 5' 5' 5' 5' '2· --2· '2:· '2' '2' 
!!. !!!. !!!. !!. !!!. !!!. !!. 5' 5' 5' 5' 5' 5' 5' 5' =· 

Date (1997) 

1 c:::J Motile cells/ml - Cysts/g wet sediment - Tidal Coefficient 

70 

100 

90 

80 -(/!. 
70 ->< 
60 Q) 

"'C 
50 1::: 

40 
Q) ....... 
Q) 

30 E 
n:l 

20 (9 

10 

0 

7 

6 
_..... 

5 
"-;-

(/) 

(") 

4 
E ..._ 
!= 

3 0 
ii= 
~ 

2 
Q) 
.> 
0::: 

100 

90 

80 ....... 
70 

1::: 
Q) 

60 
'(3 

li: 
50 

Q) 
0 

40 
(.) 

n:l 
30 "'C 

20 
F 

10 

0 

; 
=· 



00000 .---.-"-T- r----:-----:-1 -,.-1 ----:1--:-1 - ,.-1 ---, 

o ' Motile .cell~ 
0 a.a~~ hl«~. 

1000a 

-:li 1~a = ._.. 
"" 0 1aa 

z 

a ~~~-~~~-~~~-~ 
8 .--.--.-.--.-"-T-.--.--.-~ 

2.~ 

- 2 :li = ._.. 1.~ 
"'J' 

J: z 

0 
a. 

a.~ 

a ~~~--~~~--~~~--~ 
2. ~ r--r-"-T--r--r----.---.---.----.---.---. 

\ 
\ .v 

ta a 

...... . 

0 
:::::: 
!;tl -

c.. 

-:li s . 
u c 
0 
u 
"C 

~ 
0 
c 

i 

~a .-~~--~-.---.---.---.---.-~.---.~a 

1aa 

9 

1a 

1 

~èr-N 

----.OR-- 1 n A.~. r · . . V\) ... 
. 1 ~ 
~ 

~a = 
> 

:200 > 
1~a ...... 

3 
1aa ~ 

0.9 

~ 
= a.tï Ci) 

Q . .i c;; 
1:1': 
0 

a.2 

~-.----.---.---.----.-~.---.----.-~.---.oo 

~~~ 
Œ('.Jd-a~-g----a--B--e:J 

0 p 

i'l:l 

00 

00 

.tQ 

:):) 

1a 

-Q,) -0 

a ~~~--~~~~~~~~~ a 

~ ~ ~ ~ ~ m ~ ~ w 
..l. . ..l. . ..l. . ..l. . ..l. . ..l. . ..l. . ..l. . ..l. . 
c c c c c c c c c 
~ ~ ~ ~ ~ ~ ~ ~ ~ 
ro ro ro ro ro ro ro ro ro 

Date (1995) 

Figure 5.5d Penzé 1997: population development in relation to extemal and internai nutrient concentrations. 
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33.1mM in the three samples on the 151h June). There was no 
consistent trend relating this variability to cell density of the 
sample, and bence position within the bloom. Ala, Glu, Asp, 
Ser, Gly and Arg were typically the principal components of 
InAA (figure 5.5d), with both Glu and Arg concentrations 
rising during bloom decline. The Gln:Glu ratio, which also 
exhibited unpredictable variability within daily samples, was 
low, suggesting N stress, throughout the bloom. Decreasing 
from an initial value of 0.29 on the 11 th June in mid-bloom 
samples, the ratio fell to 0 on the 151h June, two days after the 
peak in bloom density, increasing slightly late in the bloom 
(figure 5.5d). 

P content of cells in mid-bloom samples was lowest early in 
the survey (minimum value 21.4pg.celr1 on 12th June), rising to 
nearly 35pg.celr1 as cell density decreased (figure 5.5e). The 
C/P ratio was low (24.4-32.7) throughout the bloom (figure 
5.5d). 

D. Discussion 
1. Bloom initiation 
Alexandrium minutum proliferations in the coastal waters of 

Brittany have, to date, only occurred within small embayments 
or shallow estuaries. The initial vegetative cells which form the 
inoculum for a bloom event may be introduced into the area by 
lateral advective water movements, or may originate from in 
situ excystment of benthic hypnozygotes (Taylor, 1987b). 
Several studies of natural dinoflagellate blooms implicate cyst 
beds in the vicinity of the bloom location as the source of the 
bloom inoculum, particularly in enclosed water bodies 
(Anderson & Wall, 1978; Anderson & Morel, 1979; Anderson 
et al., 1983; Lewis et al., 1985). A survey of resting cyst 
distribution in sediments collected along the Brittany coast 
(Erard-Le Denn et al., 1993) revealed high cyst densities 
occurred on the mud-flats which are characteristic of the upper 
reaches of the estuaries of the region. A. minutum motile cell 
proliferations ofbloom proportions have been recorded prior to 
this study in both the Aber Wrac'h (in 1988) and the Morlaix 
Bay, which includes the Penzé estuary (in 1990 and every year 
since 1992). The first bloom in any estuary must be the result 
of the introduction of cysts or motile cells, but these previous 
blooms were presumably largely responsible for the cyst 
accumulations ('cyst beds') in fine sediments recorded in this 
study before each respective bloom of motile cells in the water 
column. The presence of A. minutum cysts in sediments in the 
vicinity of subsequent motile cell blooms, and the absence of 
motile cells in samples from adjacent coastal sample sites prior 
to, during, and after bloom events (data not shown), suggests in 
situ excystment as the origin of the inocula of the blooms 
reported in this study. 

The average cyst abundance in monthly surface sediment 
samples collected at Paluden in the Aber Wrac'h over the 
period March to December 1989 (a non-bloom year) was 1.2 x 
103 cysts.g-1 wet sediment (Erard-Le Denn, 1991). This value 
was derived using the Most Probable Number technique, which 
tends to overestimate cyst abundance (Erard-Le Denn et al., 
1993). Analysis of surface sediment samples collected in the 
Penzé estuary in the month preceding the 1997 survey by the 
more accurate primuline staining method revealed a maximum 
concentration of 45 cysts.g-1 wet sediment. The weight:volume 
ratio of surface sediments was roughly 1 g.cm-3

, giving a value 
of 45 cysts.cm-3 surface sediment prior to bloom initiation. 

After a mandatory dormancy period of variable time, water 
temperature is usually considered to be the major 
environmental factor regulating germination of dinoflagellate 
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cysts (Pfiester, 1977; Anderson & Wall, 1978; Anderson & 
Morel, 1979; Anderson, 1980; Fukoyo et al., 1982; Endo & 
Nagata, 1984; Binder & Anderson, 1990; Ishikawa & 
Taniguchi, 1996), with light levels also reported to influence 
excystment efficiency (Binder & Anderson, 1986; Cannon, 
1993b; Park & Hayashi, 1993). An internai clock mechanism 
capable of overriding exogenous excystment eues has also been 
hypothesised (Anderson & Keafer, 1987). Cannon (1993b) 
reported the optimum in vitro conditions for germination of 
Alexandrium minutum cysts from the Port River in south 
Australia to be 16°C, salinity between 14 and 21, and light 
intensity between 14 and 25J.LE.m-2.s-1

, while nutrient 
concentrations did not significantly affect germination. Cysts 
of A. minutum in sediments collected along the Brittany coast 
and stored at 4 °C in the dark for >6 months were found to 
excyst at a minimum temperature of 16°C in the laboratory 
(Erard-Le Denn, 1997). This minimum excystment temperature 
was reached only shortly before the first observations of motile 
cells which formed the bloom inocula in the Penzé in June 
1997, but a longer period of time before the first motile cells 
were recorded in the Aber Wrac'h in July 1995. 

A review of reported PST toxicity events in north-east 
England lead to the conclusion that Ale.x:andrium germination 
usually coïncides approximately with the timing of spring tides 
(Wyatt & Jenkinson, 1997). In the Aber Wrac'h in 1995, 
motile cells were first recorded in the water column 3 days 
before the time of large spring tides (figure 5.4c). The very 
earl y stages of population development were not monitored in 
the Penzé in 1997, but assuming broadly similar rates of 
development in the early stages of the two blooms, the first 
motile cells may be expected to have appeared around the time 
of the spring tide on the 23rd/241h May (figure 5.5c). These 
observations could be attributed to increased levels of sediment 
resuspension, but may equally point to a lunar/tidal rhythm of 
cyst germination. While temperature or sorne other factor 
might be the proximate cause of germination, a clock 
mechanism would thus determine competence to respond 
(Wyatt & Jenkinson, 1997). 

Evidence suggests that the proportion of the cyst population 
which germinates each year (Q) is low for dinoflagellates. For 
Gonyaulax polyedra in Loch Creran in western Scotland, it was 
estimated that germination of <1% of available cysts was 
required as inoculum to produce a bloom (Lewis, 1988). The 
maximum in situ daily germination rate reported by Ishikawa 
& Taniguchi (1996) for Scrippsiella spp. in Onagawa Bay in 
north-east Japan was c.0.8% of the living cyst population in 
surface sediments. A low value of Q was inferred for 
Alexandrium tamarense by Wyatt & Jenkinson (1997), based 
on the data of Anderson et al. (1987). 

Following the calculation employed by Lewis et al. (1985) for 
Gonyaulax polyedra, an estimate of the level of excystment 
required to seed the Alexandrium minutum blooms surveyed in 
Breton estuaries can be made. Rearranging the exponential 
growth equation: 

Nt=N0e'-tt 

where N refers to motile cell numbers, e the base of natural 
logarithms, and J.L the cell specifie growth rate, gives: 

N0 =N1e-111 

N0 representing the inoculum concentration of motile cells. 
The volume of water within the estuary ( considering the 

dimensions of the bloom zone to be 5km long with an average 
width of 30m and average depth of 5m) is estimated to be 7.5 x 
108 litres. In order to calculate the total number of motile cells 



at the time of peak in bloom density, the bloom is considered to 
consist of 25m long sections with two (2.5m deep) layers, cell 
density halving in successive sections away from the central 
bloom zone (which has a density of 50 x 106 cells.r'), and in 
the bottom layer of each section relative to the surface layer. 
Peak cell density averaged over the entire estuary is thus 
estimated to have been 5.62 x 105 cells.r1

• The period oftime 
over which the blooms developed was at least 20 days. 
Exponential phase values of cell-specific growth rate in batch 
culture experiments were c.0.5.day"1 (Chapter 4). Evidence 
reviewed in the following discussion (section D2) suggests 
growth rates through population development under natural 
conditions were similar. It follows that the initial concentration 
of motile cells which formed the bloom inoculum was 26 
cells.r', assuming there were no losses due to grazing or 
flushing from the estuary. Given the estimated dimensions of 
the estuary, a cyst abundance of 13 cysts.cm·2 sediment would 
therefore be required to provide the inoculum motile cell 
density (total inoculum of 1.95 x 1010 cells from an area of 1.5 
x 109 cm2

). Little evidence is available concerning the success 
rate of germinating cysts. Lewis et al. (1985) assume a success 
rate of 80% for Gonyaulax polyedra, a value which would 
mean a cyst density of 16.2 cysts.cm·2 of surface sediment 
could seed the blooms surveyed in this study. Since at least the 
surface lem layer of flocculent sediment is not stable, this 
value can reasonably be directly converted to 16.2 cysts.cm·3 of 
surface sediment. 

This estimated inoculum requirement would mean excystment 
of a low proportion ( approximately one fifteenth) of cysts in 
surface sediments in the Aber Wrac'h in 1995, but a fairly high 
proportion (approximately one third) of cysts in the Penzé in 
1997. Mature Alexandrium minutum cysts, distinguishable by 
the presence of accumulation bodies and by the occurrence of 
the Brownian motion typically observed in mature 
dinoflagellate cysts (Dale, 1977), were, however, present in 
surface sediments of the Penzé estuary in 1997 through motile 
population development and decline in concentrations similar 
to those recorded prior to initiation of motile stages. These 
observations, together with the fact that cysts in the surface 
sediments form only part of the overall cyst population 
(Theobald, 1993, recorded viable A. minutum cysts down to 
depths of 24cm in the sediments of the Morlaix estuary) 
indicate that Q is also low for this species. This effect would 
seem to be due largely to environmental limitation of 
excystment (in accordance with the conclusion of Anderson et 
al., 1987, that the vast majority of cysts in most sediments will 
not germinate in a given year because of darkness or anaerobie 
inhibition), but an influence of genetic control of excystment 
cannot be excluded. Genetic limitation of Q can be 
conceptualised to be important when the suitability of the 
environment for the growth of the vegetative phase varies 
annually; excystment of the whole cyst population in a year 
when the vegetative phase is unable to succeed would lead to 
extinction. 

The low level of excystment required to seed Alexandrium 
minutum proliferations of bloom proportions, together with the 
apparent high life-span of cysts (as A. minutum did not bloom 
in the Aber Wrac'h between 1988 and 1995, the cysts which 
initiated the 1995 bloom are presumed to have been formed 7 
years previously), have important implications for the ability of 
this species to colonise and consolidate in environments which 
are periodically suitable for growth of the vegetative phase. 

Alexandrium minutum is potentially a very infectious species. 
From time to time, cysts must be redistributed by sediment 
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scouring and other processes, and redeposited elsewhere 
(Wyatt & Jenkinson, 1997). In the survey of A. minutum cyst 
distribution along the coast of Brittany, Erard-Le Denn et al. 
(1993) reported relatively high cyst concentrations in the Bay 
of Lannion, further west than any reports of A. minutum motile 
cells in the water column at that time, suggesting cyst transport 
is an important factor in the apparent westward spreading of 
the species. Molecular genetic analysis has confirmed that 
populations of A. minutum from sites around the north Brittany 
coast are ali of the same origin (Le Goc, 1998) The 
mucilaginous capsules with which Alexandrium cysts are 
invested may act to resist inadvertent redistribution by 
encouraging aggregate formation with heavier mineral particles 
(Wyatt & Jenkinson, 1997), the implication ofwhich would be 
that dispersal is not the primary ecological function of the cyst 
stage. While Wyatt & Jenkinson (1997) suggest that under 
normal circumstances it seems likely that cyst beds need years 
to accumulate, the relatively rapid spreading of A. minutum 
motile cell occurrences along the Brittany coast is perhaps a 
function of the low inoculation requirements, and hence low 
cyst density, which can initiate blooms of this species. 

After the first Alexandrium minutum bloom event, the long
term survival prospects of the species in an estuary are good. 
Cyst beds are potentially able to integrate multiannual 
fluctuations in the success of the vegetative phase (Dale, 1976). 
The results of the calculation suggest that many cysts are left 
ungerminated each year, even when there is a bloom event. If 
cyst recruitment is low in a given year due to failure of the 
motile phase, a residual reservoir of cysts is thus available for 
potential bloom initiation the subsequent year. 

Little information exists on the longevity of Alexandrium 
cysts. For a mixed assemblage including Alexandrium cysts in 
a Cape Cod salt pond, Keafer et al. (1992) concluded that cysts 
have halflives in the order of years to decades. For the related 
species Gonyaulax spinifera, cysts stored in the laboratory 
have been demonstrated to have a life-span of 5.5 years (Dale, 
1983). Cysts of the freshwater dinoflagellate Peridinium 
cinctum remained viable for 16.5 years in Lake Zurich (Huber 
& Nipkow, 1923). Wyatt & Jenkinson (1997) concluded that 
estimates of the length of viability of Alexahdrium cysts in 
excess of 10 years are not unreasonable. The inference in this 
study that A. minutum cysts remain viable for at least 7 years 
means this species is able to accommodate fluctuations in 
environmental suitability over time scales approaching 
decades. 

The low value of Q and the longevity of Alexandrium 
minutum cysts in Breton estuaries may be concluded to be the 
result of selection due to low bloom frequency. An increase in 
bloom frequency would theoretically select· for increased 
excystment efficiency and reduced cyst longevity. An increase 
in the annual success rate of the vegetative phase may in the 
long term, perhaps surprisingly, be the best chance of 
extinction of this species in the region; if there was a shift in 
dominance to a less long lived genotype with high Q, the 
length of time without a bloom required for extinction to occur 
would be reduced. Any change in genotypic frequency is 
likely, however, to be a slow process; the time scale of change 
depends on Q, even if the change in motile phase success rate 
is sudden or step-like (Wyatt & Jenkinson, 1997). 

In summary, Alexandrium minutum blooms in Breton waters 
are apparently initiated by in situ excystment of a low 
proportion (and low absolute quantity) of the cysts present in 
the fine sediments characteristic of the upper reaches of the 
estuaries of the region. Transport of cysts in coastal currents is 



presumably responsible for the initiation of these cyst beds and 
bence westward spreading of this species in Brittany, with in 
situ cyst production subsequently supplementing local cyst 
abundance. The magnitude and longevity of cyst beds, together 
with the fact that only a low proportion of the available cysts 
excyst each year, seem likely to ensure the continued 
importance of A. minutum in the phytoplankton of the estuaries 
of northem Brittany, and the potential for continued 
geographical spreading of this species is high. 

2. Population development and induction of sexuality 
Alexandrium minutum cysts in sediments live in a stable and 

predictable environment. The planktonic stage, in contrast, 
inhabits the relatively dynamic environment of estuarine 
waters. In order to successfully complete the life cycle, and 
bence ensure survival of the species, the primary function of 
the planktonic population could be considered to be the 
production of gametes at a time when they are likely to meet 
and mate. It is argued here that, when growth conditions 
permit, in order to fulfil this function the planktonic stage of A. 
minutum takes advantage of different aspects of the most 
predictable aspect of its environment, the tidal cycle, and that 
this exp lains the observation that A. minutum blooms in Breton 
estuaries are short-lived phenomena. 

In order to sustain bloom development, initiation of motile 
stages must be followed by environmental support, e.g., 
sufficient organic and inorganic nutrients, growth factors or 
conditioning agents, suitable temperature, salinity and light 
(Steidinger & Haddad, 1981). 

The development of Alexandrium minutum blooms in the 
Morlaix estuary between 1989 and 1994 was strongly 
correlated with periods of above average insolation and low 
river flow (Erard-Le Denn, 1997). During this period, and in 
the Aber Wrac'h in 1996, inoculum motile cell concentrations 
presumably a result of in situ excystment, were recorded i~ 
non-bloom years, indicating these environmental factors are 
important for the support of vegetative growth. The blooms in 
the Aber Wrac'h in 1995 and the Penzé in 1997 both followed 
periods of atypically warm and dry atmospheric conditions. 

These factors have both direct and indirect influences on 
phytoplankton growth and population development. The direct 
effects of water temperature on the rates of Alexandrium 
minutum asexual and sexual reproduction were demonstrated in 
culture experiments (Chapter 4, Section B1). The indirect 
effects concem the suitability of the physical environment for 
growth to occur. Many monospecific blooms appear to develop 
in a water mass that maintains its integrity for sorne period of 
time (Steidinger & Haddad, 1981). High water temperature and 
low river flow levels are conducive to the development of 
stratification in estuarine waters. Dinoflagellate blooms, 
including those of A. minutum (Delgado et al., 1990; Labib & 
Halim, 1995; Giacobbe et al., 1996), are often reported to 
coïncide with stratified conditions. Maguer et al. (1996) 
demonstrated the occurrence of marked temperature and 
salinity stratification during an A. minutum proliferation in July 
1995 in the Morlaix estuary. Stratification gives a competitive 
advantage to dinoflagellates in a number of ways. 
Dinoflagellate growth is inhibited by turbulence (Taylor, 
1987b ), and hence favoured under calm conditions. Whereas 
non-motile phytoplankton such as diatoms are likely to sink in 
stratified conditions, dinoflagellates are able to maintain their 
position in the water column relative to optimal growth 
conditions (Taylor, 1987b), this competitive advantage perhaps 
being further enhanced by consequent shading (Levandowsky 
& Kaneta, 1987). Under stratified conditions, the availability of 
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nutrients determines which motile phytoplankton species are 
likely to prosper. Red tide dinoflagellates dominate the low 
turbulence/high nutrient sector of the Margalef mandala 
(Margalef et al., 1979), a result of their high growth rate 
potential relative to other flagellates. The salinity range 
associated with A. minutum motile cell distributions in the Aber 
Wrac'h and the Penzé was 25-32, values within the optimum 
range for growth of this species (Erard-Le Denn, 1997), and 
similar to those reported for the majority of Alexandrium 
blooms (Anderson et al., 1983; Anderson & Stolzenbach, 
1985; Delgado et al., 1990; Franks & Anderson, 1992; 
Giacobbe et al., 1996). The concentrations of aqueous 
nutrients, and presumably other growth factors, in this zone, 
which represents the major part of upper estuarine waters 
(horizontal salinity gradients were very strong in the proximity 
of the fresh 1 saline water interface), were high due to the 
influence of anthropogenically enriched river water. 

The Alexandrium minutum populations reported in this study 
developed over a period in excess of 20 days, the survey 
periods therefore covering only the latter stages of bloom 
development. Leading up to peak cell abundances, the 
population densities increased dramatically (by a factor of 25 
in three days, and by a factor of 6 in two days, in the Aber 
Wrac'h and the Penzé blooms respectively). The maximum 
division rate of A. minutum vegetative cells is l.dai', 
indicating that these rapid increases in motile cell density must 
have been largely the result of mechanisms which act to 
concentrate cells. Such mechanisms may be active or passive, 
and are influenced by hydrographical factors. 

Many, perhaps most freshwater and marine free-living 
planktonic dinoflagellates tend to migrate up and down in the 
water column with a circadian rhythm, with, among other 
factors, phototaxis and geotaxis being invoked to explain the 
directionality of swimming behaviour, and a variety of physical 
and chemical factors regulating the extent of vertical 
movement (see Levandowsky & Kaneta, 1987, for a review of 
swimming behaviour and sensory responses in dinoflagellates). 
Vertical migratory behaviour in natural Alexandrium minutum 
populations has been suggested to be a phototactic response 
(Labib & Halim, 1995; Giacobbe et al., 1996), with cells able 
to cross steep temperature and salinity gradients (Labib & 
Halim, 1995). In calm, nutrient-rich waters, behaviour becomes 
the major determinant of dinoflagellate distribution, and fast 
swimming dinoflagellates, such as Alexandrium, being able to 
select the optimum growth environment in terms of light, 
temperature and salinity. Active (behavioural) accumulation of 
cells in estuaries will be highest at times of greatest water 
column stability, i.e. coïncident with strong stratification 
around neap tides. In common with the observations of Labib 
& Halim (1995), A. minutum did not appear to exhibit the 
surface avoidance phenomenon commonly observed in 
dinoflagellate blooms, including, for example, a proliferation 
of A. tamarense in a Cape Cod (USA) salt pond (Anderson & 
Stolzenbach, 1985). 

Active accumulation through behavioural responses may be 
enhanced by passive accumulation in the shear zones between 
water masses of different density. The high shear rates at the 
convergence of fresh river water and saline estuarine water 
present an effective barrier to the movement of cells (figure 5 .. 6 
overleaf). When density gradients are strong, high shear rates 
can occur without generating high levels of turbulence, and in 
this frontal zone, shear rates, and hence cell accumulation, are 
highest on spring tides; energy dissipation varies by a factor of 
about eight over the neap-spring tidal cycle (Wyatt & 



Jenkinson, 1997). 
Few estimates exist conceming the amplification potential of 

these concentration mechanisms. Wyatt & Jenkinson (1997) 
suggest that under normal circumstances a maximum 
concentration of two orders of magnitude, within the range 
estimated for the Alexandrium minutum blooms in this study, 
might be expected. Sorne dinoflagellate species may be able to 
reduce the mixing effects of turbulence, and hence enhance 
spatial cohesion, by secreting polymers which modify the 
rheological properties of seawater (Gentien, 1997), or by 
forming chains (Wyatt et al., 1993). Sorne Alexandrium species 
are chain formers, but this genus is not known to secrete 
exopolymers. 

Interestingly, the maximum population densities in the two 
blooms coincided with different phases of the tidal cycle; in the 
Aber Wrac'h in 1995 with spring tide (coefficient 86), in the 
Penzé in 1997 with the neap tide (coefficient 42). While the 
bloom in the Aber Wrac'h thus developed over one complete 
tidal cycle (spring-neap-spring), population development in the 
Penzé was oflonger duration (spring-neap-spring-neap). 

River 

Figure 5.6 Horizontal concentration of dinoflagellates at the 
boundary of a river, the denser water containing the cells 
(Taylor, 1987b). 

From the cell counts of the REPHY surveillance programme 
conducted by the IFREMER station at Concarneau, calculated 
cell specifie growth rate during the first 15 days of population 
development in the Aber Wrac'h in 1995 was 0.42.dai'· The 
Alexandrium minutum population in the estuary as a whole had 
evidently attained a sufficient density in the days preceding the 
spring tide for the combination of active and passive 
mechanisms described above to concentrate cells to bloom 
proportions on the spring tide itself. 

In the Penzé in 1997, assurning a similar initial inoculum 
concentration around the time of the spring tide, cell specifie 
growth rate was much lower, 0.18.dai1 over 9 days. If this 
estimation is accurate, the lower growth rate was most likely a 
consequence of direct or indirect effects of reduced 
temperature. The early aftemoon water temperature measured 
during the Aber Wrac'h bloom (>18.SOC) was approximately 
2-3°C higher than that measured in during the Penzé bloom, 
which occurred much earlier in the summer. Results from 
culture experiments indicate that at roughly equivalent nutrient 
concentrations, cell yield (and by implication growth rate) 
within the absolute temperature range between the two blooms 
(16°-18.5°C) would not be affected to such a degree as a result 
of direct temperature effects on growth alone. While it could 
thus be concluded that the temperature difference was more 
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important in terms of indirect effects on growth rates through 
influence on the extent of stratification, it should be 
remembered that laboratory-determined optima are only partly 
indicative of field success (Taylor, 1987b); natural populations 
do not experience the constant temperature and irradiance 
levels employed in culture experiments, and hence direct 
comparisons may be misleading. Altematively, it seems 
possible that the inoculum motile cell concentration may have 
been lower in the Penzé, since cyst abundance in surface 
sediments preceding the bloom was apparently lower, and as 
the water temperature around the proposed time of excystment 
would have been similar to the minimum temperature 
necessary for excystment in laboratory trials (16°C). 
Consequently, growth rates during the first complete tidal cycle 
could have been comparable with those measured in the Aber 
Wrac'h in 1995. Whether due to growth rate or inoculum 
concentration differences, the population density was evidently 
not of sufficient magnitude for bloom proportions to develop 
upon accumulation around the spring tide. A considerable 
degree of accumulation was apparent during this period, cell 
concentration rising from 3.5 x 103 to 423 x 103 cells.r' in two 
days, but since this observation is based on low sample 
coverage, the actual rate of accumulation cannot be accurately 
determined. Growth rate may have been limited to sorne extent 
as stratification was reduced and cells experienced greater 
turbulence around the time of the spring tide. Cells evidently 
remained viable, however, and presumably resumed rapid 
growth as stratification strengthened due to increasing 
temperatures and reduced tidal energy leading up to the 
following neap tide (the incrementai effects of asexual division 
and accumulation mechanisms are actually difficult to 
distinguish during this period). The population density 
developed to such an extent that bloom proportions were 
attained as active behavioural mechanisms tended to 
concentrate cells during the period of lowest tidal energy, and 
hence greatest stratification, on the neap tide. 

The growth rate during early population development in the 
Aber Wrac'h in 1995, possibly matched by that in the Penzé in 
1997, was slightly lower than the maximum exponential phase 
growth rate in batch culture (c 0.5.day-1

, Chapter 4), but the 
calculation does not take account of losses due to advection 
and grazing during population development. These processes 
were not specifically investigated in this study, but certain 
assumptions about their influence on Alexandrium minutum 
population development can be made. 

Advection of Alexandrium minutum cells from these estuaries 
is likely to be a function of tidal transport and vertical 
migratory behaviour. Vertical accumulation of individual cells 
may determine the horizontal distribution of the population as a 
whole. If cells aggregate at specifie depths, differentiai 
movement of water layers, in a 2-layer estuarine flow for 
example, can then selectively transport the populations 
horizontally. Anderson & Stolzenbach (1985) reported that A. 
tamarense avoids dispersal by flushing in an estuarine 
embayment by avoiding surface out-flowing layers on ebb 
tides. The authors calculated that if this species behaved like 
passive, neutrally buoyant particles, advective losses would 
have been in the order of 0.5.dai1

, but observed }osses were 
between 0.02 and 0.13.dai'· Selective retention mechanisms 
associated with vertical migratory behaviour have also been 
studied in detail for the dinoflagellates Gyrodinium uncatenum 
(Tyler et al., 1982), and Pyrodinium bahamense var. 
bahamense (Seliger et al., 1970). Very low A. minutum cell 
concentrations measured in the lower part of the Penzé estuary 



during boat transects in 1997 may be interpreted as being the 
resu1t of a similar behaviour-related retention mechanism in 
this species. The bathymetry of the Penzé estuary may also 
influence cell retention within the estuary. The underwater 
ridge which delimits the lower extent of the estuary must affect 
ebb-tide currents, and thus possibly facilitates the behaviour 
related avoidance of flushing. This hypothesis could indeed 
account for the observation that motile cell blooms in the Penzé 
have occurred more regularly than in the nearby Abers. Low 
levels of advective losses provide a further competitive 
advantage for dinoflagellate species, which may increase in 
abundance as non-motile phytoplankton are washed out at a 
high rate (Anderson & Stolzenbach, 1985). 

Dinoflagellates are subject to grazing pressure from 
protozooplankton ( ciliates, foraminiferans, radio larians, other 
flagellates or even heterotrophic dinoflagellates), 
metazooplankton ( copepods, fish larvae ), and fil ter-feeding 
macrobenthos (Taylor, 1987b). Grazing impacts are 
particularly difficult to estimate because of the spatial and 
temporal variability in the densities of both zooplankton and 
phytoplankton populations and the diel variability in grazing 
activity (Anderson et al., 1983). Under stratified conditions, 
concentration of motile phytoplankton in upper layers of the 
water column may minimise predation by benthic filter
feeders. Metazooplankton abundance was not determined in 
this study, but among the protozooplankton, the tintinnid 
Favella ehrenbergii, which was recorded at concentrations of2 
x 104 late in the development of each bloom, has been reported 
to feed on the related species Alexandrium tamarense (Stoecker 
et al., 1981). Anderson et al. (1983) showed a strong diel 
component in grazing rates of A. tamarense in an estuarine 
embayment, with rates as high as 10%.hour-1 at certain times of 
the day. 

Advection and particularly grazing may, therefore, inflict 
significant losses on Alexandrium minutum vegetative 
populations during bloom development. It follows that cell 
specifie growth rates under natural conditions are likely to have 
been similar to, or even higher than the maximum exponential 
phase rates measured in batch culture. The period over which 
A. minutum maintained these very high growth rates (the 2 
week period of population development in the Aber Wrac'h 
and possibly longer in the Penzé), was of greater duration than 
the exponential phase in nutrient-replete batch culture. 
Increased growth rates of natural populations relative to culture 
measurements have been suggested for other dinoflagellate 
species, including A. tamarense (Anderson et al., 1983), but in 
the present study the observation may be partly due to the 
difference in scale of population density. For logistical 
purposes, the inoculum concentration in batch cultures ( c 2 x 
106 cells.r1

) was similar to the final concentration in the period 
of bloom development under consideration. The density
dependent factors suggested to retard growth in the later stages 
of population development in batch culture would therefore not 
apply to growth under natural conditions. 

On the first day of each survey, when motile cell densities 
were 2 x 106 and 7 x 106 cells.r1 in the Aber Wrac'h and Penzé 
respectively, planozygotes formed a small percentage of the 
motile cell populations. Gamete formation and mating thus 
commenced in the relatively early stages of bloom 
development, while the majority of the population was 
presumably undergoing rapid asexual division. 

The estimation of the timing and extent of gamete mating by 
the calculation of the gamete index is complicated in natural 
populations by the influences of population concentration and 
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differentiai export of sexual reproductive stages. The relative 
contributions of asexual growth 1 mortality and concentration 1 
dispersal mechanisms to the evolution of population density 
during the later stages of bloom development and through 
decline are difficult to differentiate, but the extremely rapid 
density changes suggest the greater importance of the latter. 
For the purpose of calculation of the gamete index, it is 
presumed that temporal changes in population density through 
the survey period are exclusively the result of import/export 
mechanisms. Under these circumstances, absolute changes in 
planozygote abundance from day to day are not necessarily 
indicative of altering rates of sexual activity. It is thus 
necessary to convert absolute to relative values, in this case 
planozygotes.1 03 motile cens-]: 

Relative planozygote abundance (P0
) at time t = Pt x 1000 

Nt 

An allowance must be made for losses to planozygote 
abundance as a result of transformation to the hypnozygote 
cyst stage, and consequent settling to the sediment. The 
duration of the Alexandrium minutum planozygote stage is not 
known, but Figures 5.4a and 5.5a suggest that 3 days is a 
reasonable estimate based on the lag in each bloom between 
the major increase in planozygote concentration and the major 
increase in cyst abundance in surface sediments. This estimate 
is shorter than the 1 week duration of this life stage suggested 
for A. tamarense (Anderson et al., 1983). Assuming 100% 
transformation efficiency, relative cyst formation on a given 
day is equivalent to the relative number of planozygotes 
formed 3 days previously. Cumulative relative planozygote 
abundance, adjusted for losses due to cyst formation, can thus 
be calculated, and a daily value for new gametes.103 motile 
cens-] obtained from: 

Relative abundance of gametes (G0
) formed at time t 

= {2(Pot+2- pot+!)} 

The relative abundance can then be reconverted to an absolute 
value, which is related to absolute vegetative cell abundance by 
calculation of the gamete index: 

Attime t, G.I.(%)= 00 x (Ntf1000) x 100 
Nt- Pt- {(0.5GtjN1_J) x Nt} 

The calculation of this index in natural populations also rests 
on the assumption that motile sexual stages maintain spatial 
cohesion with the rest of the vegetative population. 
Observations of the swimming behaviour of Alexandrium 
minutum motile cells in culture revealed distinct differences 
between life cycle stages, planozygotes, and particularly fusing 
gametes, swimming at slower speeds and more erratically, and 
hence often being observed near the bottom of the culture 
vessel (Chapter 2). Conflicting evidence exists concerning the 
migratory capacity of dinoflagellate sexual stages under natural 
conditions. Late planozygote stages of Gyrodinium uncatenum 
in Chesapeake Bay (USA) did not exhibit the pronounced 
diurnal migratory pattern typical of vegetative cells, but instead 
remained associated with a particular water density (Tyler et 
al., 1982). In contrast, the migratory behaviour of A. tamarense 
planozygotes in a Massachusetts salt pond (USA) was the same 
as that of the population as a whole (Anderson & Stolzenbach, 
1985). Sample coverage in this study was not high enough to 
determine whether differentiai migratory patterns existed 
between reproductive stages, and hence it remains a possibility 
that this factor may introduce an additional loss term to 
planozygote abundance in natural surface water samples, 
leading to an underestimation of the gamete index. 

On the other hand, anything less than the assumed 100% 



efficiency of transformation of the planozygote to the non
motile hypnozygote stage would lead to an overestimation of 
cumulative planozygote abundance, and hence of the gamete 
index. The factors which may have been responsible for the 0% 
transformation efficiency of cultured Alexandrium minutum 
planozygotes were discussed in Chapter 2. High densities of 
newly formed cysts were recorded in surface sediments, but it 
is difficult to numerically relate measured planozygote and cyst 
abundances with any confidence, due to uncertainties about 
temporal, and therefore spatial, variability in cyst deposition, as 
weil as factors which may alter the distribution of surface cysts 
on short time-scales. Even the use of sediment trap data for 
quantitative analysis of cyst deposition rates has serious 
limitations in shallow sea areas (Ishigawa & Taniguchi, 1996). 

Bearing these potential error factors in mind, the gamete 
index suggests that gamete mating in the Aber Wrac'h 1995 
bloom mainly occurred in two short pulses, the first coinciding 
with maximum motile cell abundance on the 301

h July, the 
second 3 days later. Gamete mating in the Penzé in 1997 was 
of greater relative magnitude, and occurred mainly in a 2 day 
pulse up to and including the peak in bloom density on the 131

h 

June. In both cases the gamete index during mating pulses was 
considerably higher than the maximum values calculated for 
culture populations. 

Certain limitations are associated with drawing comparisons 
between physiological measurements of natural and culture 
populations. A natural mixed population includes organisms 
other than the experimental species as weil as organic debris, 
the contribution of which to the experimental variables in 
question must be considered. In this study, samples for 
intracellular nutrient analyses were prefiltered through 50f.tm 
mesh in order to screen out the larger organic particles which 
might be expected to have the greatest impact on overall 
measurements. The predominance of Alexandrium minutum in 
the <50f.tm size range (in terms of numbers and biomass) 
during the survey periods, particularly around the time of the 
peaks in bloom density, mean the measured physiological 
variables in most samples can be considered representative of 
this species. Reservations must exist, however, about the 
applicability of measurements from samples taken late in 
bloom decline to this comparative study. Caution must also be 
exercised when comparing culture populations grown under 
controlled environmental conditions and harvested at a set 
point in an invariant L:D cycle with natural populations which 
have developed in a constantly changing environment and have 
been sampled at variable times relative to the L:D cycle. Many 
intracellular constituents vary not only with nutrient supply, 
but also with fluctuations in temperature and light conditions, 
and following the cell cycle (significant changes in levels of 
individual amino acids, for example, can occur during a 
light/dark cycle; Flynn, 1990). 

In studies of sexuality and encystment of natural 
dinoflagellate populations, intracellular nutrient status has 
often been extrapolated on the basis of measurements of 
externat nutrient concentrations (e.g. Anderson et al., 1983), 
but the results of this study highlight the potential inaccuracies 
of such an approach. During gamete mating pulses in both 
blooms surveyed, externat phosphate levels were low, but 
externat N-nutrients, mainly in the form of nitrate, were 
plentiful. Intracellular levels of both P and N were, however, 
low, with cellular N in relative terms being typically nearer to 
the minimum levels measured in culture experiments. While 
phosphate thus appeared to be the nutrient in shortest supply, a 
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greater degree of intracellular N-stress accompanied gamete 
mating pulses. 

The interpretation of data from culture experiments did not 
preclude the existence of separate N- and P-related sexual 
induction pathways, but indicated that a possible mechanism 
linked to P physiology would be associated with cellular P 
levels falling to subsistence levels of c 17pg.cell-1 (Chapter 4). 
The lowest intracellular P concentration measured throughout 
either survey of natural populations was almost 16% higher 
than this potential threshold level, and during gamete mating 
pulses cellular P was between 26 and 60% higher. The 
induction of sexual stages in natural Alexandrium minutum 
populations was apparently not, therefore, directly linked to P 
physiology. 

During the main periods of transition to sexual reproduction 
in natural populations, intracellular N levels, and again 
particularly overall InAA concentrations (63.2-70.7mM), were 
within similar threshold ranges as those associated with 
sexuality in culture experiments. In both blooms, cellular N 
status was within or close to this threshold range from the start 
of the survey periods, before the major gamete formation 
pulses. Rather than necessarily concluding that gamete 
induction did not occur at this equivalent N status, however, 
this observation may be explained by consideration of an 
important question which arises from the bloom dynamics of 
Alexandrium minutum, that concerning the timing of gamete 
formation to coïncide with the concentration of the motile 
population, the time when the chance of gamete encounters is 
highest. 

The timing of gametogenesis to occur with spring or neap 
ti des is advantageous, since concentration of the population by 
the mechanisms outlined previously will reduce the distance 
between gametes, and hence potentially enhance the success of 
gamete mating. Wyatt & Jenkinson (1997) calculated that at 
concentrations of 102 

- 103 cells.mr1
, which are stated to be 

typical of those at which gametogenesis is observed in field 
and culture studies of Alexandrium, the characteristic time 
scale for fusion of gametes would be in the order of months, 
rather long since gametes are probably only abundant for a few 
days. Population densities during the main periods of gamete 
mating in both natural and cultured A. minutum populations 
were always higher (up to one and a half orders of magnitude 
greater) than those reported for other Alexandrium species 
(reviewed by Wyatt & Jenkinson, 1997), but the theoretical 
frequency of gamete encounters would seemingly still not be 
high enough to account for observed zygote abundance. Bulk 
population estimates do not, however, reveal spatial variance in 
cell numbers, and the critical cell density for high gamete 
encounter rates was presumably achieved within the highly 
concentrated streaks which were observed in natural 
populations of this species. There is no evidence to confirm or 
deny the hypothesis of Wyatt & Jenkinson (1997) that this 
super-concentration may be the result of intercellular signalling 
with directed swimming as a response, with Alexandrium 
toxins potentially acting as pheromones. The reduced scale of 
accumulation required to reach such densities in A. minutum 
populations, which grow and accumulate to concentrations 
atypically high for the Alexandrium genus, mean such a 
mechanism may not be necessary, small-scale variability in the 
vertical migratory and passive accumulation of cells potentially 
being sufficient to aggregate cells in these very dense streaks. 

Anderson et al. (1983), commenting on the observation that 
the first observation of Alexandrium tamarense sexual stages in 
New England salt ponds coincided with spring tides, stated that 



the possibility that sexuality was affected by a lunar cycle 
could not be ruled out. Lunar periodicities in gamete release 
have been observed in macroalgae, but in many such cases this 
gamete release appears to be related to tidal height rather than 
strictly to a lunar phase (Brawley & Johnson, 1992). The 
observation that A. minutum sexuality occurred on differing 
phases of the ti de in the two blooms studied seems to discount 
any direct influence of lunar rhythmicity in this species. 

Understanding of the metabolic responses to particular 
growth conditions, and the internai factors which promote 
sexuality in Alexandrium minutum, lead to potential 
explanations for the presence of gametes at the time when they 
are most likely to meet. Physiological nutrient stress occurred 
in batch culture populations undergoing rapid growth in the 
presence of excess external nutrients, and can be presumed to 
have occurred during rapid population growth in natural 
populations. While it is possible that once physiological 
nutrient stress has resulted in gamete formation, population 
growth ceases and high rates of gamete mating eventually 
occur when the population is concentrated above a threshold 
density, extrapolations based on the estimated growth rates 
together with the inference from culture experiments that A. 
minutum gamete formation is a reversible process, lead to an 
alternative hypothesis. The nutrient status of newly excysted A. 
minutum cells is not known, but nutrient uptake and storage has 
been inferred for planozygotes of A. tamarense (Anderson & 
Lindquist, 1985), and demonstrated for hypnozygote cysts of 
Scrippsiella trochoidea (Rengefors et al., 1996). Nutrient 
uptake rates of the developing vegetative populations cannot be 
accurately calculated, as cells are not confined to set parcels of 
water, and estuarine waters are subject to a variable degree of 
nutrient replenishment from river input and from sediments. 
Considering the highest cellular N content measured in culture 
experiments (445pgN.cell-1

), and the rate of decrease of 
internai nutrients during rapid growth in nutrient-replete batch 
culture (cellular N fell by an average of c 60pgN.celr1.day·1 

over a four day period), it follows that, in the Aber Wrac'h 
1995 bloom at least, physiological nutrient stress would have 
caused internai nutrient concentrations of natural populations 
to fall towards subsistence levels (c 70pgN.celr1

) after six or 
seven divisions, well within the two week period of population 
development. Following division, the N physiology of sorne 
cells would be within the range which promotes, among other 
metabolic responses, the activation of the pathway which 
enables the cell to act as a gamete. At this point, relatively 
early in population development (6/7 divisions with an 
inoculum of c 1 x 103 cells.r1 results in a concentration of 6.4 -
12.8 x 104cells.r1

, not accounting for losses, a factor of at least 
5 below the average cell density estimated in the previous 
section for the estuary as a who le), gamete encounters would 
be limited due to low cell concentrations. The N/InAA content 
of other cells may fall directly below this level during a 
division cycle, the results from culture experiments suggesting 
that gamete activity would be repressed 1 not activated. Unlike 
nutrient-limited batch culture conditions, the presence of 
excess external nutrients would allow alleviation of nutrient 
stress, and possibly the promotion of gamete activity during 
nutrient upshock. As internai nutrient concentrations reach '2S' 
levels, further division can occur, and the cycle continues. In 
the Penzé bloom in 1997, if growth rates are considered to have 
been equivalent to the Aber Wrac'h bloom, below threshold 
gamete densities would have limited gamete mating on the first 
concentration event around the spring ti de. If growth rates were 
lower, a lesser degree of physiological nutrient stress may have 
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meant that intracellular N/InAA concentrations had not fallen 
to the gamete inducing level by this time. The same process 
could subsequent! y have accounted for the presence of gametes 
as the population was concentrated leading up to the following 
neap tide. 

This hypothesis, which would account for the fact that 
cellular N status was within the proposed threshold range earl y 
in each survey without resulting in the predicted level of sexual 
induction, is diagrammatically illustrated in figure 5.7. 
According to this theory, population growth would not 
necessarily be limited by gamete formation, and the 
presence of gametes at the time when they have the best chance 
of mating, i.e. when the population becomes concentrated 
around the time of the high spring tide or low neap tide, would 
be ensured. Together, these conclusions would imply that the 
Alexandrium minutum motile phase is physiologically adapted 
to fulfil what could be considered to be its primary function, 
the production of hypnozygote cysts, in the shortest possible 
time under the prevailing environmental conditions. 

Considerable logistical difficulties would exist to 
experimentally test this hypothesis in situ. The low motile cell 
density throughout earl y bloom development would necessitate 
filtration of large volumes of water for intracellular nutrient 
analyses, and during this period the likely predominance of 
other species would render such measurements inaccurate. The 
inoculum concentration in nutrient-replete unialgal culture 
experiments would have to be much lower than in the present 
study in order to prolong the period of exponential growth 
before density-dependent factors halted population growth. In 
both cases, artificial concentration of living cells at various 
stages through population development in order to attempt to 
provoke gamete mating may prove informative. 

Certain deliberations on the general nature of the sexual 
response are worthy of mention at this point. Considered in its 
entirety, the weight of complementary evidence from culture 
experiments and natural surveys strongly indicates that sexual 
reproduction in Alexandrium minutum is linked to absolute 
cellular N status falling within a threshold range slightly above 
the subsistence level. Within this study, important variations in 
the relative magnitude of the sexual reproduction response 
were recorded, however, between natural and cultured 
populations of roughly the same absolute N status, differences 
for which both environmental and biological causative factors 
may be postulated. 

The relative rates of sexual reproduction were highest in 
natural populations, in which maximum cell densities during 
gamete mating pulses were also greater than in culture 
populations (table 5.1). Assuming random movement, the 
number of possible interactions between gametes will 
obviously be greater at higher cell density, and the recorded 
differences in sexual reproduction rates seem likely to be 
largely the result of a density-dependent effect. It must be 
remembered, however, that bulk estimates of population 
density do not reveal micro-scale characteristics of population 
distribution (in batch culture tubes, for example, a large 
proportion of the population was typically observed in dense 
concentrations at the medium: air interface), and that, according 
to the theory of Wyatt & Jenkinson (1997), gamete encounters 
may not be random occurrences, but rather dictated by 
intercellular signalling with directed swimming as a response. 
These factors would tend to reduce the actual differences in 
cell density during gamete mating pulses, an implication which 
promotes the search for alternative potential explanations 
which may have contributed to the variable rates of sexual 



Figure 5.7 Theoretical nutrient status and reproductive composition during population development. 
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Table 5.1 The range in motile cell density during main periods of gamete formation*, with relative extent of sexual response, 
internai and externat N measurements averaged during these periods in culture experiments and natural surveys (* the day of 
maximum G.I., and any days when G.I. was within 50% of this maximum value; in semi-continuous culture experiments the 
values are averaged over phase 2, the nutrient deplete phase). 

Max/min cell density G.I.(%) Cellular N InAA Gin: Glu C:N 
(x 103 cells.mr1

) (pg) (mM) 

Batch culture: 
N-limited 26.1 1 15.2 9.7 85.5 58.2 1.14 7.8 
P-limited 16.1 / 8.7 15.9 97 68.3 0.99 7.9 

Serni-continuous culture: 
N-limited 38.2 121.3 1.2 68.6 59.4 0.16 12.6 
P-limited 29.1 1 12.9 2.4 113 67.3 0.28 9.9 

NP-limited 25.5 1 8.3 1.3 75.7 38.6 0.02 13.0 

Natural populations: 
Aber Wrac'h 1995 56.3 128.4 42.5 106 70.0 0.27 6.7 

Penzé 1997 44.6/18.7 56.2 96.5 63.7 0.11 8.0 

reproduction. 
The C:N values averaged over gamete mating pulses (table 

5. 1) suggest an influence of C physiology (since N values were 
roughly equivalent) on rates of sexual reproduction. 
Specifically, it seems that when C and N physiology are 
roughly balanced (i.e. C:N ratio of 7), as during periods of 
gamete mating in batch culture and natural populations, the 
relative rate of sexuality is increased. The complexities of the 
relationship between C and N physiology, discussed in Chapter 
4, make direct conclusions about the relevance and possible 
nature of this effect di ffi cult to draw, but it may be ta ken as an 
indication of the fact that cellular physiological responses are 
influenced by the interrelated physiology of multiple cellular 
components. 

Overall metabolic state was suggested in Chapter 4 to 
influence the nature of the sexual response in culture 

experiments. Specifically, sexuality was apparently lirnited in 
semi-continuous culture populations, in which cells had had the 
opportunity to adapt their metabolism to nutri ent stressed 
conditions during extended periods of balanced growth. 
Natural populations underwent extended periods of rapid 
asexual growth preceding the onset of sexual reproduction, and 
thus can be considered to have experienced conditions which 
showed certain similarities to growth in both batch and semi
continuous culture. Given the greater similarity in the rates of 
asexual and sexual reproduction, the metabolic state in natural 
populations during gamete mating pulses might have been 
expected to more closely resemble that of batch than semi
continuous culture populations, but evidence from InAA 
composition (table 5.2), which reflects basic N metabolism, 
suggests the contrary. 

Table 5.2 Comparison of the concentrations (mM) of the main components of InAA during gamete mating pulses in culture 
and natural populations. 

Asp Glu Asn Ser Gin Gly Arg Thr A la Tau Met Leu Lys 

Batch culture: 
N-limited 3.0-4.5 5.8-7.9 2.1-3.9 2.5-4.1 7.1-9.3 3.2-3.4 3-0-3.8 1.8-2.6 4.8-5 .8 2.3-3.5 1.6-3.0 3.4-4.6 4.0-4.6 
P-1imited 3.1-3.8 6.1-7.6 2.4-3.0 2.9-3.9 6.8-8.0 2.3-3 .5 8.7-10.0 2.1-2.4 4.2-5.4 3.1-3.8 2.3-2.9 2.8-3 .8 3.3-4.7 

~emi-con culture: 
N-Iimited 3.7-5.0 8.7-10.6 1.2-3.5 5.2-7.4 0-0.8 2.4-4.4 0.7-2.2 2.0-3.5 7.2-9.2 6.9-9.4 0.8-1.6 2.1-4.2 3.3-4.4 
P-limited 1.9-3.1 8.8-9.5 1.8-2.2 9.0-10.8 1.0-2.0 2.7-3.5 10.0-11.7 2.1-2.8 10.6-11.3 4.5-4.9 0.5-1.1 2.2-3.1 1.4-1.8 

NP-limited 2.7-3.0 7.0-8.3 2.4-4.2 6.7-7.9 2.7-4.1 0.8-2.5 5.7-6.8 3.1-3.4 10.6-12.8 6.8-8.8 0-l.l 0-1.4 2.2-3 .8 

~atural pops: 
Aber Wrac'h 4.2-4.8 8.3-11 .6 1.3-2.1 7.6-9.5 2.7 4.0-5.3 2.6-4.2 2.1-3.3 12.4-13.2 2.7-3.9 0-1.1 1.4-1.9 3.4-5.0 

Penzé 7.0-8.7 8.5-8.8 0.6-1.5 6.8-8.3 0.9-1.0 5.6-7.6 4.9 1.1-1.2 15.4-17.1 0.5-2.4 0.8-1.5 0.7-2.1 1.2-1.4 

In natural populations, while the concentration of certain 
components of InAA during gamete mating showed greater 
similarity to batch cultured ce Ils ( e.g. low Tau concentrations), 
lnAA composition more close! y resembled that of cells grown 
in semi-continuous cultures, most notably the concentrations 
of Ser, Ala and Glu being high, and Gin and Leu low. These 

latter responses may thus be characteristic of adaptation to 
prolonged growth un der conditions of internai nutrient stress in 
this species, irrespective of the actual growth rate. 
Comparisons involving natural populations, which were 
sampled at varying times relative to the L:D cycle, are 
obscured, however, by the fact that the concentration of many 
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amino acids are known to fluctuate diurnally, reflecting effects 
on metabolic processes of fluctuating environmental 
parameters and cell cycle progression (Flynn, 1990). 

Absolute concentrations of Gln and Glu are less susceptible to 
temporal changes when N supply remains constant, due to their 
role in primary N assimilation within the cell, and the Gln:Glu 
ratio thus gives an independent measure of C:N status (at least 
in the light phase of growth) with which to compare cells 
grown under different conditions of illumination and nutrient 
type and concentration (Flynn, 1990). The decreased Gln:Glu 
ratio during gamete pulses in natural relative to batch culture 
populations (table 5.1), both ofwhich had recently experienced 
high growth rates, may be concluded to be a result of the 
internai N stress associated with continued growth after cellular 
N reserves had become depleted to low levels. The Gln:Glu 
ratio, a biochemical marker which is accepted to accurately 
reflect the N status of microalgal cells under most conditions, 
cannot be applied as an indicator of the occurrence of gamete 
formation in Alexandrium minutum, despite the fact that sexual 
induction has been concluded to be closely linked to absolute N 
status. 

The overall picture is of sexuality occurring at different rates 
in cells with the same absolute N status, but varying overall 
metabolic state. While the trigger for sexual reproduction is 
associated with a particular aspect of absolute internai nutrient 
status, the overall metabolic condition of the cell may thus 
determine the competence to respond. It appears that sorne 
aspect of the metabolic state associated with high growth may 
be a requirement for high rates of sexual reproduction to occur, 
but the complex nature of cellular metabolic interactions seems 
likely to hinder attempts at definition of any such association. 
For this species, measurements of absolute N status can be 
concluded to be the best indicator of the possibility for sexual 
reproduction to occur, while a general understanding of the 
growth history which promoted this N status, together with 
consideration of density-dependent effects, may assist 
prediction of the magnitude of the sexual response. 

3. Population decline 
Following the peak in motile cell abundance, population 

decline was rapid, despite dissolved nutrient availability, and 
temperature and light conditions apparently suitable for 
continued vegetative growth. The factors considered to 
contribute to bloom decline include physical dispersion, 
grazing, parasitism, and encystment which follows the 
transition from asexual to sexual reproduction. 

Physical dispersion 
Once the integrity of a stable water mass in which a bloom 

has developed is disrupted, dilution and mixing may cause 
dispersal of the concentrated population. In estuaries, factors 
which may compromise stratification include increases in 
wind, river flow, and tidal currents. The disappearance of 
surface dinoflagellate blooms is most frequently the result of a 
meteorological change from the warm, sunny conditions which 
permitted their aggregation, to turbulent dispersal, flushing of 
the area and general rapid change due to mixing (Taylor, 
1987b). Water column destabilisation as a result of wind
induced mixing has been reported as being responsible for the 
dissipation of Alexandrium minutum blooms in Spanish and 
Egyptian coastal waters (Delgado et al., 1990, Labib & Halim, 
1995, respectively). Weather conditions during the initial 
stages of decline of both the Aber Wrac'h and Penzé blooms 
remained calm, significant rainfall events first occurring in 
both cases several days after the bloom peak, when population 
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densities had already declined to low levels. Under such calm 
atmospheric conditions, increasing water current velocities 
associated with greater tidal movement towards spring tides 
can be concluded to have resulted in the greatest negative 
impact on stratification, but rather than causing dispersion, the 
increased tidal energy evidently lead to the aggregation of 
populations near the frontal zone between estuarine and river 
water by the passive accumulation mechanism described in the 
previous section. Physical dispersion may, in fact, be greatest 
in between the extremes in tidal range, a time when both active 
and passive accumulation mechanisms may be considered sub
optimal. The fact that the decline of the two populations 
coincided precisely with opposing tidal phases, and occurred 
rapidly, in both cases largely under calm atmospheric 
conditions, indicates that physical dispersion was not a major 
factor in bloom dispersal. 

Grazing 
Grazing was suggested to have potentially had a significant 

impact on the development of the Alexandrium minutum 
blooms monitored in this study, but the effects on bloom 
decline were probably not so important. Grazing by 
zooplankton, particularly tintinnid ciliates, has been reported to 
hasten the decline of blooms of Gonyaulax polyedra off 
southern California (Eppley & Harrison, 1975), and of A. 
catenella off eastern USA and Canada (Stoecker et al., 1981). 
As previously discussed, grazing rates are difficult to 
determine due to spatial and temporal variability in the 
abundance of predator and prey, but the relative effect of 
grazing is concluded to be reduced at higher A. minutum 
densities for a number of reasons. In this study certain tintinnid 
species were present in low, and fairly constant abundance in 
all samples throughout bloom development and decline ( e.g. 
Favella ehrenbergii <50.mr'). The fact that the abundance of 
potential zooplankton predators apparently did not react within 
the short time scale of the A. minutum blooms means that the 
relative grazing impact was lowest at the time of the peaks in 
A. minutum population density. Such lag periods between 
increases in phytoplankton and zooplankton abundance are 
often reported ( e.g. Carlotti & Radach, 1996). In dense 
microalgal concentrations, the release of metabolites may 
discourage zooplankton, and contact of sensory appendages 
with too high a particle density may cause avoidance, with 
feeding from the edge of the bloom (Taylor, 1987b). In 
addition, bioluminescent species appear to discourage 
predation by their flashing in response to vibration, as 
demonstrated for a number of Alexandrium species, including 
A. tamarense (White, 1979). Certain benthic predators also 
seem to protect themselves from toxic poisoning by reducing 
filtration rates (Hay, 1996). The combination of these factors 
leads to the conclusion that grazing was unlikely to have 
substantially contributed to the rapid decline of the A. minutum 
blooms surveyed in this study. 

Parasitism 
Parasites may have a dramatic effect on the population 

dynamics ofphytoplankton (Honjo, 1992; Suttle, 1994; Kim et 
al. 1998), but this aspect of phytoplankton ecology has often 
been neglected (Elbrachter & Schnepf, 1998). The occurrence 
of microparasites in marine waters has been known for many 
years (Charton, 1920; Spencer, 1955; Cachou & Cachou, 
1987), and parasites have been observed to infect all major 
microalgal classes. Parasites of phytoplankton be long to many 
different taxonomie groups, including bacteria, viroses, fungi 
and other protists. Reports of parasitism on dinoflagellates are 



relatively scarce. Yoshinaga et al. (1995) enumerated bacteria 
which inhibited the growth of the dinoflagellate Gymnodinium 
mikimotoi. Certain dinoflagellate species themselves are known 
to be parasites of other dinoflagellates. Species of the genus 
Amoebophrya, for example, have been observed to infect 
populations of Alexandrium catenella (Wakeman & Nishitani, 
1982), Scrippsiella sp. and Dinophysis norvegica (Fritz & 
Nass, 1992), Gymnodinium sanguineum, Gyrodinium 
uncatenum and S. trochoidea (Coats et al., 1996). 

The morphology, life-cycle, and infection characteristics of a 
parasite of Alexandrium minutum, discovered during the course 
of this study in stored field samples from the Penzé bloom in 
1997, have recently been described (Erard-Le Denn et al., 
1999). Unfixed live water samples from the Penzé bloom were 
stored at 4 °C in the dark in order to obtain living hypnozygote 
cysts for future experimental purposes. When these samples 
were observed, approximately two months after collection, no 
motile cells remained, and amongst the distinctive oval A. 
minutum hypnozygotes, many spherical black 'cysts', often 
enclosed within the remains of an A. minutum vegetative cell 
wall, were observed (figure 5.8). Within minutes the contents 
of these cysts were observed to commence moving rapidly, and 
soon afterwards many small flagellated cells were discharged 
through newly opened apertures in the 'cyst' wall. The fact that 
these cysts were actually the transformation of A. minutum 
cells infected by the parasite was confirmed when identical 
dark cysts were formed within lysed A. minutum cells 48 hours 
after 2ml of water containing newly released flagellate stages 
was inoculated into a 1 OOml batch culture of A. minutum. 

Further experimentation revealed that the infection efficiency 
of this parasite on Alexandrium minutum was very high; one 
week after 2ml of water containing newly released flagellate 
stages was inoculated into a 1 OOml stationary phase batch 
culture, 66% of cells were visibly infected (the first infected 
cells were observed 24 hours after inoculation). The infection 
efficiency in an exponential phase A. minutum culture was 
lower (27% after one week). The parasitic organism was also 
capable of infecting, with relatively reduced efficiencies, all 
other dinoflagellate species tested (A. tamarense, A. fundyense, 
Scrippsiella trochoidea and Gymnodinium mikimotoi), but not 
the raphidophyte Heterosigma akashiwa, or the diatoms 
Skeletonenum costatum or Chaetoceros gracile (Erard-Le Denn 
et al., 1999). 

The life cycle of the parasite includes two distinct phases: a 
free living (zoospore) phase and an intracellular (trophont) 
parasitic phase (Erard-Le Denn et al., 1999). 

The first stage which has been observed within the cytoplasm 
of the host cell is a small spherical dark cyst with an obvious 
cell wall, considered as the young trophont (feeding) stage. By 
this point, the host cell has lost its motility and is probably 
dead. The trophont rapidly enlarges to fill the host cell, which, 
in most cases, eventually lyses. The cell wall of the mature 
trophont is covered with small processes acting as suckers on 
the host cytoplasm (figure 5.9A-B). Structural rearrangements 
within the parasite cell accompany the end of the feeding phase 
and the start of the reproductive one. 

Sporogenesis is rapid, the density and dark col our of the non
mature zoospores within the cyst wall obscuring their 
individual identification under the light microscope. This 
'sporocyst' is the dormant phase of the parasitic life cycle. 

A change in environmental conditions appears to be a 
prerequisite for the breaking of sporocyst dormancy. A short 
time ( < 15 minutes) after dormant sporocysts are exposed to 
intense light (and increased temperature) on the microscope 
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stage, the zoospores within the sporocyst become active. After 
several minutes of rapid movement within the sporocyst, 
numerous zoospores are discharged through one, two or three 
newly opened apertures in the cyst wall. The zoospores 
emerging from the host swim off with a jerky movement, and, 
after their expulsion, a relatively large oval shaped vacuole or 
lipid drop with Brownian movement can been seen within the 
empty cyst wall. 

The number of trophonts/sporocysts within a host cell, the 
ultimate size of the sporocyst, and the total number of 
zoospores depend on the host cell size. Parasitised 
Alexandrium minutum cells nearly always contain only one 
sporocyst, with approximately 100 zoospores ( counted on 
video images under slow motion). The larger A. tamarense cell 
can host one to three, and occasionally four sporocysts, which 
may hold more than 200 zoospores, while the single small 
sporocyst in Gymnodinium mikimotoi cells contains relatively 
few zoospores. 

The motile zoospores of the parasite are very small ( ~ 2 r.tm), 
somewhat elongated, contain a dense body and display two 
unequal flagella (figure 5.9C). The shorter is 2.6 r.tm long and 
acronemated, and the longer is 15 r.tm long and bears very thin 
hairs. The longevity of the zoospore stage has not been 
accurately determined, but is at least 24 hours. 

At present, the processes by which the motile flagellate stage 
locates and enters the host are unknown. The fact that this 
parasite is relatively specifie to dinoflagellates suggests entry 
may be associated with a feature specifie to this taxon, perhaps 
through a thecal pore (flagellar or apical). Interestingly, the 
naked dinoflagellate, Gymnodinium mikimotoi showed the 
lowest infection rate, perhaps indicating that zoospore 
penetration is related to the presence/absence ofthecal plates. 

Zoospores ensure the dispersal of the species and are 
responsible for new host infection. In batch culture conditions 
the parasite is capable of a very high efficiency of host 
infection, and the maturation period of the intracellular stage of 
this organism is very short. Under natural conditions, the 
parasite may, therefore, be expected to be capable of 
devastating epidemie outbreaks. There was no evidence, 
however, of such an impact on the Alexandrium minutum 
population in the Penzé estuary. Observations of live water 
column and sediment surface samples throughout the bloom 
period did not indicate noticeable levels of parasitic infection, 
although the existence of this organism was not known at the 
time. Subsequent re-examination of fixed samples confirmed 
these observations. The dormancy period of the sporocyst 
and/or the requirement for a change in environmental 
conditions to break dormancy may prevent the parasite 
population developing to epidemie proportions when host 
abundance is temporally limited as in A. minutum blooms in 
Breton waters. The fact that infection efficiency was reduced in 
culture populations in rapid growth relative to stationary phase 
may also be significant in the context of the natural population. 
While this parasite may have a greater impact on blooms of 
dinoflagellate species which develop over a longer period ( e.g. 
A. tamarense), the preliminary conclusion, pending future real 
time in situ studies, is that the effect of this organism on the 
decline of the Penzé A. minutum bloom was negligible. 

The precise classification of this organism, which belongs to a 
new genus and species, has not yet been elucidated. 
Preliminary morphological and life history observations 
suggest affiliations with sorne members of the phylum 
Apicomplexa (Vivier & Desportes, 1989), the life-cycles of 
which are characterised by an infective motile form, followed 



Figure 5.8 Alexandrium minutum cells infected by the parasite: (A) a dark sporocyst containing zoospores · (B) an 
empty sporocyst (from video, LMx200). 

B 
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Figure 5.9 Drawings of the parasite from SEM and TEM micrographs: (A) sporocyst with two holes allowing the 
discharge of zoospores; (B) detail of cyst wall covered with small processes; (C) a zoospore with two unequal flagella 
(the short one naked with thin hair-point-acronema, the longer one with delicate hairs). 
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by a growth stage inside the host cell with symbiotrophic 
nutrition, and, as in the present case, sporogenesis producing 
zoospores. The apicomplexan group, which is closely related to 
dinoflagellates (Barta et al., 1991), contains the parasites which 
cause the dis.eases malaria, toxoplasmosis, cryptosporidiosis 
and coccidiosis. The parasite also has certain similarities to 
Perkinsus, a genus which was formerly included in the 
apicomplexan group, until recent molecular phylogenetic 
analyses proved an even closer relationship to dinoflagellates 
(Goggin et al., 1993; Flores et al., 1996; Siddall et al., 1997). 
Perkinsus marinus is a parasite of the oyster Crassostrea 
virginica, which has had a severe impact on the oyster 
populations of the east coast of the U.S.A. (Perkins, 1996). 
This species was introduced into the Massachusetts area from 
oysters transported from the mid-Atlantic region, raising the 
possibility that the Alexandrium minutum parasite could be a 
non-native introduced species. 

Ultrastructural and molecular genetic data, necessary to 
properly assign this parasite to its taxonomie entity, are the 
subject of continuing research. The provisional name given to 
the organism is 'Alexandrium parasite 97'. 

Sexuality 
Several studies of natural dinoflagellate proliferations 

mention the occurrence of sexual stages associated with 
population decline, and while sorne authors have concluded 
that mass encystment events are the primary cause of the 
disappearance ofmotile cell populations (e.g. Heiskanen, 1993; 
lshikawa & Taniguchi, 1996), quantitative estimations of the 
contribution of the sexual process to bloom decline have rarely 
been made. Anderson et al. (1983) reported that over one-third 
of Alexandrium tamarense cells in each of three Cape Cod salt 
ponds were planozygotes as the bloom maxima approached, 
and extrapolated loss rates to the sediment of 6%.day"1 of the 
total populations. Takeuchi et al. (1995) recorded a similar 
proportion of planozygotes (approximately 30%) late in an A. 
catanella bloom Tanabe Bay, Japan, as did Tyler et al. (1982) 
for a bloom of Gyrodinium uncatenum in the Potomac estuary 
(USA). Anderson (1998) points out that these values 
underestimate the total percentage of cells which become cysts, 
since the dynamic nature of the zygote sub-population 
(progressive transformation of planozygotes to cysts, and 
formation of new planozygotes) is not taken into account. The 
same author concludes that the estimates do suggest that a large 
fraction of the bloom population encysts, and thus that bloom 
decline may be linked more to life cycle transitions than to 
grazing or other losses. 

Planozygotes formed maximum proportions of 16% and 47% 
of motile cell concentrations around the times of bloom 
maxima in the Aber Wrac'h and Penzé surveys respectively. 
These values, together with the observation of high 
concentrations of newly formed hypnozygote cysts in the 
sediments within days of the rapid decline in motile cell 
density in both blooms, highlight the important role played by 
the sexual process in contributing to bloom decline, but certain 
factors complicate accurate quantification of this effect. 

Culture experiments present a closed system, within which 
the number of zygotes formed can be definitively related to the 
motile cell concentration through calculation of the zygote 
efficiency (Chapter 4). In field studies of natural populations, 
to all intents and purposes open systems, important limitations 
accompany attempts to make such correlations, not least of 
which is the problem of relating measurements of cyst 
abundance in sediments with those of motile cell concentration 
in the water column. Tyler et al. (1982) described the 

relationship between hydrography and Gyrodinium uncatenum 
cyst deposition in the Potomac estuary, showing that the 
pycnocline served as a 'conveyer belt' along which surface 
organisms were transported to a benthic destination. Cyst 
distribution was thus largely delimited by the boundaries of 
frontal oscillations, but, even within this zone, cyst abundance 
ranged over three orders of magnitude, dependent particularly 
on small scale bathymetrie features. Cyst deposition is thus a 
function of a combination of complex hydrological and 
biological factors which vary through time, and cyst 
abundances at a particular location cannot confidently be 
related to a 'snap shot' of motile cell abundance in the water 

· column overlying this sampling site. 
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Gross estimates of the proportions of the Alexandrium 
minutum populations which encysted in the present study can 
be made using the maximum measured cyst abundances in 
each survey (20.77 x 103 and 1.66 x 103 cysts.cm·2 in the Aber 
Wrac'h and Penzé surveys respectively), and the estimations 
employed in the previous section about average maximum 
motile cell density (5.62 x 105 cells.r1

) and estuarine 
dimensions (5km long x 30m wide x 5m deep). According to 
these dimensions, every cm2 of sediment is covered, on 
average, by 500ml of water, leading to the calculation that 
7.4% of the population in the Aber Wrac'h, and 0.6% in the 
Penzé formed cysts. Taking into account the fact that each cyst 
is the product of the fusion of two gametes, these values 
(14.8% of the population in the Aber Wrac'h, and 1.2% in the 
Penzé undergoing successful sexual reproduction) still seem 
low when the proportions of the populations as planozygotes 
around the time of the peaks in bloom density are considered. 
This observation may be concluded to indicate low 
planozygote to hypnozygote transformation efficiency under 
natural conditions, but is more likely due to the highly 
conjectural nature of this calculation, and may also reflect the 
problems discussed above associated with attempting to relate 
the se loosely connected parameters. 

The order of magnitude difference in maximum cyst 
abundances recorded between the two blooms is apparently not 
an artefact of the differing enumeration techniques; the density 
centrifugation technique employed in the Aber Wrac'h survey 
is thought, if anything, to underestimate cyst abundance 
(Yamaguchi et al., 1995). In the Aber Wrac'h survey, the 
sediment sampling site was close to the buttress of the Paluden 
bridge, an area of locally reduced water flow which is a clear 
potential high accumulation zone for suspended particles. This 
probable example of the patchy nature of cyst deposition 
highlights the need for greater spatial and temporal sediment 
sampling coverage, potentially including the use of sediment 
traps, in order to be able to use cyst abundances as an accurate 
measure of the relative magnitude of sexual reproduction 
within a natural population. 

The enumeration on relatively short time scales of the 
evolution of the life stage composition of natural Alexandium 
minutum motile cell populations in this study permits a more 
comprehensive quantification of the importance of sexual 
reproduction in bloom decline than ever previously reported. 
The informed estimations of the average duration of different 
sexual life cycle stages of A. minutum made in the course of 
this study (2 days for gamete fusion, and 3 days for the 
transformation of planozygote to hypnozygote) mean the 
dynamics of the zygote population can be extrapolated from 
day to day planozygote counts. Among the limitations when 
attempting to quantify the effect of sexual reproduction in 
natural surveys is the unknown relative contribution to overall 



motile cell population concentration of vegetative growth and 
concentration 1 dispersal mechanisms. As in the estimation of 
the gamete index, the effects of asexual division, dispersal, and 
grazing are discounted for the purposes of the following 
calculations, and 100% transformation efficiencies between 
sexual life stages are assumed. The relative number of 
planozygotes formed each day, the calculation of which 
incorporated assumed losses to the sediment, was used as the 
basis for the calculation of the gamete index. The sum of the 
percentages of new planozygotes formed each day gives an 
idea of the total percentage of the original (and, according to 
the assumption, static in terms of asexual growth) vegetative 
cell population which formed planozygotes. Adjustments must 
again be made, however, for the effect of cyst formation (if, for 
example, 50% of the motile cell population on the last day of 
the survey, by which time 90% of the original population had 
been lost to the sediment as cysts, formed new planozygotes, 
this value would only be representative of 5% of the original 
population). The percentage of the original motile cell 
population which remains (a) on any given day of the surveys 
is calculated by: 

at = at-I- bt-3 
where b is the percentage value of new planozygotes formed_ 
Losses to the sediment of planozygotes formed 3 days 
previously are thus accounted for (on day 1 of each survey a = 
100). The new planozygotes formed each day as a function of 
the original population ( c) is thus: 

c=bxa/100 

Adding the values for c over the time-course of the surveys, it 
is estimated that planozygotes formed 37.7% of the motile cell 
population in the Aber Wrac'h and 52.2% in the Penzé. 

The difficulty in distinguishing dinoflagellate gametes from 
vegetative cells means gametes have never been enumerated in 
field studies of dinoflagellate proliferations. In this study the 
dynamics of the gamete sub-population have been estimated, 
and a calculation similar to that of planozygote formation 
relative to the original motile cell population can be made (in 
the case of gametes at= at-I- bt_2, substituting the percentage of 
new gametes formed for new planozygotes in the value of b, 
and thus accounting for the estimation that the duration of the 
gamete phase is 2 days, rather than the 3 day duration of the 
planozygote phase). lt is thus estimated that 58.8% of the Aber 
Wrac'h vegetative cell population, and 93.6% of the population 
in the Penzé survey underwent sexual reproduction. 

Before commenting on the significance of these estimations, 
the accuracy of the assumptions involved in the calculations 
should be considered. The reasons for presuming the 
predominance of concentration mechanisms in causing the 
measured increments in motile cell density during population 
development were outlined in the previous section (D2), but it 
is likely that asexual division did to sorne extent contribute to 
these increases (the co-occurrence of asexual and sexual 
reproduction within a population was demonstrated in batch 
culture experiments). Any such contribution would lead to 
overestimation of the proportion of the population undergoing 
sexual reproduction ( doubling of the population due to asexual 
division, particularly early in the survey periods, would mean 
the proportions were overestimated by roughly a factor of 2). 
Although logistically difficult, higher temporal resolution 
monitoring of a natural population for signs of asexual division 
during the lead up to peak in cell density, particularly late in 
the dark period when phased cell division would be expected to 
occur, may help to resolve this uncertainty. 
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Negative impacts on the vegetative population through 
advective dispersal and grazing would have the opposite effect, 
but the elucidation of these processes would again require 
specifically targeted high resolution sampling strategies. The 
estimation of gamete abundance is implicitly based on the 
assumption of 100% transformation efficiency of fusing 
gametes to planozygotes. In the laboratory, a small proportion 
of fusing gamete pairs were observed to become blocked in this 
phase, a phenomenon which, if mirrored in natural populations, 
would mean underestimation of the relative magnitude of 
gamete occurrence. 

Awaiting detailed investigations of the relative impact of the 
potential error factors, these calculations can be concluded to 
reflect accurately the actual proportion of each natural 
population which underwent sexual reproduction. For the sake 
of precision, future citation of these estimations should include 
reference to the nature and admissibility of the assumptions 
involved. 

The rapid decline of Alexandrium minutum blooms can thus 
be concluded to be largely the result of life cycle transitions, 
the majority of the vegetative population in each bloom 
forming gametes. The remarkably high percentage of the 
population estimated to have transferred to sexual reproduction 
in the Penzé survey a matter of only 2-3 weeks after the 
presumed first appearance of motile cells in the water column 
is testament to the conjecture that, for this species under these 
particular conditions at least, the production of cysts can be 
considered the primary function of the planktonic phase. 

From the values of relative magnitude of sexuality, the 
number of cysts ultimately formed from each newly excysted 
inoculum cell can be calculated. Taking 1000 cells.r1 as a 
generous estimate of the inoculum motile cell concentration (an 
inoculum of 26 cells.r1 was considered in section Dl to be 
sufficient to seed the blooms monitored in this study), and the 
estimated maximum motile cell density averaged over the 
estuary (5.62 x 105 cells.r1

), approximately 9 divisions are 
inferred through the course of population development. Each 
original cell thus formed 512 cells through asexual division. On 
average between the two surveys, 76.2% of vegetative cells 
became gametes, and assuming 100% success of fusion and 
transformation of planozygote to cyst, each cell thus produced 
195 cysts. This value is within the range 50-500 
cysts.germinated cen-I hypothesised for Alexandrium by Wyatt 
& Jenkinson (1997), but much higher than ratio of9 cysts.cell-1 

actually measured by Ishikawa & Taniguchi (1996) for 
Scrippsiella spp. High cyst deposition relative to excystment 
rates provides insurance against failure of the planktonic phase, 
particularly when cyst longevity is high, and hence can be 
considered an adaptive strategy in areas where the environment 
is only periodically suitable for growth of the motile cell 
population. 
It is perhaps not a coïncidence that a smaller proportion of the 

population is estimated to have transferred to sexual 
reproduction in the Aber Wrac'h survey, in which bloom 
decline roughly coincided with time of the spring tide when 
tidal energy was maximal. The passive concentration of the 
population assumed to have taken place at this time was of 
greater magnitude than the active concentration on the neap 
tide in the Penzé population, but the higher energy environment 
may have inhibited the sexual process to a certain degree, 
probably during early gamete attachment. While the effects of 
alternative factors cannot thus be ignored, the conclusion from 
this study is that sexual reproduction was the dominant factor 
in bloom decline. 



E. Culture experiments with natural populations 
1. Introduction 

Laboratory batch experiments using procedures similar to 
those used for cultured Alexandrium minutum populations 
(Chapter 4) were conducted with a natural mixed 
phytoplankton assemblage collected during the Penzé bloom in 
1997. These experiments were intended to address sorne of the 
limitations involved with using unialgal cultures (factors 
related to the possible effects of long term culture on cell 
physiology, for example ), and with in situ surveys of natural 
populations (the logistical impossibility of following the 
development of the algal population within a discrete small
scale water parcel, problems associated with variable sampling 
times relative to the L:D cycle, etc.). Specifically, this part of 
the study was designed to investigate whether the reproductive 
response observed in situ (i.e. large scale transformation of the 
A. minutum population from asexual to sexual reproduction, 
and subsequent encystment) would be mirrored under culture 
conditions, and whether this response would be affected by 
controlled addition of externat nutrients, and bence 
manipulation of internai nutrient physiology. 

2. Methods 

The inoculum 
The inoculum for batch and semi-continuous experiments was 

collected during the Penzé survey on the l21
h June 1997 (the 

second day of the survey, and the day before the peak in 
Alexandrium minutum motile cell density). Mid-stream surface 
water from the perceived centre of the bloom, sampled with a 
dean five litre polycarbonate carboy, was transported to the 
laboratory in a cool-box. Experiments were initiated 
immediately on retum to the laboratory. Prior to inoculation, 
the sample was gently homogenised by inverting the carboy 
several times. A sub-sample was immediately taken (day 0) for 
cell enumeration and sizing, and filtration conducted for 
subsequent determination of aqueous nutrients (nitrate, 
ammonium, and phosphate), and of intracellular nutrient 
concentrations (CHN, P, and InAA) by the methods described 
in Chapter 3. Ali cells >2J.lm were classed as either A. minutum 
(hypnozygotes were also enumerated), other dinoflagellates, 
diatoms, or other species. A. minutum was strongly dominant in 
the inoculum sample, constituting 97.2% of cells >2J.lm. 

Batch culture protocol 
In batch experiments, SOOml of the natural mixed population 

was inoculated into each of three ultra-dean sterile 1 litre 
spherical glass flasks. The first control culture (A) received no 
additions, while the second (B) received inorganic nutrient 
additions (nitrate, ammonium, and phosphate) equivalent to 
K/4 concentrations, and the third (C) K concentrations of the 
same nutrients. All flasks were maintained at l6°C (roughly 
equivalent to the water temperature at the time of sampling) 
and 1SOJ.1E.m·2.s·' under a 14:10 L:D cycle. Sampling of each 
flask was conducted 6 hours into the light phase on days 2, S, 
8, and Il after inoculation. The flasks were gently swirled prior 
to sub-samples being removed with a sterile single-use plastic 
pipette, the sample processing procedure being as described 
above. 

Data analysis 
The calculation of the amount of new planozygotes formed 

each day, the basis of the calculation of the gamete index, took 
into account the actual observed losses to the planozygote 
population through cyst formation, rather than the predicted 
losses (based on 100% transformation efficiency 3 da ys after 
planozygote formation) as in the surveys ofnatural populations 
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in situ. 
Ail intracellular nutrient levels were averaged over the entire 

cell concentration of the mixed assemblage (including 
Alexandrium minutum hypnozygotes). 
3. Results 

(A) Control (Figure S.10, Appendix Sa) 
Alexandrium minutum vegetative cell abundance declined 

steadily from an initial concentration of 17.1 x 103 cells.mr' to 
<0.3 x 103 cells.mr' by day 11, but A. minutum remained the 
dominant species throughout most of the experimental period, 
still constituting >70% of total cells on day 8 (figure S.10a). 
The percentage of the A. minutum motile cell population as 
planozygotes, which was low in the inoculum (4.7% on day 0), 
rose sharply between days 2 and S (30.7% on day S), and 
stayed high as the motile cell density declined towards the end 
of the experiment. A. minutum hypnozygote cysts were not 
present in the inoculum (due to the surface water sampling 
location), but were present in low numbers on day 2, the 
concentration rising to S.S x 103 cysts.mr' by day 11 (figure 
S.lOc). Gamete formation was high early in the timecourse 
(gamete index 16.3% on day 2) relative to the batch 
experiments with nutrient additions (B & C) (figure S.10b). 
Similarly, the estimated level of gametogenesis late in the 
control experiment (G.I. 27.4% on day 8) was of greater 
magnitude than either higher nutrient experiment. 

The cellular C content varied relatively little over the first S 
days in the control experiment (c 6SOpgC.celr1

), subsequently 
more than doubling in the next 3 days. The measured 
intracellular nutrient values late in the timecourse in each of the 
three batch experiments must be considered with caution, since 
in each case the proportion of Alexandrium minutum in the 
mixed population was considerably reduced (below 20% in 
each case on day 11). 

A large proportion of the available aqueous N nutrients 
(1SSJ.1M nitrate in the inoculum) were taken up during the 
course of the control batch experiment, but nitrate never 
became fully depleted. The intracellular N level declined 
slightly between days 0 and 2 to the minimum level of 
86pgN.ceir', before rising again late in the experiment to levels 
equivalent to the inoculum population (figure S. lOd). The C:N 
ratio fluctuated below 7 in the first S days, rising to 9.4, 
indicative of moderate N stress, on day 11 (figure S.lOf). The 
InAA concentration remained relatively stable throughout 
(between 7S.O and 89.7mM) (figure S.lOe). The Gln:Glu ratio 
was low throughout (maximum value 0.2 on day 11) due to low 
Gln concentrations (figure S.10g). Ala, Glu, Ser, Asp, Gly and 
Arg were the principal constituents of total InAA, the relative 
contribution of only the latter, Arg, consistently rising through 
the time-course. 

Externat phosphate concentration was low, but remained at 
detectable levels throughout the timecourse. Intracellular P 
content was always high relative to previously measured 
subsistence levels (minimum value 30.8J.1M on day 2), the 
relatively low C:P ratios confirrning the apparent P replete 
status throughout the experiment. 

(B) K/4 nutrientadditions (Figure S.IO, Appendix Sb) 
The evolution of the Alexandrium minutum vegetative cell 

concentration in the K/4 culture followed closely that of the 
control experiment, declining steadily through the timecourse 
(figure S.lOa). The abundance of other species, particularly 
diatoms, was increased relative to the control. A. minutum 
planozygote abundance showed a similar trend to the control 
experiment, the most important proportional increase between 
days 2 and S, but absolute and relative values were typically 



slightly lower. Hypnozygote abundance was also relatively 
reduced, the maximum concentration at the end of the 
experiment (3.3 x 103 cysts.mr1 on day 11) sorne 40% lower 
than the equivalent stage in the control (figure 5.10c). The 
gamete index was likewise typically lower in magnitude than 
the control, the maximum value on day 2 (9%) (figure 5.10b). 

The cellular C content in the K/4-enrichment experiment was 
higher than the control on day 2 (845J.1gC.cell-1

), but the overall 
trend, and the final value on day 11, were similar. 

Despite the fact that a greater amount (approximately 100J.1M 
more) of aqueous N nutrients were taken up by day 8 in the 
K/4 culture compared with the control, cellular N content 
remained within a broadly similar overall range (figure 5.10d). 
The minimum value (105pgN.celr\ recorded on day 2 as in 
the control, was sorne 20% higher than the minimum value in 
the control. The C:N ratio in the K/4 culture was above 7 only 
on day 2 and late in the experiment (maximum 9.6 on day 11) 
(figure 5.10f). The percentage ofN as InAA remained within a 
slightly narrower range in the K/4 culture, and the minimum 
value oflnAA concentration after inoculation (77.1mM on day 
2) was similar to the control (figure 5.10e). The Gln:Glu ratio 
remained consistently low through the experiment (maximum 
value 0.15 on day 11) (figure 5.10g), and the evolution of 
InAA composition was very similar to the control, Ala being 
the major component, and Arg again showing an important 
relative increase with time. 

Approximately one third of the available 9.4J.1M dissolved 
phosphate was taken up from the medium during the K/4 
experiment, with cellular P concentrations again being high, 
and C:P ratios indicating this P replete status. 

(C) K nutrient additions (Figure 5.1 0, Appendix 5c) 
In the K-enrichment culture, the concentration of vegetative 

Alexandrium minutum cells increased slightly over the first two 
days (maximum value 21.4 x 103 cells.rnl-1

), but subsequently 
decreased sharply such that by day 5 vegetative cell density 
was lower than either the control or the K/4 culture (figure 
5.10a). The K nutrient enrichments stimulated higher diatom 
growth relative to the two previous treatments (maximum 
concentration 6.5 x 103 cells.mr1 on day 11), and consequently 
A. minutum formed a relatively decreased proportion of the 
overall mixed assemblage throughout the time-course, falling 
below 50% between days 5 and 8 (figure 5.10a). The trend and 
absolute abundance of A. minutum planozygotes were very 
similar to the K/4-enrichment experiment. Hypnozygote 
abundance was notably higher early in the experimental period 
than either the control or the K/4 treatment (876 cysts.mr1 on 
day 2), but by the end of the experiment cyst numbers were 
roughly equivalent to the previous nutrient enriched culture 
(B), i.e. ~ 40% lower than the control (figure 5.10c). Gamete 
formation according to the gamete index was proportionally 
lower than in both previous treatments, but was of longer 
duration (G.I. of 6.4 on day 5 was higher than at the equivalent 
time in experiments A and B) (figure 5.10b). 

Cellular C content more than doubled over the first 5 days 
(1396 pgC.cell-1 on day 5), but was low compared to both the 
control and K/4 cultures late in the experiment. 

A similar absolute amount of dissolved N nutrients were 
taken up from the medium in the K culture as in the K/4 
culture, with cellular N concentration remaining within a much 
narrower range throughout the experiment (minimum value 
114pgN.cell-1 on day 2) (figure 5.10d). The C:N ratio increased 
to the maximum value of 8.5 on day 2, values being typically 
slightly lower than the control and K/4 cultures, suggesting a 
somewhat lesser degree of N stress (figure 5.10f). The 
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percentage of N as InAA was rather low throughout, such that 
the minimum InAA concentration (72mM on day 5) was 
similar to the minimum values in the two previous cultures 
(figure 5.10e). The Gln:Glu ratio again remained low 
(maximum value 0.12 on day 8), indicating a considerable 
degree of N stress despite the additional nutrient enrichments 
(figure 5.10g). InAA composition showed the same general 
trend through the timecourse as the K/4-enrichment and control 
cultures. 

As in other treatments, only a small absolute amount of 
available phosphate was taken up during the course of the K 
culture, and cellular P content remained high throughout. 

4. Discussion 
As in the natural population in situ in the Penzé estuary, an 

important part of each experimental population underwent 
sexual reproduction in batch culture conditions. The main 
periods of gamete mating were estimated to have occurring 
within 2 da ys of inoculation, thus coinciding with the timing of 
sexuality in the natural environment, and intracellular N levels, 
again particularly InAA concentration, during these periods 
were typically within the threshold range postulated to be 
linked to sexual induction in the natural surveys and previous 
unialgal culture experiments. 

Limitations of the sampling programme dictated that a degree 
of resolution was lost in these batch culture experiments, but 
comparison of the results of the control experiment with those 
of the natural population in the Penzé estuary indicate that the 
rate and extent of the sexual response were somewhat inhibited 
in culture conditions. The estimated rate of sexuality in the 
batch cultured populations was relatively considerably reduced 
(maximum G.I. in the control culture 16.3% compared with 
63.9% in situ). This difference was partly due to the fact that in 
the culture experiment the observed rather than estimated 
(100%) transformation efficiency of planozygotes to 
hypnozygotes was employed in the calculation of the gamete 
index. In the control culture, 58.8% of the original population, 
which was apparently not augmented by asexual division 
(validating the assomption employed in the calculations in 
section 5D), successfully completed sexual reproduction 
through to the hypnozygote stage. This observation supports 
the affirmation that the estimations of the proportion of the 
natural populations in situ which underwent sexual 
reproduction based on cyst enumeration in surface sediments 
were artificially low. Based on planozygote abundance, 73.4% 
of the control culture is calculated to have undergone 
successful gamete mating, approximately 20% less than the 
estimate for the population in the Penzé estuary. The obvious 
explanation for this reduction is the relatively lower cell 
density in the cultured population, and hence presumed 
reduced frequency of gamete encounters, an implication which 
again highlights the role concentration mechanisms play in 
enhancing the efficiency of sexual reproduction under natural 
conditions. Internai nutrient physiology (according to the 
measured parameters at least) did not differ greatly between the 
natural population in situ and the control batch culture 
population, although the slightly increased InAA concentration 
during gamete mating pulses may have contributed to the 
difference in magnitude of the sexual response. 

The addition of nutrients to the natural populations in culture 
caused only minor effects on internai nutrient physiology, but 
apparently reduced the efficiency of cyst production. 
According to final cyst abundances, 35.4% of the initial motile 
cell population in the K/4-enrichment culture, and 32.2% in the 
K-enrichment culture underwent sexual reproduction, values 
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just over half that of the control culture. Blanco (1995) 
reported a similar reduction in Alexandrium tamarense cyst 
production efficiency when K concentration nitrate was added 
to a natural population under culture conditions. In the present 
study, the reduction seems likely to have been partly 
artefactual, since sorne A. minutum hypnozygotes apparently 
became aggregated in the mucilaginous film which formed at 
the bottom of each of the nutrient enriched culture flasks, and 
hence were not resuspended prior to sampling and thus not 
enumerated. The maximum planozygote concentrations in the 
two nutrient-enriched treatments were lower than in the 
control, suggesting a degree of inhibition of sexuality did 
actually occur (although the lower sampling resolution may 
effect the accuracy of this conclusion). Since internai nutrient 
physiology in the populations as a whole was not greatly 
affected, this reduction in sexual response may be postulated to 
be the result of an inhibitory effect on the sexual process of A. 
minutum by chemical exudates from other species, diatoms in 
particular being present in greater abundance with increasing 
concentration of nutrient enrichments. 'Allelopathy', the 
stimulation or growth inhibition of one plant species by 
chemical exudates of another, has often been observed between 
marine algal species both in vitro and in situ (Arzul et al. 
1999). As weil as affecting growth of other species, the 
presence of external metabolites ('ectocrines') have been 
demonstrated among certain dinoflagellate species to inhibit 
the sexual process and cyst formation, and thus be an important 
strategy in interspecific competition (Blanco, 1995). No 
information exists on allelopathic effects on sexuality between 
algal classes, but it seems plausible that chemical interactions 
between other algal species and A. minutum were responsible 
for partially inhibiting the sexual response in the latter. 

Blanco (1995) concluded that the low response (i.e. little 
difference from the control) of cultures of natural populations 
to the addition of nutrients may be due to the relative 
irreversibility of sexual reproduction in dinoflagellates, 
sexuality having already been induced before the samples were 
collected, and cells therefore not affected by nutrient additions. 
Evidence from this study as a whole suggests the opposite 
situation may be the case, i.e. it is the reversibility of the ability 
of the cell to act as a gamete which ensures that population 
density can continue to increase in the presence of external 
nutrients, while the presence of gametes is ensured when the 
chance of successful mating is highest. In the K-enrichment 
culture, asexual reproduction apparently did occur early in the 
time-course, presumably stimulated by ammonium uptake, but 
the effect of physiological nutrient stress was such that internai 
nutrient status remained within the threshold level for gamete 
activation. When cellular metabolism is adapted to high growth 
rates, luxury nutrient uptake cannot thus occur, internai nutrient 
status inevitably staying low, a consequence of which is the 
continued presence of gametes. One possible approach to 
testing this hypothesis would involve making single cell 
isolations into nutrient rich medium from a sample taken when 
gametes are predicted to be present at high abundance; 
although gametes are effectively indistinguishable from 
vegetative cells, a high percentage of cells subsequently 
undergoing asexual division would support the theory of the 
reversibility of gamete activity, and vice versa. 

F. Conclusions 
Sexual reproduction and the resultant formation of cysts has 

for sorne time been suspected to be an important factor 
contributing to the termination of proliferations of the motile 
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phase of dinoflagellates in coastal waters (e.g. Anderson et al., 
1983). From the results of the relatively high resolution surveys 
of two Alexandrium minutum blooms in this study, it is clear 
that the excystmentlencystment cycle established the temporal 
limits of the vegetative population, and the first quantitative 
evidence of the actual dominance of life cycle transitions in 
causing the decline of dinoflagellate blooms is provided. 

Dale (1983) introduced the 'benthic plankton' concept of 
dinoflagellate life strategies. When a species has first been 
studied as a planktonic organism, it is to be expected that a 
subsequently found benthic resting stage will be considered a 
survival strategy for the species. This situation is, in sorne 
respects, opposite to that of sorne molluscs, for example, 
traditionally studied as benthic organisms and subsequently 
found to produce planktonic larvae. The idea of planktonic 
organisms 'surviving' by producing benthic stages, or vice 
versa, may be misleading; these organisms have more likely 
evolved an alteration of generations, one planktonic and one 
benthic, the combination of which offers one viable life 
strategy. 

Since neither the planktonic nor benthic phases of 
Alexandrium minutum in Breton estuaries could survive 
independently, both stages can be considered of equal 
importance within the overall life strategy. The planktonic 
phase lives in a largely unpredictable, unstable and dangerous 
environment, conditions which promote r-selected responses, 
among which is the production of a high number of offspring 
(i.e. new cysts) in a short time. The results of this study 
illustrate the highly developed adaptive strategy adopted by the 
vegetative phase of A. minutum in response to these specifie 
environmental conditions, the outcome of which is a very high 
efficiency of production of sexual stages a matter of weeks 
after excystment provided the first inoculum cells into the 
water column. 

The fundamental features of this adaptive strategy are high 
growth rate, with the associated consequences, and migratory 
behaviour. High vegetative growth rate compensates for a low 
value of Q, while providing a competitive advantage over other 
algal species and reducing the relative impact of grazing, both 
of which are likely to be deterrnining factors during early 
stages of population development. Physical/biological coup ling 
is a critical feature of population growth and accumulation in 
dinoflagellate blooms (Anderson, 1998). The ability of 
Alexandrium minutum to migrate through the water column is 
important not only with respect to maximising resource use 
efficiency (and hence growth rate), but also in terms of taking 
advantage of the hydrological environment in order to maintain 
spatial cohesion, and thus ensuring the optimum conditions for 
gamete mating, i.e. high cell density. Gametogenesis in natural 
A. minutum blooms, which occurred in the presence of high 
external nutrient concentrations in common with previous 
reports of dinoflagellate blooms (e.g. Anderson et al., 1983), 
was nevertheless linked to intracellular N depletion to within a 
near-subsistence level threshold range. Physiological nutrient 
stress, a consequence of high growth relative to nutrient uptake 
rates, is suggested to have been the cause of this declining N 
status, and it is thus concluded that induction of the ability of 
the cell to act as a gamete was an inevitable consequence of the 
high growth rate, and probably occurred fairly early in 
population development. The reversibility of gamete activation, 
perrnitting continued vegetative growth while ensuring the 
presence of gametes upon population concentration, is 
theorised to be another important part of this strategy. 

Based on relatively straightforward physiological and 



behavioural adaptations, this outwardly complex strategy has 
been adopted (or more accurately selected for) by Alexandrium 
minutum in Breton estuaries in order to minimise the losses by 
advection, grazing and parasitism which would inevitably 
occur if blooms were of longer duration, }osses which would 
compromise the efficiency with which the planktonic phase 
could successfully complete its role within the alternation of 

generations. The small rias of the northern Brittany coast, like 
the estuaries of southern Australia in which high biomass, 
monospecific A. minutum blooms also occur (Hallegraeff et al., 
1988), present a harsh, but resource rich environment to which 
the ecological strategy of this species, based around life cycle 
transitions, is evidently particularly well suited. 

Chapter 6 

Summary 

A. Introduction 
The aim of this study was to investigate the factors regulating 

the induction of sexual reproduction in marine dinoflagellates. 
Research was conducted on Alexandrium minutum Halim, a 
PST producing species which is distributed world-wide, 
including frequent proliferations in the estuaries of northern 
Brittany, France. 

In the first part of the study, morphological and 
morphogenetic aspects of different life stages and the processes 
of asexual division and sexual fusion in this species were 
described (Chapter 2), based on laboratory observations using 
cultured strains originating from Breton waters. 

The second part of this study involved laboratory batch and 
semi -continuous experiments designed to investigate the 
relationships between external medium nutrients, intracellular 
nutrient pools, and the induction of sexual reproduction 
(Chapter 4). The experiments were based on the procedures 
used in the limited number of previous batch culture studies 
which suggest that sexual induction in dinoflagellates may be 
linked to declining intracellular N and/or P status. In addition 
to the classical biomarkers of intracellular nutrient status 
employed in these studies (C:nutrient ratios), the 
concentrations of intracellular pools of the 20 basic amino 
acids were also measured, and the Gln:Glu ratio, considered an 
independent and accurate marker of cellular N status, was 
determined. 

Nutrient physiology through the transition from asexual to 
sexual reproduction of natural Alexandrium minutum 
populations in Breton estuaries was followed using the 
analytical methods developed for culture experiments. The 
bloom dynamics of this species are described, with particular 
reference to the importance of sexual fusion and subsequent 
encystment relative to the other actors which contribute to 
bloom decline (Chapter 5). 

B. Alexandrium minutum 
Vegetative cells of the experimental strain of Alexandrium 

minutum, an autotrophic thecate marine dinoflagellate, vary in 
size between 14 and 30J.tm. This strain was designated as A. 
minutum on the basis of the majority of morphological 
characteristics, together with genetic analyses, but 
interestingly, it consistent! y lacks the ventral pore in the 1' 
plate stated by Balech to be al ways present in this species. 

Asexual division is oblique, the two identically sized daughter 
cells sharing the parent theca and synthesising the remaining 
plates before the cells become detached. Dividing cells swim 
straight, and cells often remain associated ('stacked') for sorne 
time after division is apparently complete. Phased cell division, 
with a peak late in the dark phase, was recorded in cultures. 
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Alexandrium minutum gametes are morphologically 
indistinguishable from vegetative cells. First gamete contact 
and attachment appears to be flagellar. During early gamete 
fusion, a wide range of relative cingula orientation of the two 
gametes were observed, a criterion which cannot therefore be 
used to distinguish between the processes of fusion and 
division. The hypocones of the fusing gametes typically fuse 
first, and the nuclei fuse only after plasmogamy is complete. 
The two lateral flagella of the motile planozygote, the product 
of sexual fusion, may not necessarily be located adjacent to 
each other, as has typically been described for dinoflagellates. 
Planozygotes become progressively darker in colour as storage 
products are accumulated. The method employed for quick and 
accurate distinction between planozygotes and other motile 
cells was based on size determination, cells over 28.5J.tm in 
length being operationally defined as planozygotes. The lack of 
cyst stages in culture conditions may be due to environmental, 
or more likely genetic inhibition of the transformation of 
planozygote to cyst. 

C. Culture experiments 
Maximal cell yields of the experimental Alexandrium 

minutum strain in batch culture occurred at K nutrient 
concentrations, at a temperature of 20°C, and at irradiance 
levels above 100J,illm-2s-1

• Nutrient limitation of growth was 
required to promote significant levels of sexual reproduction, 
but low levels were recorded in nutrient-replete medium. Once 
initiated by nutrient limitation, sexuality occurred within a 
narrow temperature range, maximum levels observed at 20°C, 
but was not influenced by varying light levels. 

Small proportions of batch culture populations transferred to 
sexual reproduction early in population development, while 
external nutrients were plentiful, and while the majority of the 
population continued to undergo rapid asexual division. The 
timing and extent of gamete formation was estimated by 
calculation of the gamete index, based on measured 
planozygote abundances and average duration of gamete 
mating. In nutrient-limited batch culture, sexuality mainly 
occurred in short pulses, with gametogenesis estimated to 
occur around the time of the population maxima. The onset of 
sexuality coincided with internai P levels falling to minimum 
values in P-limited cultures, but in N-limited cultures sexuality 
was linked with internai N concentrations slightly above 
minimum levels. Sexuality may be induced by a single 
mechanism linked to the internai depletion of internai N, or one 
of its components, to low, but not minimal levels. Gamete 
activity seems to be reversible, being inhibited by prolonged 
internai nutrient starvation, and deactivated upon alleviation of 
internai nutrient-stress above a threshold level. 



A number of factors may have been responsible for the C
stress of cells grown in the automated semi-continuous 
experimental system, among which is physical stress caused by 
sample mixing. C-stress affects the cellular physiology of other 
nutrients, complicates the interpretation of indices of N -status, 
and may have inhibited the sexual process. The lack of 
planozygotes may have been a result of disruption of the 
fusion process by mechanical agitation. 

Cell yield and zygote efficiency were increased in semi
continuous cultures when culture mixing was reduced and 
bicarbonate was added to the growth medium. The sexual 
response in semi-continuous cultures was of equivalent 
magnitude, but occurred at a slower rate compared with batch 
cultures. Sexuality in semi-continuous cultures may have been 
triggered by separate N and P linked pathways, or by only one 
pathway linked to N physiology. The observed difference in 
the mode of the sexual reproduction response may be a result 
of the differing metabolic state of cells adapted to growth at 
low nutrient conditions. Further evidence from semi
continuous cultures supports the conclusion that the induction 
of gamete activity is a reversible process. 

D. Field surveys 
The Alexandrium minutum blooms surveyed in the Aber 

Wrac'h estuary in 1995 and the Penzé estuary in 1997 were 
apparently initiated by in situ excystment around the time of 
large spring tides. Inoculum motile cell concentrations were 
low, the large percentage of long-lived cysts which remain 
viable in the sediments each year providing insurance against 
failure of the motile phase. 

The competitive ability of Alexandrium minutum during early 
population development is dependent largely on the extent of 
water column stratification (and thus water temperature and 
river-flow velocity), with grazing and advection both 
potentially important limiting factors. 

Both active (behavioural) and passive concentration of 
populations contributed to extremely rapid accumulation of 
cells leading up to the bloom maxima. The induction of 
gametes, linked to declining absolute cellular N status, 
occurred relatively early in population development due to 
physiological nutrient stress. In the presence of excess aqueous 
nutrients, the theorised reversibility of gamete induction allows 
continued vegetative growth, the continuing effects of 
physiological nutrient stress keeping cellular N levels close to 
the gamete induction threshold level. Upon concentration of 
cells, gametes are thus present at the time when inter-cell 
encounters will be highest. 

The C:N ratio and Gln:Glu ratio did not prove reliable 
markers of a particular N status at which sexuality might be 
induced, possibly due to the concomitant effects of other 
nutrient stresses. Gross measures ofN status, cellular N content 
and InAA concentration, proved more consistent indicators of 
the physiological state at which gametogenesis occurred. 
Overall metabolic state apparently influenced the sexual 
response, high growth rates in recent metabolic history 
favouring high rates of sexual reproduction. 

Grazing and advection are unlikely to have contributed 
greatly to the rapid decline in Alexandrium minutum cell 
numbers following the bloom maxima. A previously unknown 
parasite of A. minutum, capable of very high efficiency of host 
infection in culture conditions, was discovered. The parasite 
was concluded not to have had a major influence on bloom 
decline. The first quantitative evidence that the transfer to 
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sexual reproduction and subsequent encystment is the 
dominant factor causing rapid bloom termination is provided. 
In the Aber Wrac'h in 1995, 58.8% of the original population 
(prior to concentration) was estimated to have undergone 
sexual reproduction, while in the Penzé in 1997, the estimate 
was 93.6% forming gametes. 

Since gamete induction is an inevitable consequence of rapid 
asexual growth, and rapid growth is itself a prerequisite for 
proliferations of bloom proportions, the motile phase of 
Alexandrium minutum can be seen to employ a highly effective 
strategy which maximises the chances of success in a difficult 
environment, and hence ensures continued survival of the 
species in the area. 

E. Perspectives for future research 
The results and conclusions of this research project have gone 

sorne way to answering the uncertainties which existed 
concerning the factors responsible for the induction of 
sexuality in marine dinoflagellates, particularly with respect to 
in situ natural populations, and have highlighted sorne areas for 
future research. 

Firstly, with respect to the experimental species Alexandrium 
minutum, further work is required to determine whether a 
multiple mating type system similar to that described for A. 
tamarense exists. Understanding of the mating system may 
provide further elues as to the nature of the mating mechanism. 

The Alexandrium genus is in many ways atypical of 
dinoflagellates as a whole, and hence detailed physiological 
life history studies of other dinoflagellate genera are required 
before generalisations about the link between nutrient 
physiology and life cycle transitions can be made. An ideal 
experimental species would have gametes which could be 
distinguished from vegetative cells, and would regularly form 
blooms in natural waters. 

Innovative experimental design is necessary to test in culture 
sorne of the hypotheses generated from the surveys of natural 
populations in this study, one of the main difficulties being the 
reduced inoculation density required to simulate early bloom 
development. The gamete inducing effects of iron stress, not 
addressed in this study, require further experimentation, 
particularly to determine the relationships between iron and 
other nutrient stresses. Tests in culture of potential inhibitors of 
dinoflagellate gamete formation /attachment/ mating may 
provide further insights into the sexual induction process. 

In field surveys, greater sample coverage is required early in 
population development (in bloom and non-bloom years) to 
investigate levels of excystment (potentially involving the use 
of sediment surface traps to catch newly excysted cells), and 
the effects of competition and grazing. Later in bloom 
development, population concentration mechanisms should be 
studied in more detail, including investigation of possible 
differentiai migration patterns between different life stages. 
The sampling of natural assemblages for subsequent laboratory 
culture research may complement many interesting possible 
lines of research. Finally, with respect to bloom decline, real 
time investigations into the abundance and effect of 
'Alexandrium parasite 97' may prove possible in future bloom 
events, and further corroborative studies are required from 
blooms of Alexandrium minutum and other species in estuaries 
and open coastal waters to build on the evidence of this study 
that life cycle transitions from the vegetative to sexual phase 
are the dominant causative factor. 
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Appendix la. Batch A (KN, KP) 

nme Motile Ce l i -~ Pzygs. Zyg. Pzyg. New G,l (%) Ave. Vot. c c NH4 N03 N02 N upt. N N C:N MolarN lnAA% mM Gin P04 p upt. p p C:P 
(days) cells/ml /ml Eff.(%) lncr. /ml ga m. vol. (pl) s.d (pg/cell) (pg/pl) (uM) (uM) (uM) (pgN/c/ (pg/cell) (pg/pl) N lnAA /Glu (uM) (pgP/c/ (pg/cell) (pg/pl) 

/ml d) d) 
0 1819 18.2 0 0 0 0 6.83 1.04 1740 254.7 10 884 0.5 245 35.7 7.1 2.55 5.6 143 1.84 36 27 .5 4.02 63 
1 2890 0.46 72 .2 0 0 0 0 8.47 1.46 1820 214.8 2 864 1.3 215.7 410 48.3 4.43 3.45 6.54 226 1.47 33.2 47.6 43.1 5.1 42 
2 4918 0.53 0 0 0 0 0 6.07 1.22 1500 247.2 0 830 1.6 174.6 290 47.7 5.17 3.41 6.44 220 1,17 30.2 32.1 41.1 6.78 37 
3 4995 0.02 0 0 0 0 0 5.7 115 2180 382 5 0 786 2.4. 125.4 445 78 4.9 5.57 5.3 295 1.74 29 7.5 40.4 7.08 54 
4 6377 0.24 0 0 0 0 0 4.33 0.97 2420 558.3 0 730 3.7 157.1 415 95.7 5.83 6.84 5.45 373 1.68 28.6 2.5 38.5 8.88 63 
5 10900 0.54 0 0 0 0 0 4.2 0.95 1820 433.2 0 671 5.5 116.5 320 76.2 5.69 5.44 5.87 319 1.2 26.4 10.7 30.8 7.32 59 
6 16200 0 4 0 0 0 224 138 4.87 1.27 1600 328.8 0 617 7.7 77.1 280 57.8 5.71 4.11 6.25 257 1.63 24.6 51 25.5 5.25 63 
7 19158 0.17 0 0 0 130 0.68 4,47 1.17 1470 329.1 0 592 8.7 21 .6 245 54.9 6 3.92 4.9 192 1.62 24.1 1 25.1 5.61 59 
8 22488 0.16 1124 0.99 112 78 0.35 5.2 1.2 1100 211 5 0 552 10.6 29.3 175 33.8 6.29 2.4 5.83 140 1.93 2 1.9 3.5 24.5 4.71 45 
9 29011 0.25 177.2 1.21 65 40 0.14 6.03 1.33 1290 213.9 0 532 11.4 12.5 215 35.7 6 2.55 5.4 138 1.75 19 4 23.5 3.9 55 
10 34817 0.18 215.6 1.23 39 40 0.12 5.97 1.28 1240 207.9 0 528 13.2 1.9 184 30.9 6.74 2.21 6.6 146 1.78 16.3 2.9 24.7 4.14 50 

20 260 0 78 
12 32683 0 256.8 1.56 20 630 1,95 6.67 1 4 1510 226.5 0.3 520 20.3 1.6 223 33.3 6.77 2.38 6.7 159 1.55 16 0.3 25 .7 3.84 59 
13 31341 0 387,5 2.44 130 78 0.25 7.27 1.52 1700 234 0 498 16.4 9.4 230 31 .5 7.39 2.25 6.54 147 1.2 16.3 0 26 .8 3.69 63 
14 30000 0 702 4.57 315 78 0.27 8.73 1.66 1370 156.9 0 504 16.4 0 255 29.1 5.37 2.08 6.1 127 1.07 15.1 1.2 29.4 338 47 

39 0 0 
16 29011 0 781 5.24 39 0 0 9 1.89 1500 166.5 0 492 20 3 2.8 248 27.6 6.05 1.97 6.8 134 0.91 14.4 0.4 321 3.57 47 

0 30 O. ii 
18 27676 0 690.3 4 87 0 30 O. ii 8.73 1.75 1840 210.6 0 480 22 1 2.9 239 27.3 7.7 1.95 7.15 139 0.89 12.7 0.9 34.7 3.96 53 

15 
20 29900 0.04 719.9 4.7 15 9.17 1.85 1900 207.3 0 509 207 0 260 28.2 7.31 2.01 6.6 133 0.71 13 0 36.2 3.96 52 

Asp Glu Asn Ser Gin His Gly Arg Thr A la Tau Tyr Met Val Trp Phe le Leu Orn Lys 
Day % mM % mM % mM % mM % mM % mM % mM % mM % mM % mM % mM o/o mM % mM % mM % mM '1, mM % mM % mM '1, mM % mM 

0 81 11.6 9.2 13.2 35 5 6 8.6 16.9 24.2 1 4 2 8 11 .4 89 12.7 62 8.9 7 8 11 .2 32 4.6 0 0 22 3.1 1 5 2.1 0 0 2.6 3.7 2 3 3.3 3.5 5 3 4 .3 2 9 4.1 
1 7 .5 16.9 11 .5 26 3 6.8 5.7 12.9 16.9 38.2 2.3 5.2 7.2 16.3 11 24.9 4.9 11 .1 88 19.9 2 1 4,7 0 0 35 7.9 2 45 0 0 41 9 3 1 7 3.8 2 6 5.9 2 4 5.4 2 4.5 
2 6 8 15 12.1 26 6 49 10.8 64 14.1 14.2 31 .2 08 1,8 65 14,3 9.5 20.9 4.9 10.8 8 .3 18.3 3 1 6.8 0 0 1 9 42 25 5.5 0 0 3.7 8.1 2 4.4 3 6.6 32 7 4 8.8 
3 7.3 21.5 10 ô 31.3 5 4 15 7 20.6 18 5 54.6 1 4 4.1 73 21.5 99 29.2 56 16.5 8.5 25.1 2.6 7.7 0 0 2.7 8 1 4 4.1 0 0 1.8 5.3 1.6 4.7 1 8 5,3 2 5 7.4 3 1 9.1 
4 7 3 27 2 9 9 36.9 4 4 16.4 ô.7 25 16.6 61 .9 1.8 6.7 6.4 23.9 10.8 40.3 48 17.9 95 35.4 33 12.3 0 0 2 7.5 2 1 78 0 0 1 4 5.2 2.2 8 2 2.6 9.7 3.3 12.3 3 1 11 .6 
5 8.6 27.4 11.2 35.7 41 13.1 6 1 19.5 13 4 42 7 23 73 59 18.8 11 2 35.7 6 19.1 7 .9 25.2 1.9 6.1 0 0 3.4 10.8 25 8 0 0 3 9.6 2 64 2 2 7 2 8 8.9 3 7 11 .8 
6 7 18 10.3 26.5 4.7 12 6.6 17 16.8 32 2.3 6 62 16 10.9 28 5 4 14 8.6 22 3 9 10 0 0 3 1 8 1.2 3 0 0 2.7 7 1 2 3 3.9 10 19 5 23 6 
7 6 7 12.9 10.8 20.7 3.5 6.7 5.5 10.6 17 5 33.6 1.9 3.6 66 12.7 9 9 19 5 9.6 9 17.3 3.4 6.5 0 0 2.9 5.6 3 5.8 0 0 1 8 35 0.9 1.7 4 3 8.3 3 5.8 4.3 8.3 
8 76 10.6 11 15.4 39 5.5 7 9.8 21 2 29 7 2 7 3.8 7 9.8 11 15.4 61 8.5 81 11 3 1 7 24 0 0 1.9 2.7 2.2 3.1 0 0 0.7 1 1 1.4 22 3.1 1 3 1.8 2 7 3.8 
9 6.9 9.5 124 17 1 5 6.9 6 4 8 .8 21 .7 29.9 2 5 3.4 7 5 10.3 105 14 .5 4.6 6.3 9.3 12.8 1 2 1.7 0 0 1 5 2.1 1.6 2.5 0 0 1 1 1.5 11 1.5 1 9 2.6 1 2 1.7 3 4 .1 
10 8 2 12 11 .5 16.8 47 6.9 6.4 9.3 20.5 29.9 18 2.6 6.6 9.6 102 14 .9 3 9 5.7 8.8 12.8 1 5 22 0 0 1 3 1.9 2 2 .. 9 0 0 13 1.9 1 3 1.9 2 2.9 2 9 4.2 4 1 6 
11 
12 7 1 11.3 11 2 17.6 4 6.4 5 4 8.6 17.4 27 .7 17 2.7 69 11 121 19 .2 45 7.2 10 2 16 2 21 33 0 0 09 1.4 17 2.7 0 0 2.5 4 0 8 1 3 3.3 5.2 2 4 3 8 3.7 59 
13 7.7 11.3 13.6 20 3.2 4.7 5.9 8.7 16.3 24 2.2 3.2 77 11 3 10.4 15.3 4 3 6 .3 9.1 13.4 25 3.7 0 0 1 4 2.1 1 2 1.8 0 0 2.6 3.8 1 2 1.8 3.4 5 1 9 2.8 4 5.9 
14 9 5 10,8 12.6 16 4.3 5.5 63 8 13.5 171 0 9 1.1 73 9.3 11 5 14.6 4.6 5.8 95 12.1 3 6 4.6 0 0 1 6 2 2 1 2.7 0 0 1.9 2.4 2.9 3.7 29 3.7 1 5 1.9 3 5 4,4 
15 
16 7 3 9.8 14 8 19.8 52 7 5.5 7.4 13.5 18.1 1 1.3 78 10.5 98 13.1 3.6 4.8 10 4 13.9 3.5 4.7 0 0 2 9 3.9 22 2.9 0 0 3.8 5,1 1 14 3.5 4.7 1 3 1,7 2.4 3.2 
17 
18 68 9.5 13.5 18.8 4.6 6.4 5 7 7.9 12 16.7 1 9 26 69 96 10 4 14.5· 3.5 4 .9 9.9 13.8 4.5 6.3 0 0 2.5 3.5 1.5 2.1 0 0 2,9 4 2.7 3.8 4 1 57 3 4.2 3 4.2 
19 
20 73 9.7 122 16.2 49 6.5 59 7.8 87 11 .6 17 2.3 7 1 9.4 114 15.2 3 4 9.6 12.8 4.4 5.9 0 0 3 4 2 2.7 0 0 4 53 2 2.7 46 6.1 2.2 2.9 3.2 4.3 



Appendix lb. Batch B (K/4N, KP) 

Ti me Motile Cel!-~ Pzygs. Zyg. Pzyg. New G.I. (%) Ave. Vol , c c NH4 N03 N02 N upt. N N C;N MolarN lnM% mM Gin P04 P upt. p p c ·P 
(days) cells/ml /ml Eff.(%) lncr. /ml garn. vol , (pl) s.d , (pg/cell) (pg/pl) (uM) (uM) (uM) (pgN/c/ (pg/cell ) (pg/pl) N lnM /Glu (uM) (pgP/c/ (pg/cell) (pg/pl) 

/ml dl d) 
0 2192 0 0 0 0 0 5.07 098 760 150 2.5 221 0.53 128 25.2 5.94 1.8 5.1 91 .8 0.78 36 26 5.13 29.2 
1 2325 0.0& 0 0 0 0 0 5.67 1.05 1460 257 .7 0 201 1.33 143.9 301 53.1 4.85 3.79 5.6 21 2.2 0.765 34.1 26.8 44.4 7.83 32.9 
2 2842 0.2 0 0 0 0 0 6.13 1.07 1370 223.5 0 184 1.2 102.5 106 17.4 12.9 1.24 8.6 106.6 0.75 32.1 26.6 48.2 7.86 28.4 
3 2708 0 0 0 0 0 0 5.27 0.95 1850 351 .3 0 180 1.33 19.7 258 48.9 7.17 3.49 .5.25 183.2 0.58 31 .3 8.7 46 8.73 40.2 
4 3983 0.39 0 0 0 172 4.3 56 1.07 1580 282 0 159 1.6 108.7 201 36 7.86 2.57 6.05 155.5 0.94 30.1 13.7 41.3 7.38 38.3 
5 9267 0.84 0 0 0 390 4.25 5.53 0.97 830 150 0 131 1.6 98.5 162 29.4 5.12 2.1 5.4 113.4 1.135 28.7 10.9 30.5 5.52 27.2 
6 11017 0.17 86 15 86 348 4 3.24 5.6 0.95 890 159 0 119 2.14 18.1 109 19.5 8.17 1.39 4.9 68.1 1.33 28.2 1 7 27 4.83 33 
7 14817 0.3 281 3.72 195 54.2 0. 38 5.Q7 0.89 700 138.3 0 89 2.94 38.2 101 19.8 6.93 1.41 5.4 76.1 1.26 27 3.4 26.5 5.22 26.4 
B 18967 0.25 455.2 4 69 174 2 1500 8.12 5.6 0.92 710 126.9 0 58 3 47 29 3 105 18 6 676 1.33 4 6 61 2 1 05 2o 2 1 25 4 47 28 4 
9 22967 019 482 3 4 11 27 1 1500 6.9 48 0.85 600 1251 0 23 4 27 25.9 91 18 9 6.59 135 4 6 621 1.03 23 8 36 25 2 5.25 238 

1233 4 9135 751 1 1588 7os 
11 26050 0.06 1984.5 14 16 751 1 1588 6.83 51 7 0.96 550 106 .5 0 11 611 37 71 13 8 7 75 099 53 52 5 078 22 1 2 26 1 5 04 2 11 

2778 7 18.665 79415 0 0 
13 <7267 0.02 3572.8 23.17 794 .15 0 0 5.67 1.1 610 107.7 0 1 6.47 2.7 66 11 .7 9.24 0.84 5.5 46.2 0.6 18.9 1.8 27.1 4.n 22.5 

3456.9 22.98 0 0 
15 25963 0 3341 22.79 0 0 0 6.57 1.16 610 114.3 0 0 4.6 0.3 75 14.4 8.13 1.03 4.5 46.3 0.22 18.7 0.1 27 ,1 4.14 27.7 

3333.4 23.97 720.1 3.39 
!7 23118 0 3325 9 25.15 0 720.1 3.71 7.47 1.43 760 93 0 0 3.2 0 78 10.5 9.74 0.75 4.9 36.8 0 18 0.4 30 4.02 35 

3686.8 26.84 360.05 203 4 1.03 
19 24317 0.03 4046.6 28.53 360.05 203.4 1.01 7.73 1.49 900 116.4 0 0.2 4.33 0 76 9.9 11.8 0.71 4.4 31 .2 0 17.9 0.1 32 4.14 39.1 

4148.3 30.455 101.7 
21 22000 0 4250 32.38 101.7 8.2 1.66 950 115.8 0 0 2.4 0 82 9.9 11.6 0.71 4.7 33.4 0.05 17.1 0.5 32.4 3.96 39.8 

Asp Glu Asn Ser Gin H1s Gly Atg Thr Al a Tau Tyr Met Val Trp Phe Ile Le u Orn Lys 
Day % mM % mM % mM % mM % mM % mM % mM % mM % mM % mM % mM % mM "'o mM % mM % mM % mM % mM % mM % mM % mM 

0 8.5 7.8 14 13 4 3.7 54 5 11 10.1 14 1 3 8 7.3 9 8.3 6.9 6.3 7 6.4 3.4 3.1 0 0 2 1.8 2 1.4 0 0 2.9 2.7 2 1.8 45 4.1 2 4 2.2 2.5 2.3 
1 78 17 14 29 4 3 9.1 6 12.7 10 4 22 .1 0 0 8.4 17.8 10 22.1 6.1 12.9 6.7 14 .2 2.8 5.9 0 0 3 5.5 3 6.6 0 0 3.8 8.1 29 6.2 57 12 22 4.7 2 1 4.5 
2 8 1 8.6 15 16 37 3.9 66 7 10 9 11 .6 1 7 1.8 7 2 7.7 95 10.1 57 6 .1 5 9 6.3 3 7 3.9 0 0 3 3.3 3 2.9 0 0 2 1 2.2 25 2.7 3.9 4.2 3 1 3.3 4 2 4.5 
3 57 10 14 26 6 11 78 14.3 84 15,4 3 5.5 7 5 13.7 89 16 3 7 12.8 7 1 13 45 8.2 0 0 3 6.2 2 3,5 0 0 1 7 3.1 1 6 2.9 32 5.9 1 9 3.5 48 8.8 
4 6 9 11 13 20 3.6 5.6 65 10,1 12.2 19 22 3.4 7 10.9 10 15.6 4.7 7.3 75 11 .7 6 1 9.5 0 0 3 4.7 3 3.9 0 0 12 1.9 09 1.4 4 6.2 1 3 2 5.6 8.7 
5 65 7.4 12 13 54 6.1 7 1 8.1 13 14 .7 2 2.3 66 7.5 8.8 10 4 2 4 .8 79 9 5 1 5,8 0 0 2 2 2 1.7 0 0 2 2 2.5 06 0.7 4.3 4.9 1 1.1 5 5.7 
6 7.7 5.2 9.5 6.5 5.9 4 4 6 3.1 12 6 8.6 1 5 1 48 3.3 75 5.1 37 2.5 10 6.8 4 9 3.3 0 0 4 2.9 3 2 0 0 25 1 7 1 5 1 5 1 3.5 2 2 1.5 6.6 4.5 
7 5.5 4.2 8.4 6.4 6.5 4.9 5.3 4 10 6 8.1 0 0 63 4.8 5 8 4.4 5.3 4 11 85 2.9 2.2 0 0 5 3.8 3 2.5 0 0 4 3 3.1 2.4 6.6 5 0 5 0.4 6 4 4.9 
8 7 4.3 11 6.5 4 9 3 46 2.8 10.9 6.7 0.6 0.4 4 7 2.9 6.3 3.9 3.9 2.4 9.5 5.8 4.1 2.5 0 0 3 2.1 2 1.3 1 0.7 3 4 2.1 33 2 7 4.3 2 1 1.3 89 5.4 
9 59 37 12 7.3 4.8 3 4 2.5 12 2 7.6 0 0 5 5 3.4 58 36 3 5 2.2 84 52 5 7 3 5 0 0 5 3 2 1.5 0 0 3.5 2.2 27 1.7 65 4 2 1.2 74 4.6 
10 
11 6.1 3.2 13 6.6 3.7 1.9 3 8 2 97 5 1 0 0 5.6 2.9 6 3 1 4 1 2 .2 93 4.9 6 3.1 0 0 5 2.6 3 1.7 0 0 45 2.4 22 1.2 72 3 8 3 4 1.8 5 6 2.9 
12 
13 4.5 2 1 14 65 4 7 2.2 4.8 2.2 8.4 3.9 2.1 1 6.8 3.1 4.3 2 4.8 2.2 11 5 29 1.3 0 0 3 1.5 2 1 0 0 4 8 2.2 3 1 1.4 78 3.6 35 1.6 55 2.5 
14 
15 5.9 2.7 13 6.1 32 1.5 6 1 2.8 2 9 1.3 2 0.9 5.1 2.4 3.9 1.S 4 1 1.9 11 5.3 3.8 1.8 0 0 ô 2,7 2 0.9 0 0 5.9 2.7 3 1.4 8.4 3.9 3.9 1.8 6.8 3.1 
16 
17 6.6 2.4 15 5.5 2.5 0.9 73 2.7 0 0 14 0.5 7 2.6 4 2 1.5 7 2.6 13 4.9 4 8 1,8 0 0 4 1,5 0 0 0 0 32 1.2 1 5 0.6 8 7 3.2 4 3 1.6 7 2.6 
18 
19 5.4 1.7 14 4.5 3.8 1.2 68 2.1 0 0 0 0 7,7 2.4 3 0 9 7 3 2.3 12 3.6 48 1.5 0 0 5 1.6 1 0.3 0 0 5 1.6 1 8 0.6 9 2.8 43 1.3 6 1 1.9 
20 
21 64 2.1 13 4.4 3 1 6 9 2.3 0 7 0.2 2.3 0.8 7.2 2.4 3.4 1.1 6.7 2.2 12 4 5 1.7 0 0 4 1.3 0 0 0 0 59 2 0.8 0.3 7.7 2.6 2.9 1 7.4 2.5 



Appendix le. Batch C (K/lON, KP) 

n me Mot ile Ce l i -~ Pzygs, Zyg. Pzyg. New G.I. (%) Ave. Vol. c c NH4 N03 N02 N upt. N N C:N Molar N lnAA% mM Gin P04 P upt. p p C:P 
(days) ce lis/ml /ml Eff. (%) lncr /ml garn. vol. (pl) s .d (pg/cell) (pg/pl) (uM) (uM) (uM) (pgN/c/ (pg/cell) (pg/pl) N lnAA /Glu (uM) (pgP/c/ (pg/cell) (pg/pl) 

/ml d) d) 
0 2192 0 0 0 0 0 5.07 0.94 760 150 1 88 0 53 128 25.2 5.94 LB 5.4 97.2 0.78 36 26 5.13 292 
1 2625 0 18 0 0 0 0 0 61 1 04 1140 187 0 77 1.2 76.7 152 24.9 75 1.8 6.3 112.1 1.37 33.3 381 45.5 7.47 25.1 
2 3208 02 0 0 0 0 0 6.27 1.1 1440 230 0 67 1 07 53.4 156 24.9 9 23 1,8 6.35 113 3 23 33 3.5 39.6 6.33 36.4 
3 4392 031 0 0 0 260 5.9 56 099 1230 220 0 39 1 07 122 3 205 36 6 6 2 6 5.8 151 4 0 82 31 9 106 34 6 06 36 2 
4 6733 0 43 0 0 0 292 4.4 5.63 1 1040 185 0 16 1 33 73 4 178 31 5 5 84 23 565 1271 152 30 1 12.7 32 2 573 32 3 
0 10650 0 46 130 2 41 130 508 4.9 5.2 0.89 850 158 0 6 1 6 20.8 150 219 5 67 l 5 3 105 5 1 49 29 8 1 4 2.6 8 4 98 31 7 
6 15217 0.36 276 482 146 1668 11 5.33 0 91 710 133 0 2 24 53 92 17 1 7 72 1 2 48 ô8 6 146 27 8 5 8 26 3 4 92 27 
7 16350 0 07 530 6 28 254 2670 18 5.23 0 87 740 141 0 0 3 6 1 8 73 13 8 10 1 1 57 57 1 39 27 16 25 4 4 86 29 1 
8 22000 0.3 1364 11 .7 634 0 0 4.97 0.83 600 107 0 0 3 74 0 68 12 8.8 0.9 4.1 35.3 1.26 26.5 0.9 22.4 3.99 31.7 
9 211 10 0 2699 22 .7 1335 0 0 4.73 0 81 600 105 0 0 4.21 0 68 12 8,8 0.9 4.4 37.8 0.88 262 0.4 24.9 4.35 24 .1 

0 0 0 
11 16200 0 2500 26.7 0 0 0 5.47 0.97 720 132 0 0 5.4 0 74 13.5 9,73 , 3.5 33.6 0.51 24.7 11 28.9 5.28 20.8 

2420 0 470 3.5 
13 15555 0 2340 262 0 470 3.6 6.4 1.01 690 108 0 0 4.6 0 70 10.8 9.86 0.8 4.2 32.3 0.29 24.3 0.4 29 4.53 23.8 

2575 235 0 0 
15 17217 0.05 2810 28.1 235 0 0 5.57 1.07 760 137 0 0 3.7 0 81 14.4 9.38 1 3.8 391 0.04 24 0.3 31 .7 5.7 24 

0 550 4.2 
17 14403 0 2450 291 0 550 4.7 7.37 1.18 830 1i3 0 0 0.9 0 84 114 9.88 0.8 3.7 30 0 22.4 1.6 35.6 4.83 23.3 

2725 275 150 1.2 
19 17292 0.09 3000 29.6 275 150 1.1 6.9 1.22 1010 146 0 0 1.3 0 77 11 .1 13.1 0.8 3.3 26.1 0 22.7 0 35.2 5.1 28.7 

3075 75 
21 17000 0 3150 31.3 75 7.33 1.51 1140 155 0 0 0.53 0 73 99 15.6 0.7 3.9 27.7 0 22 0.7 38 5 5.25 29.6 

Asp Glu Asn Ser Gin His Gly Arg Thr Al a Tau Tyr Met Val Trp Phe lie Leu Om Lys 
Day % mM % mM % mM % mM % mM % mM % mM % mM % mM % mM % mM % mM % mM % mM % mM % mM % mM % mM % mM % mM 

0 8.5 8.3 14.1 13.7 4 3.9 5.4 5.2 11 10.7 1.4 1.4 8 7.8 9 8.7 6.9 6.7 7 6.8 3.4 3.3 0 0 2 1.9 1.5 1.5 0 0 2.9 2.8 2 1.9 4.5 4.4 2.4 2.3 2.5 2.4 
1 6.8 7.6 12 13.5 3.2 3.6 6.7 7.5 16.4 18.4 2.1 2.4 8.8 9.9 9.5 10.6 5.5 6.2 6.4 7.2 3.8 4.3 0 0 3.6 4 0.8 0.9 0 0 4.3 4.8 2.3 2.6 34 3.8 1.5 1.7 2.2 2.5 
2 7.5 8.5 5.5 6.2 4.8 5.4 4.9 5.5 17.8 20.1 0 0 7.1 8 10 11.3 5 5.6 6.1 6.9 4 .6 5.2 0 0 3.7 4.2 1.6 1.8 0 0 5.1 5.8 1.9 2.1 5.2 5.9 33 3.7 3.7 4.2 
3 4.9 7.4 12.6 19.1 5 7.6 6.6 10 10.3 15.6 1.5 2.3 5.9 8.9 7.4 11 .2 6.1 9.2 7.5 11.4 2.5 3.8 0 0 4.4 6.7 2.3 3.5 0 0 4.4 6.7 3.2 4.8 5.7 8.6 3.2 4.8 5 7.6 
4 5.9 7.5 10.4 13.2 3.1 3.9 5.5 7 15.8 20.1 1.9 2.4 6.8 8.6 6 7.6 4.9 6.2 9.2 11.7 4 .8 6.1 0 0 5.8 7.4 1.6 2 0 0 4.1 5.2 2.6 3.3 3.2 4.1 2.5 3.2 4.7 6 
5 6.6 7 9.3 9.8 4.7 5 7.1 7.5 13.9 14.7 0.6 0.6 5.4 5.7 7.1 7.5 6.4 6.8 8.8 9.3 3.8 4 0 0 4 4.2 0 0 0 0 5.4 5.7 2.2 2.3 3.5 3.7 4 4.2 6.6 7 
6 6.8 4 10.4 6.1 4.4 2.6 5.9 3.5 15.2 8.9 1 0.6 5.8 3.4 6.5 3.8 4 .1 2.4 9.9 5.8 4 2.3 0 0 3.7 2.2 0.8 0.5 0 0 3.6 2.1 1.5 0.9 5.5 3.2 1.9 1.1 6.8 4 
7 7.8 4.4 8.8 5 3.9 2.2 7 4 12.2 7 0 0 6.7 3.8 5.7 3.2 4.7 2.7 8.5 4.8 4.7 2.7 0 0 3.8 2.2 3 1.7 0 0 5 2.8 1.7 1 6.7 3.8 08 0.5 8.1 4 .6 
8 7 2.5 9.5 3.4 5.5 1.9 62 2.2 12 4.2 0 0 4.9 1.7 6.3 2.2 7 2.5 10.3 3.6 4.1 1.4 0 0 4.3 1.5 0.5 0.2 0 0 5.3 1.9 2.4 0.8 2.4 0.8 4.1 1.4 6.9 2.4 
9 5.7 2.2 11 .5 4.3 3.9 1.5 7.5 2.8 10.1 3.8 2 0.8 5.9 2.2 5.5 2.1 7.2 2.7 10 3.8 2.5 0.9 0 0 5 1.9 0 0 0 0 3.5 1.3 0 0 6.6 2.5 2.3 0.9 10.1 3.8 
10 
11 8.1 2.7 13.6 4.6 4.4 1.5 8.2 2.8 7 2.4 0 0 6 2 4.9 1.6 6.2 21 9.9 3.3 1.8 0.6 0 0 4.3 1.4 1.4 0.5 0 0 2.2 0.7 23 0.8 5.7 1.9 3.4 1.1 9.2 3.1 
12 
13 7.7 2.5 15.7 5.1 4.1 1.3 5.7 1.8 4 .6 1.5 1 3 0.4 6 1.9 4 1.3 5.9 1.9 12 3.9 3.2 1 0 0 3.9 1.3 0 0 0 0 3.1 1 1.6 0.5 8.2 2.6 4.1 1.3 8.9 2.9 
14 
15 7.3 2.9 16.1 6.3 4.9 1.9 5.9 2.3 0.6 0.2 1 5 0.6 7 .1 2.8 4 .7 1.8 6.4 2.5 11.4 4.5 4.8 1.9 0 0 4.8 1.9 0.5 02 0 0 1 7 0.7 0 0 7.3 2.9 5.1 2 9.9 3.9 
16 
17 8 2.4 14.3 4.3 5.6 1.7 6.3 1.9 0 0 0 0 5.7 1.7 2.8 0.8 6.6 2 111 3.3 2.5 0.7 0 0 6 1.8 0 0 0 0 2 0.6 1 5 0.4 8.4 2.5 5.9 1.8 121 3.6 
18 
19 6.3 1.6 14 3.7 3.5 0.9 7.1 1.9 0 0 09 0.2 5.9 1.5 1.9 0.5 7.3 1.9 10.5 2.7 5 1.3 0 0 6.3 1.6 1.1 0.3 0 0 3.9 1 0 0 9.1 2.4 4.4 1.1 11 4 3 
20 
21 7.2 2 12.6 3.5 3.2 0.9 7.6 2.1 0 0 1 4 0.4 6.1 1.7 2.9 0.8 7.9 22 11 .2 3.1 3.6 1 0 0 4.7 1.3 0 0 0 0 4 1.1 0 0 8.3 2.3 3.6 1 10 8 3 



Appendix ld. Batch D (KN, K/4P) 
Ti me Mollie Cell-~ Pzygs Zyg. Pzyg. New G.I. (%) Ave. Vol . c c Nh3 No3 No2 N upt N N c ·N MolarN lnAA% mM Gin po4 P upt. p p C:P 
(da ys) ce lis/ml /ml Eff. (%) lncr. /ml garn. vol. (pl) s.d. (pg/cell) (pglpl) (uM) (uM) (uM) (pgNicl (pg/cell) (pg/pl) N lnAA /Glu (uM) (pgP/c/ (pglcell) (pg/pl) 

/ml d) d) 

0 2761 0 0 0 0 0 5.8 0 85 880 151 .8 10 884 186 32. 1 4.73 229 4.7 107 6 0.91 9 25 4.32 35.2 
1 2550 0 0 0 0 0 0 6.6 0.88 1373 207.9 4 874 1.65 81 .2 333 50.4 4.12 3.6 5.8 208.8 1.21 6.5 28 46 .1 6.99 29.8 
2 4937 0.66 0 0 0 0 0 6.6 0.95 982 148.8 1 868 1.1 49.4 152 23.1 6.46 1.65 6.5 107.2 1.12 4..3 26.7 40 6.06 24 .6 
3 6575 0.29 0 0 0 176 2.7 6.33 0.89 614 128,4 0 853 11 454 144 22.8 5.65 1.63 6.9 11 2.5 1.05 2.3 12.5 36.7 6.12 21 
4 11600 0.57 0 0 0 240 2.1 5.93 0.89 681 114.9 0 820 1.65 70.3 155 26.1 4.39 1.86 5.9 109.7 1.01 09 6.6 23.6 4.02 28.6 
5 16075 0.33 88 1 09 88 2472 16 5 33 093 597 111 9 0 801 2 19 23 81 15.3 7 37 1 09 5 8 63.2 0.95 02 1 9 166 3 48 32 1 
6 15975 0 208 2 57 120 1722 12 5 93 097 582 98 1 0 788 2.19 11 3 106 18 549 1.29 55 71 09 () 0 4 184 3 45 31 .6 
7 15700 0 1444 16.9 1236 256 1.9 6.37 1 720 113.1 0 777 2.74 9.6 115 16 6,26 1.29 51 65.6 0.72 0 0 17.6 2.97 40 .9 
6 16500 0.05 2305 24.5 861 644 4.6 6.6 0.97 679 102.9 0 741 2.19 14 3 127 19.2 5.35 1.37 4.6 65.8 0.66 0 0 17.5 2.64 36.6 
9 14375 0 2434 29 129 0 0 7.37 1.16 890 120.9 0 733 3.77 6.8 153 20.7 5.82 148 5.4 79.9 0.51 0 0 17.2 2.34 51 .7 
10 11425 0 2756 38.9 322 0 0 7.77 1.19 1217 156.6 0 729 3.77 3.9 175 22.5 6.95 1.61 5 80.5 0.33 0 0 16.9 2.19 72 

0 2703 0 465 5.8 
12 10125 0 2650 41 .5 0 465 6.4 7.9 1 09 1412 176.6 0 713 44 9.6 227 28.6 6.22 2.06 4 .9 100.9 0. 27 0 0 17.6 2.22 80.2 

0.19 2663 232.5 0 0 
14 14562 0.15 3115 35.2 232.5 0 0 8.3 1 22 1092 131.7 0 715 5 0 156 18.9 6.91 1.35 5.3 71.5 0.2 0 0 16.2 2.19 60 

0 3054 35.2 0 77.4 0.7 
16 14075 0 2992 351 0 77.4 0.7 6.9 1.25 1151 129.3 0 702 5.6 6.3 149 16.8 7.72 1.2 6 72 0.12 0 0 16.9 2.13 60.9 

0 3032 355 36 7 77.4 0.7 
0 3071 36 38 7 94.6 09 

19 13950 0 3111 36.5 38.7 94.6 0.9 9.33 164 1479 156.4 0 663 5.3 6.3 194 20.7 7.62 1.46 5.3 78.4 0.15 0 0 19.3 2.07 76.6 
0.01 3157 36.7 47.3 94.6 0.9 
0.01 3204 37 47.3 

22 14200 0.01 3250 37.3 47 3 9.4 1.45 1880 200.1 0 681 5.3 0.7 205 21 .9 9.17 1.56 5.1 79.6 0.12 0 0 18.8 2.01 100 

Asp Glu Asn Ser Gin His Gly Arg Thr Al a Tau Tyr Met Val Trp Phe Ile Leu Orn Lys 
Day % mM % mM % mM % mM % mM % mM % mM % mM % mM % mM % mM % mM % mM % mM % mM % mM % mM % mM % mM % mM 

0 7.2 7.7 13.4 14.4 5.3 5.7 7 7.5 12 13.1 1 1.5 7 7.4 6.3 6.9 4.5 4.6 8 6.1 4.1 4.4 0 0 2.5 2.7 2 2.5 0 0 2 2.2 1 1.1 5 5.4 1 1.3 5 4.8 
1 6.2 17.1 10.4 21.7 4.7 9.8 5.6 2.1 13 26.3 2 3.3 7 14.6 7.6 15.9 5.2 11 7 15.5 5.6 12 0 0 0.9 1.9 4 6.4 0 0 3.3 6.9 3 5.2 5 10 3 5.2 4 8.1 
2 6.1 8.7 9.9 10.6 4.9 5.3 4.3 4.6 11 11.9 0 0 5 5 7.9 6.5 3.3 3.5 6 8.5 4.6 4.9 0 0 3.7 4 4 3.9 2 1.6 3.7 4 3 3.3 7 7.2 2 1.6 6 6.6 
3 6.7 7.5 11.1 12.5 6.1 6.9 4.3 4.6 12 13 2 2.6 6 6.4 9.3 10.5 5.1 5.7 7 7.4 6 6.7 0 0 3.4 3.6 4 4.5 1 1.1 1 1.1 3 2.9 4 4.3 2 2.7 6 6.2 
4 6.6 7.2 11.2 12.3 6 6.6 6.5 7.1 11 12.4 3 3.3 6 6.8 11 .3 12.4 3.8 4.2 9 9.7 4.2 4.6 0 0 2.5 2.7 2 21 0 0 2 2.2 2 1.6 5 5 1 0.5 5 5.6 
5 5.7 3.6 12 7.6 4 .2 2.7 5.6 3.7 11 7.2 0 0 5 3 15 9.5 3.6 2.4 8 4.9 4.9 3.1 0 0 3.7 2.3 2 1.3 0 0 3.1 2 1 0.6 5 3.3 1 0.7 6 4 
6 6.2 4.4 10.6 7.5 6.5 4.6 6.7 4.6 9.5 6.7 2 1.4 5 3.7 14.3 10.2 4.7 3.3 7 4.6 5.2 3.7 0 0 6 4.3 4 2.6 0 0 2.2 1.6 1 0.6 4 2.7 0 0 5 3.6 
7 5.7 3.6 12.5 6.2 5.5 3.6 7.5 4.9 8.9 5.9 1 0.9 5 3.5 14.7 9.7 5 3.3 7 4.7 5.5 3.6 0 0 4.5 3 3 2.2 0 0 1.1 0.7 0 0 6 3.9 0 0 6 4 
8 6 3.9 14 9.2 5.6 3.6 7.1 4.7 9.2 6.1 1 0.5 7 4.7 15.6 10.4 6 3.9 7 4.3 3.7 2.4 0 0 3.2 2.1 2 1.3 0 0 1.3 0.9 0 0 6 3.8 1 0.5 5 3.2 
9 7.3 5.6 13.6 10.9 7.1 5.7 4.4 3.5 7 5.6 2 1.4 7 5.4 17 13.6 4.8 3.6 5 3.8 4.8 3.6 0 0 2.7 2.2 4 3.2 0 0 0.5 0.4 1 0.8 6 5 1 1 3 2.6 
10 7 5.6 15.2 12.2 4.9 3.9 7.8 6.3 5 4 0 0 4 3.5 16.2 13 3.6 2.9 8 6.3 6.1 4.9 0 0 3.2 2.6 4 3 0 0 1.4 1.1 2 1.7 4 3 2 1.2 5 3.9 
11 
12 5.6 5.9 14.3 14.4 5.6 5.6 6.1 6.2 3.9 3.9 3 3.2 5 5.4 14.7 14.6 4.2 4.2 9 6.9 5.9 6 0 0 4.6 4.6 4 4 0 0 2.6 2.6 0 0 5 4 .7 0 0 5 5 
13 
14 7.6 5.4 16 11.4 6.7 4.6 5.4 3.9 3.2 2.3 2 1.1 6 41 19.3 13.8 4.3 3.1 9 6.4 7.2 5.1 0 0 3.3 2.4 1 0.6 0 0 1.2 0.9 0 0 4 2.6 0 0 4 2.9 
15 
16 6.5 6.1 15.1 10.9 7.3 5.3 6.8 4.9 1.6 1.3 0 0.3 7 4 .7 20.3 14.6 5.6 4 5 3.5 6.7 4.8 0 0 3.6 2.6 1 0.7 0 0 1 0.7 1 0.5 5 3.2 1 0.6 4 3 
17 
16 
19 6.9 5.4 14.4 11.3 7.8 6.1 7.6 6 2.2 1.7 0 0 5 3.8 19.5 15.3 5 3.9 7 54 5.7 4.5 0 0 2.7 2.1 2 16 0 0 0.6 0.6 1 0.9 5 4 .2 1 0.4 6 4.9 
20 
21 
22 6.6 5.4 12.9 10.3 6.6 5.3 6.9 5.5 1.5 1.2 2 1.2 6 4.4 16.1 14.4 4.4 3.5 8 61 5.6 4.5 0 0 3.5 2.8 1 06 0 0 2.4 1.9 0 0 5 3.9 1 1.1 6 4.6 



~Pl 1en IX e. ac ' 
A d' 1 B t hE (KN K/lOP) 

Tl me Mollie Cell-~ Pzygs. Zyg Pzyg. New G.I.(%) Ave. Vol. c c Nh3 No2 No3 N upl. N N C:N MolarN lnAAo/o mM Gin po4 P upl. p p C:P 
(da ys) cellslml /ml Eff. (%) lncr. /ml gam vol. (pl) s.d (pglcell) (pg/pl) (uM) (uM) (uM) (pgN/c/ (pglcell) (pglpl) N lnM /Glu (uM) (pgP/c/ (pglcel l) (pg/pl) 

/ml d) d) 
0 2761 0 0 0 0 0 5.8 0.85 880 152 10 884 186 32.1 4.73 2.29 4.8 109.9 0,91 3.6 25 4.32 35.2 
1 2100 0 0 0 0 0 0 7.33 1.15 1714 234 5 1.1 879 50.8 290 39.6 5.91 2.83 5.6 158.5 1.54 3.1 5.6 38.2 5.22 44 .9 
2 4850 0.84 0 0 0 138 2.85 7.7 1.19 1010 131 2 1.1 857 166.8 224 291 4.51 2.08 6.6 137.3 1.41 1.9 17.7 23.3 3.03 4-3.3 
3 7137 0.39 0 0 0 78 1 1 6.87 1.09 813 119 0 1.37 842 49.1 186 27 4,37 1.93 6.9 133.2 1.38 0.9 6.4 20 2.91 40.6 
4 7525 0.05 69 1.82 69 124 1.67 6.97 1.2 1276 183 0 1.65 832 19.6 173 24 .9 7.38 1.78 5.9 105 1.37 0.3 3 20.4 2.94 62.5 
5 9400 022 108 2 27 39 400 4.33 7.13 1 15 947 133 0 165 834 0 108 14.7 8 93 1 05 6.3 66.1 1 26 0 12 175 246 541 
8 8675 0 170 384 62 1684 20 3 713 108 1130 158 0 219 827 104 104 14 7 10 9 1 05 6 63 1 11 0 0 172 24 65 .7 
7 7612 0 370 9.27 200 448 7 7.43 1.19 1327 179 0 2.74 827 0 105 14.1 12.6 1.01 5.6 56.6 1 05 0 0 17.4 2.34 76.3 
8 8000 0.05 1212 26.3 842 0 0 7,4 1.1 1400 189 0 3.29 815 22.1 175 23.7 8 1.69 4.7 79.4 1.04 0 0 16.8 2.28 83.3 
9 8237 0.03 1436 29.7 224 275 4.04 7.6 1.07 1457 192 0 3.46 812 5.3 206 27 7.07 1.93 5.3 102.3 0.83 0 0 16.6 2.19 87.8 
10 7900 0 1159 25.6 0 275 4.16 7.73 1.03 1532 198 0 3.77 804 13.6 203 26.1 7.55 1.86 5.5 102.3 0.65 0 0 17 2.19 90.1 

0 1297 28.4 137.5 60 0.94 
12 7737 0 1434 31 .3 137.5 60 0.96 7.93 118 1784 225 0 4.4 797 6.2 246 30.9 7.25 2.21 4.9 108.3 0.5 0 0 16.8 213 106 

0 30 0 0 
14 6312 0 1494 38.3 30 0 0 8.2 1.22 2266 276 0 4.55 800 0 317 38.7 715 2.76 4.8 132.5 O.S4 0 0 17.3 2.1 131 

0 1457 0 86 1.97 
16 5350 0 1420 42 0 86 2.21 8.3 1.26 2953 356 0 4,71 790 11.1 374 45 7.9 3.21 5.3 170.1 0.52 0 0 18.2 2.19 162 

0.11 1463 43 86 1.94 
0.1 1507 43 92 1.84 

19 7150 0.09 1550 35.6 43 92 1.66 9.53 1.57 3070 322 0 5.03 779 72 367 38.4 8.37 2.74 4.4 120.6 0.4 0 0 17.9 1.89 172 
0 1596 46 92 1.69 
0 1642 46 

22 6987 0 1688 38.9 46 9.87 1.6 2890 293 0 4.4 769 6.5 358 36.3 8.07 2.59 4.9 126.9 0.29 0 0 18.4 1.86 157 

Asp Glu Asn Ser Gin His Gly Arg Thr Al a Ta u Tyr Mel Val Trp Phe lie Leu Orn Lys 
Day % mM % mM % mM % mM % mM % mM % mM % mM % mM % mM % mM % mM % mM % mM % mM % mM % mM % mM % mM % mM 

0 7.6 8.4 11.9 13.1 6.3 6.9 6.5 7.1 10.8 11.9 0.9 1 6.3 6.9 7 7.7 6.1 6.7 6.8 7.5 5 5.5 0 0 3 1 3.4 1.5 1.6 1 11 2.5 2.7 2.2 2.4 52 5.7 0.8 0.9 5.5 6 
1 8.9 14.1 8.2 13 6.8 10.8 4.6 7.3 12.6 20 0 0 6.8 10.8 6.5 10.3 3.8 6 8.7 13.8 4.1 6.5 0 0 4.1 6.5 3 4.8 0 0 4.3 6.8 3.3 5.2 6.7 10.6 2 3.2 4.8 7.6 
2 8.5 11.7 8 11 7.1 9.7 4.5 6.2 11.3 15.5 1.1 1.5 5.4 7.4 7.9 10.8 6.5 8.9 7.5 10.3 3.3 4.5 0 0 4.7 6.5 2.7 3.7 0 0 4.5 6.2 3 4.1 5.8 8 2.6 3.6 4.5 6.2 
3 5.8 7.7 9.4 12.5 5.3 7.1 7.5 10 13 17.3 0 0 7.1 9.5 10 13.3 6 8 7.6 10.1 5 6.7 0 0 3 4 0 0 0 0 2.4 3.2 0 0 6.5 8.7 1.5 2 6.1 8.1 
4 5.4 5.7 8.2 8.6 7 7.3 7.7 8.1 11.2 11.8 1.5 1.6 4.9 5.1 8.9 9.3 7.4 7.8 9.1 9.6 3.9 4.1 0 0 3.8 4 2 2.1 0 0 3.8 4 2.5 2.6 4.9 5.1 22 2.3 5.5 5.8 
5 4.8 3.2 9.4 6.2 4.8 3.2 4.3 2.8 11.9 7.9 2 1.3 5.9 3.9 12.5 8.3 4.3 2.8 5.7 3.8 6.1 4 0 0 3.4 2.2 3.1 2 0 0 4.4 2.9 3.3 2.2 3.9 2.6 3.2 2.1 6 4 
6 6 3.8 10.8 6.8 4.7 3 5.3 3.3 12 7.6 0 0 5 3.1 14.1 8.9 3.6 2.3 8 5 5.3 3.3 0 0 4 2.5 1 0.6 0 0 2.5 1.6 1.2 0.8 5.6 3.5 1.6 1 6.8 4.3 
7 6.2 3.5 11 6.2 5.7 3.2 2.9 1.6 11.6 6.6 1.4 0.8 7.5 4.2 13.5 7.6 4.9 2.8 6.2 3.5 3.9 2.2 0 0 4.2 2.4 2.5 1.4 0 0 1.6 0.9 2.2 1.2 6 3.4 1 0.6 5.3 3 
8 5.2 4.1 10.5 8.3 7 5.6 4.7 3.7 10.9 8.7 1 0.8 6.1 4.8 16.1 12.8 5.8 4.6 6.4 5.1 4.4 3.5 0 0 1.8 1.4 1.9 1.5 0 0 1.1 0.9 1.5 1.2 6.8 5.4 0.9 0.7 5.5 4.4 
9 3.9 4 12 12.3 6 6.1 6.1 6.2 10 10.2 0 0 7 7.2 14.3 14.6 3.7 3.8 8.1 8.3 4.8 4.9 0 0 0.9 0.9 3.9 4 0 0 3.1 3.2 2.5 2.6 7 7.2 2.9 3 3.8 3.9 
10 5.8 5.9 14.1 14.4 6.1 6.2 7.8 8 9.3 9.5 0 0 7 7.2 12.9 13.2 4 4.1 5.3 5.4 5.1 5.2 0 0 4.5 4.6 2 2 0 0 2.7 2.8 3.1 3.2 4.5 4.6 1.8 1.8 3.2 3.3 
11 
12 6.7 7.3 14.4 15.6 7.3 7.9 8.3 9 7.2 7.8 1.7 1.8 4.9 5.3 16.7 18.1 5.9 6.4 6.5 7 4 .7 5.1 0 0 2.8 3 3 3.2 0 0 1.8 1.9 1 1.1 4 4.3 0 0 3.1 3.4 
13 
14 7.4 9.8 12.1 16 4.5 6 8 10.6 6.5 8.6 1.9 2.5 56 74 18 23.8 7.7 10.2 7 9.3 6 8 0 0 3.3 4.4 1.9 2.5 0 0 0.5 0.7 2 2.6 3.8 5 0.8 1 3 4 
15 
16 75 12.8 15 25.5 5.6 9.5 59 10 7.8 13.3 2.3 3.9 51 87 15.5 26.4 4.3 7.3 5.1 8.7 47 8 0 0 4 6.8 2.1 3.6 0 0 1.3 2.2 1.4 2.4 5 8.5 1 3 2.2 4.1 7 
17 
18 
19 6 7.2 13 8 16.6 6.5 7.8 82 9.9 5.5 6.6 1.4 1.7 8 1 98 17.5 21.1 3.2 3.9 7.5 9 26 3.1 0 0 5.7 6.9 1 1.2 0 0 2 2.4 1 3 1.6 3.2 3.9 0.7 0.8 5.8 7 
20 
21 
22 67 8.5 13 3 16.9 6.1 7.7 75 9.5 3.9 5 1 1.3 76 96 16.7 21.2 4.9 62 83 10 5 3 1 3.9 0 0 4.7 4.7 0.5 0.6 0 0 2 2.5 1 1,3 3.4 4.3 1 1.3 4.6 5.8 



TI me Motile Ce li-~ Pzygs , Zyg. Eff, Adj. 
(days) cellslml /ml (%) Pzyg./ml 

0 27633 016 263 1.9 261 
1 26000 0.04 178 1.4 237 
2 26833 0.14 312 2.3 160 
3 31267 0.26 668 4.2 281 
4 0.01 
5 28800 0.01 2.73 1.9 541 
6 27533 0,06 544 3.9 246 
7 28967 0.16 329 22 490 
6 28067 0.07 440 3.1 296 
9 28800 0.13 503 3.4 396 
10 29933 0.14 868 5.6 453 
11 26667 0 490 3.6 781 
12 26900 0.11 502 3.7 441 
13 27867 0.14 389 2.8 452 
14 28000 0.11 455 3.2 350 
15 27967 0.1 402 2..8 410 
16 26500 0.05 588 4.3 362 
17 26333 0.1 478 3.6 529 
18 0.05 
19 26367 0.05 390 2..9 387 
20 23533 0 444 3.7 351 
21 24450 0.14 356 2.9 400 
22 25900 0.05 634 4.8 320 

Time Motile Cel l -~ 
(days) cells/ml 

Pzygs. Zyg. Efl. Adj. 
/ml · (%) Pzyg. /ml 

0 15352 167 2..2 
1 16700 0.13 2.23 2.6 150 
2 14125 0 105 1.5 201 
3 16225 0. 19 290 3.5 95 
4 16075 0,04 187 2.3 261 
5 16175 0.06 11 0 1.4 166 
6 15550 0.01 275 3.5 99 
7 15675 0.06 283 3.5 247 
8 16850 0.12 150 1.8 255 
9 15225 0 89 1.2 135 
10 15800 0.09 266 33 80 
11 13950 0 190 2.7 239 
12 15912 0.18 166 2.1 171 
13 15101 0 254 3.3 149 
14 14998 0.04 225 3 229 
15 14696 0.03 330 4.4 203 
16 14333 0.03 270 3.7 297 
17 12965 0 424 6.3 243 
18 12899 0.05 299 4.5 382 
19 12156 0 455 7.2 269 
20 11898 0.03 440 7,1 409 
21 10333 0 347 6.5 396 
22 9062 0 289 6 .2 312 

Appeodix 2a. Automated semi-continuous experiment A {nutrient-replete) 
Pzyg. New G l. (%) Ave. vol Vol. s .d. c c (pg/pl) NH4 N03 N02 N N (pg/pl) C:N N(M) N% 

lnc./ml gams. /ml (p l) (pg/cell) ( ~ M) (~ M ) (~M) (pg/cell) lnAA 
2 304 11 4 .72 0.52 560 118.6 0 672,5 7 90 19,1 6.22 1.36 5.5 
0 774 3 5.14 0.58 550 107 0 677.6 7.1 90 17.5 6.11 1,25 6.3 

152 5.02 0.58 480 95.6 0 625 .7 7.8 80 15.9 6 1.14 6.7 
387 0 0 5.03 0.64 510 1014 0 605.6 6.2 120 23.9 4.25 1 7 5.1 

596 
0 0 0 4.73 0.48 540 114.2 0 580.3 8.9 130 2.7.5 4.15 1.96 5.6 

298 288 1.1 4.98 0.59 570 114.5 0 533.5 6.2 130 26.3 4.38 1.88 5.5 
0 21 4 0.8 5.11 0.65 570 110.3 0 512 .8 9.8 120 23.2 4.75 1.66 5.6 

144 830 3 5.17 0.59 520 100.6 0 529 6 9.7 90 17.4 5.78 1.24 6.5 
107 0 0 5.1 0.71 480 94.1 0 496.9 10.5 90 17.6 5.33 1.26 6.1 
415 124 0.4 4 .66 0 54 470 100.9 0 479.9 11 .2 100 21 ,5 4.7 1,53 6.3 

0 0 0 4 .89 0.66 550 112 .5 0 487.4 11 .5 100 20.4 5.5 1.46 6. 2 
62 210 0.8 5.23 0.57 540 103 3 0 475,1 11 .7 90 17.2 6 1.23 6.1 
0 0 0 4.88 0.53 520 106.6 0 463.3 11 .8 100 20 .5 5.2 1.46 5.8 

105 452 1.6 5.02 0.55 470 93.6 0 450.3 11 .2 80 15.9 5.87 1. 14 6.3 
0 0 0 4 .85 0.58 480 99 0 445.9 10 70 14.4 6.86 1.03 6.8 

226 5.05 0.5.9 530 105 0 442 11 100 19.8 5.3 1.4 1 6 
0 6 0 4.92 0.63 510 103.7 0 428.5 10.8 90 18.3 5.67 1.31 6.1 

186 
3 0 0 4.96 0.66 550 110.9 0 394.8 9.9 120 24.2 4.58 1,73 6 

93 628 2,7 5.15 0.67 550 106.8 0 384.6 9 7 100 19.4 5.5 1.39 6.8 
0 5 3 0.78 540 101 .9 0 370 9.4 100 18.9 5.4 1.35 6.7 

314 5. 16 0 62 430 83.3 0 397 .9 9 90 17.4 4.78 1.25 6.3 

Appeodix 2b. Automated semi-continuous expenment B (N-limited) 
Pzyg. New G.I. (%) Ave. vol Vo l. s .d. C C (pg/pl) NH4 N0 3 N02 N N (pg/pl) C·N N (M) N % 

lnc . /ml gams. /ml (pl) (pglcell) (~M) (~M) (~Ml (pglceiO lnM 
0 0 4,53 0.55 510 112.6 0 0 0 79 17.4 6.46 1.25 6.15 

73 390 2.36 4 .57 0.49 520 113.8 0 0 0 78 17.1 6.67 1.22 6.41 
0 0 0 4.67 0.2 560 119.9 0 0 0 77 16 5 7.27 1 18 5.73 

195 0 0 4,39 0.46 490 111 .6 0 0 0 74 16.9 6.62 1.2 6.25 
0 352 2.22 4.76 0.47 460 96.6 0 0 0 75 15.8 6.13 1 13 5 47 
0 72 0.46 4.6 0.47 520 11 3 0 0 0 80 17.4 6.5 1.24 6.61 

176 0 0 4,87 0.53 480 98.6 0 0 0 81 16.6 6.93 1,19 6.25 
36 0 0 4.97 0.55 500 100.6 0 0 0 71 14.3 7.04 1.02 5.77 
û 372 2.22 4.82 0.5 470 97.5 0 0 0 75 15.6 6.27 1 11 6.19 
0 0 0 4.71 0.48 450 95 .5 0 0 0 76 16.1 5.92 1.15 6.6 

186 0 0 4.38 0.44 460 105 0 0 0 73 16 7 6.3 1.19 6.06 
0 210 1.53 5.01 0.58 470 93.8 0 0 0 69 13.8 6.81 0.98 6.33 
0 0 0 4.83 0.5 530 109.7 0 0 0 62 12.8 8.55 0.92 5.65 

105 254 1.71 5.09 0.6 450 68 .4 0 0 0 58 11 .4 7.76 0.81 6.56 
0 0 0 5.18 0.58 430 83 0 0 0 64 12 4 6.72 0.88 5.98 

127 402 2.8 4.63 0.49 390 84.2 0 0 0 65 14 6 1 6.22 
0 0 0 4.59 0.47 430 93.7 0 0 0 59 12.9 7.29 0.92 6.3 

201 372 2.97 4.37 0.43 410 93 .8 0 0 0 66 15 1 6.21 1.08 6.42 
0 62 0 51 4.6 0.48 460 100 0 0 0 60 13 7.67 0.93 6.7 

186 0 0 4.55 0.45 430 94 .5 0 0 0 55 12.1 7.82 0.86 5.88 
31 0 0 4.82 0.54 470 97.5 0 0 0 60 12.4 7.83 0.89 6.22 
0 4.68 0.49 410 87.6 0 0 0 58 12.4 7.07 0.88 6.93 
0 5.14 0.56 440 85.6 0 0 0 59 1 1.5 7.46 0.82 5.76 

lnAA 
(mM) 
74 .8 
78.8 
76.4 
86.5 

110 
104.3 
93 .7 
81 .2 
76 .6 
96 .7 
90.4 
75 
85 

72 .2 
70.5 
84.6 
80 .3 

104.2 
94 

89.8 
78.9 

lnAA 
(mM) 
76.9 
78.2 
67.6 
75 

61 .8 
82 

74.4 
58.9 
68] 
75.9 
72.1 
62 
52 

53.1 
52.6 
62 2 
58 

69.3 
62,3 
50.6 
55.4 
61 

47.2 

Gin: Glu P04 p p (pg/pl) C:P 
(~M ) (pg/cell) 

0.75 27.5 25.8 5.47 21.7 
0.68 25.6 27 5.25 20.4 
0.74 25.3 26.8 5.34 17.9 
0.72. 22.8 30.4 6.04 16.8 

0.66 28.5 27 .7 5.86 19.5 
0.69 25.8 25.3 5.08 22.5 
0.58 25 25 .9 5.01 22 
0.71 23 24.3 4.7 21.4 
0.69 17.9 28.2 5.53 17 
0.85 19.5 23 .6 5.06 19.9 
0.75 20.5 25.4 5.19 21.7 
0.81 20.4 30.6 5.85 17.6 
0.69 20.8 28 .5 5.84 18.2 
0.56 21 29.5 5.88 15.9 
0.55 25.3 27 .4 5.65 17.5 
0.62 18.5 27 .5 5.45 19.3 
0.82 22.6 24 .8 5.04 20.6 

0.81 23 3 25.8 5.2 21 .3 
0.74 24.7 27.5 5.34 20 
0.76 26.5 28.8 5.43 18.7 
0.66 25.8 28.1 5.45 15.3 

G1n; Giu P04 P P (pg/pl) C:P 
(uMl (oa/cell) 

0.52 32.2 29.5 6.51 17.3 
0.44 32.5 30.5 6.67 17 
0.47 33.8 32.4 6.94 17.3 
0.39 30.7 32.5 7.4 15.1 
0.46 32.1 29.7 6.24 15.5 
037 35.1 33.6 7.3 15.5 
0.35 34.8 32.9 6. 76 14 .6 
0.44 35.9 30 6.04 16.7 
0.4 37.4 34.7 7.2 13.5 

0.49 38.7 36.1 7.66 12.5 
0.4 40.6 33.6 7.67 13.7 

0.42 41 34.5 6.87 13.6 
0.39 46.4 .36.7 7.6 14.4 
0.41 47.8 35.5 6.97 12.7 
0.37 47.4 35 6.76 12.3 
0.33 49.6 38 5 8.32 10.1 
0.36 47 ,6 37.8 8.24 11.4 
0. 27 52.1 F -6 8.6 10.9 
0.2 54.2 40 4 8.78 11 .4 

0.22 54.7 35.4 7.78 12.1 
0.16 60.1 37.6 7.8 12.5 
0.09 55.8 35.7 7.63 11.5 
0.14 57.6 38 7.39 11 .6 



AprenrliY 3a. Manual semi-continuous t:xpt:riment A (nmd~m··replete) 
,:,.-:, = çea.~ ~ 1'· 1 ~ 

En. z'1;,. Ille. -~ ?~~ IA•!-,;à.. Vols.d. 
(pc al) 

c (J9'p() ~ ~~ ~ r: ~ (pc; N:el) 
1 N (J9'1ll) C:N -N IN'IHIM ::, GlniGIU P()4 ~~ ,,/>01} 1 P(pglpl) c:p 

77ti(X) 

0 O.• 15 
66133 o. 0 061 

144.5 
68933 258 
80933 
69 822 122 5 
54 28.5 
71 12 ,37 120.9 

77 78 '.5 ' ,5(; 1164 
66 .64 

693 
70 
58868 1.5 2,1 675 13i 
66533 305 

15 1123 

' ,43 1129 
33 

'.54 1056 
76400 ~5 28 

'81 106. 
83266 

27 '.66 109. 10 
411 ~ 
84: .03 .35 104.4 
0 0 14 

)() 74 0.33 1.4 .16 10 >,2 
0 32 
0 1.4 8.02 112.3 

- Glu ..... S<or Gin Hos lily Alg Thr ..... rou T - Val Trp """ ... Lou Om l 
Day .. mM . mM ' """ "' mM 'Il mM "' """ 

,. mM ,.. mM mM ... mM "' mM .. mM " mM "' mM ... mM ~ mM .,. mM "' mM " mM " mM 
0 • 3 .9 10? 98 38 37 17 164 H.S 111 15 14 3 29 104 ID 11 1.2 159 1S.3 95 9.2 0 0 17 1.6 27 26 0 0 14 13 o• 0.4 19 18 2 1.9 11 11 
1 104 12.1 
2 JI 36 99 96 36 37 163 15.6 119 11.5 2.2 2.1 74 23 99 96 09 0.9 IH 161 105 10,2 0 0 :1.2 2.1 2.8 2.1 0 0 08 08 08 08 29 2.8 15 1.4 0.9 0 .9 
3 10 5 12.4 
4 J~ 39 9~ 108 34 3.8 17 1 19.2 101 12 14 16 27 3 103 116 1 11 IH 11.6 104 117 0 0 2.1 2.4 38 43 0 0 09 1 0 0 33 3.7 1.3 1.5 0.6 0.1 
5 12 12.7 
6 ,. 4 2 89 109 42 5.1 114 21.3 9.5 116 09 11 38 H Il 13.5 0 09 144 176 98 11 .8 0 0 19 23 19 23 0 0 13 16 1 1.2 41 5.3 2.2 2.7 2 2.4 
7 122 12.4 
8 • 48 91 Ill }9 4 7 149 18 10 12.1 0 0 3.2 3.9 lOt 12.3 09 Il 1~5 187 1? 145 0 0 31 37 lJ 28 0 0 13 16 01 oa 41 5 1.7 2. 1 1.9 2.3 
9 103 11.5 
10 38 44 Ill 13 31 3.7 161 18.7 136 15.8 12 14 29 3.4 96 Il 2 Il 1.3 181 187 111 136 0 0 1. 16 35 • 1 0 0 Ob 0.8 o.o 01 1 4 16 09 1 06 0.1 
Il 10.4 118 
12 3Y 48 10 12 2 36 4.4 156 19 Il?. 13.7 05 0 .6 1.9 2.3 88 10 7 17 21 139 11 105 12.8 0 0 2 2A 3.5 • . 3 0 0 1 2 15 1 12 31 45 22 2.7 2.5 3 
13 116 13 
14 45 62 12? 168 ·~ 62 14 8 20.4 14 2 19.6 0.7 1 23 32 9~ 13.1 1/ 23 15 207 10.4 14.3 0 0 27 3.7 16 2.2 0 0 () 0 0 0 ~q • 17 2.3 1.3 1.8 
~~ 136 16.9 
16 39 •• 10, 12 51 5.1 149 16.7 12.4 13.9 11 1.2 4? 47 94 106 23 26 1~5 174 ~4 10.6 0 0 3 3.4 29 33 0 0 0 0 03 03 n 3 12 1.3 1 1.1 
17 133 15 .3 
18 ~ 45 99 112 36 4.1 16 1 18.2 12.6 14 2 1 2 1.4 3 1 3.5 89 10 15 1.7 14 8 16.7 G8 111 0 0 27 3 2.4 27 0 0 15 1.7 06 0 .7 3 3.4 23 2.6 0.8 0.9 
19 13 14 
20 21 29 112 11.6 48 5.1 17 18 12.8 13.5 2 .1 2.2 77 29 10 106 16 1.7 16 16.9 11. 1 11.7 0 0 1.9 2 2.2 2.3 0 0 Il 17, 05 0.5 1 ~ 1.6 1 1 0 0 
21 122 14 
22 31 3.4 106 11.2 4 4.2 1'13 18.4 13.9 14.8 0 0 15 1 ,~ 101 10.7 2. 1 22 1~3 17 3 10.9 11.8 0 0 3 3.2 2.8 3 0 0 1 1 1 0 0 ,. 1.5 05 0.5 07 0.7 
23 9.9 12.3 
24 31 4 93 10.3 37 4 187 18.2 11.9 13 0.6 Q.7 ?3 2.5 11 12 1 12 15 6 1 11.3 12 .3 0 0 Il 1.9 2.4 2 .6 0 0 13 1 4 o.• 0.4 J I 3.4 1 2 1.3 0.5 0.5 
25 10.3 12.8 
26 29 3 111 11.6 311 3.8 14, 16.3 ,1 13 .3 1 1 18 19 94 9,8 14 1 ~ oo o 16.6 IO.o 11 0 0 :?.9 3 34 3.5 0 0 1? 13 14 1.6 2.9 3 09 0.9 0 .9 0.9 
27 13. 1 14.7 
78 3 3 9~ 9.5 45 4,5 16.2 16.2 11.8 11 .6 14 1.4 3 3 95 9.5 0 0 113 11.3 &.9 as 0 0 3 3 3.3 3 .3 0 0 09 09 1 1 17 .7 1 3 1.3 2 2 
29 12.8 14 
30 35 3,9 10 11.2 ~2 4.7 ·~ ~ 17.4 11./ 13.1 1 1.1 25 28 106 119 09 1 164 164 9o 10.8 0 0 2C 2.7 2!> 2.8 0 0 16 17 0 0 , 1 3.5 2 2.2 11 1.2 



Appendix 3b. Manual semi-continuous experiment B (N-Iimited) 
~~~ 1 M(l(!.le . Cell-~ IP7ygs. /m 1 Zy .· Eff. 1 Z~;,'t"c. INOW jam. 1 G.L(%) Avr/ol. i Vol. s.d. : (pglœDJi c (pg/pl) 1 NH4 (~MJ IN03 (~Ml IN02 (~MJ ,::dl 1 (pg/cell] . N (pglpl) C:N Molar N . N% lnAA fnAA (mM Gin /Glu 1 P()d (~Ml c~:d) , (pglœll)( p (pgipl) 

r---;'-- o. }.44 15 6.54 81. 

(---:~ o. ~~S 15 
6.4' 76.9 

C:P 

65' 14 
733: 74.8 

14 
'Al 70.6 

o. '.82 76.6 

o. '.55 
l20 o.: 

36866 0,< 76 6.79 55 

19 60. 

1)4 

14 6.98 , 
19 

12. r,49 so: 
o. 11 . 

59.6 
11 . 

o. 18 61. 
11 

;14E 8 .15 80. 
;oat 21: . 4, 

405: ~ 8.2 95. 4. 
3990 4, 

45: 1li:? 6.95 94.5 4. 

Asp Glu Asn Ser Gif! H•S Glv Al 1nr Ata Tau T Met Val Trp Phe ile Let.f Om !.yS 

Day % mM % mM % mM % mM % mM % mM 'Il mM '1'. mM % mM % mM '1\ mM 'Je. •'Mol % mM % mM % mM % mM 'li mM % mM % mM % mM 

0 52 4.2 11 ... 9.2 3.3 2 .7 14 11.4 7.1 5.8 0 0 3.7 3 2& 2. 1 5.4 4.4 14.4 11.7 9.9 8 0 0 3.8 3.1 13 1.1 0 0 2.3 1.9 2.2 1.8 45 3.6 1 . 1.1 4 3.2 
1 10A 7.4 
2 38 2.9 111 8.5 19 1.5 117 9 7.4 5.7 12 0.9 5.8 4.5 1.& 1.2 6 4.6 HU 12.4 12.1 9.3 0 0 4 3.1 0.8 0.6 0 0 2 1.5 3.1 2.4 32 2.5 31 2.4 33 2.5 
3 9.1 7 
4 3.3 2.5 9.5 7.1 3.8 2.8 12.2 9.1 6.5 4.9 08 0.6 4 .9 3.7 3 2.2 68 5.1 15.7 11.7 13.8 10.3 0 0 2.9 2.2 0 0 0 0 1.5 1.1 2 1.5 4 .• 3.3 2 1.5 41 3,1 
~ 8.5 5.5 
6 5 .1 3.6 10.3 7.3 • 2.8 13.8 9.7 6 4.2 0 0 4? 3 3.5 2.5 4A 3. 1 14 .6 10.3 12.7 9 0 0 41 2.9 0.5 0.4 0 0 3.2 2.3 3.1 2.2 45 3.2 2 7 1.6 29 2 
7 8.9 s.s 
B ol.5 3.5 9 .8 7.5 25 1.9 15.6 11 .9 7 5.4 0 0 5 3.8 :;.& 3 46 3.5 12.9 9.9 12 7 9.7 0 0 3.6 2.8 13 1 0 0 4 • 3.4 19 t5 38 2.9 18- 1.4 3.6 2.8 
9 9.5 5.7 
10 4 .5 3.3 14.3 10.6' 2.7 2 122 9 8.8 6.5 0 0 4,1 3 3.6 2.7 3.1 2.3 117 8.7 ,. 10.4 0 0 2.1 1,6 04 0.3 0 0 1.9 14 1.1 0.8 52 3.8 0.5 0.4 56 4.1 
11 8.3 4.5 
1?. 49 2. 7 111 6.1 4.1 2.J 133 7.3 6.3 3.5 1. 0.8 4 2.2 v 1.3 3.2 1.8 10 .• 5.7 13.6 7.5 0 0 4 2.2 1 4 0.8 0 0 3 1 1.7 3 1.6 54 3 28 1.5 48 2.6 
13 10.3 4. 1 
14 6 3.6 13.8 8.3 jt5 v 103 6.2 5 3 0 0 2.7 1.6 2 1.2 2.1 1.6 13.2 7.9 15 9 0 0 39 2.3 1 4 0.8 0 0 2,9 1.7 2. 1.6 6 3.6 13 0.8 58 3.5 
15 11.1 2.3 
16 6 1 3.4 15.9 9 3.7 2.1 13.5 7.6 1.9 1. 1 05 0.3 3.3 1.9 1.8 1 37 2.1 11 .8 6.7 12.5 7. 1 u 0 4 .5 2.5 0 0 0 0 46 2.6 1.9 1.1 2.8 1.6 5 2.8 51 2.9 
17 12.2 1.4 
18 18 4.3 18.9 10.4 5.1 2.8 9.9 5.5 0 0 09 0.5 7 3.9 29 1.6 48 2.6 14 7.7 12.9 7.1 0 0 3 1.7 0 0 0 1.8 1 0 0 32 1.8 07 0.4 7 1 3.9 
19 12.8 0 
20 63 3.8 18.5 112 3 .9 2.4 10.6 6.4 09 0.5 0 .0 6.3 38 3 ,1 1.9 5 3 12.2 7.4 15.3 9.3 0 0 4 1 2.5 05 0.3 0 0 0 0 15 0.9 4 2.4 15 0.9 H 2.9 
21 11 0 
22 72 4.3 ?.04 12.2 3 .9 2.3 8.9 5.3 {/ 0 0 0 71 4.2 1 4 0.8 51 3 13.7 8.2 14 8 8.8 0 0 3.7 2.2 0 0 0 0 2 1.2 0.7 0.4 43 2.6 12 0.7 5.6 3.3 
23 13 1.3 
24 74 46 15.7 9.7 ol.l 2.5 10.9 6.7 0 0 0 0 6.1 3.8 2.2 lA 4.6 2.8 13.1 8. 1 13.3 8,2 0 0 2.6 1.6 0 0 0 0 2.1 1.3 0 0 5 3.1 3.1 1.9 6.1 3.8 
25 9.4 0 
26 4 3.2 69 7.2 8.9 7.2 6.4 6.8 22 1.8 14 1,1 4.3 3.5 3 .5 2.8 10.9 8.8 141 liA 11.l 9 0 0 3.5 2.8 2 1 1,7 0 0 • ~.2 3.3 2 .7 2.1 1.7 30/ 3 2 .9 2.3 
27 6 4 .7 
28 3 1 2.9 7.4 7 8.9 8.5 69 6.6 5.8 5.5 2 1.9 5 4.8 7.1 6.8 81 7.7 84 8 9.9 9.4 1.4 1.3 • 3.8 0.8 0.8 0 0 .&A 4.2 3.5 3.3 34 3.2 4 3.8 3.8 3 .6 
29 7.11 6.1 
30 3.5 3.3 7.5 7.1 9.1 8.6 14 7 79 7.6 2.8 2.6 6 5.7 9.5 9 8.4 7:9 6.!1 6.5 ·g,4 8.9 p 0 28 .2.6 24 2.3 0 0 3/ 3.5 2.6 2.5 3.9 37 4.2 4 2.8 2.6 



Appeodix Je. Manual semi-contiouous up~nment C (P-Iimited) 

o. ;g 05 a. 122 686 83 "15 42.' 
!H 06 a. 16 15 14 "91 46. 

8 . 1.22 6-Sl 79 .97 45. 
" 86 1a 31 ~ 

1" 8.6, 75.8 

A>p Glu Aon s.r Gin l-is Gty Alli nw ""' Tau Tyr MEl Val frp l>ho ·~ l eu Om Lys 

""' 
,. mM mM ,. - "" - "' mM "" mM "' mM "' mM "' mM ... mM "' mM "" mM "" mM '!(, mM "' mM "" '" mM "' mM 'llo mM ,. mM 

0 27 2.3 14 1 12.3 38 32 138 116 121 10.1 1 0.8 36 3 14 ~ 121 77 23 14. 12 1 15 63 0 0 2.1 1.8 09 0.8 0 0 1 08 0 0 27 23 " 0.9 14 u 
1 12 5 9.9 
2 2~ 2 lb3 122 14 2.7 15 12 12.8 10.2 0 0 46 37 137 109 • 32 13 10.4 1 5.6 1 ~ 1.1 29 2.3 1!> 12 0 0 13 1 0 0 33 2.6 06 0.5 1 0.8 
3 12 9.8 
4 29 27 178 97 55 4.2 125 9 .4 9/ 7"3 1.3 1 76 2 14 5 Il l'! 14 122 9-2 81 51 1 s 11 28 2.1 1 2 09 0 0 ,, 24 1 0.8 ., 3.1 14 11 2.2 1.7 
5 118 7"9 
6 . ~ 37 137 112 29 24 14-2 117 111 96 08 01 • 33 17 14 2 "\ 19 14 11.5 8~ 53 08 0.7 2 16 13 Il 0 0 7 18 0 0 2 3 1"9 0 0 0 0 
1 Il 96 
8 3 2 .4 14 2 Il 4 H 28 131 Il 179 10.3 Il 0.9 51 4"1 IH Il • "l 34 158 125 50 01 0 0 2 16 0 0 0 0 08 08 08 08 21 1.7 0 0 1.2 1 
9 11.1 94 
10 11 20 129 10 1~ 19 144 11 1 " 8.5 0 0 49 3.8 12 5 v 33 26 18 7 14 5 61 01 0 0 05 o• 06 05 0 0 13 1 04 03 3 H Il 0.9 0 .9 0 .7 
11 10.4 7.5 
12 J3 2-3 ,. 98 19 13 12, 87 8.1 55 18 1.2 6• ..• 145 9 46 32 1 116 8.1 5.7 0 0 15 1 05 0.3 0 0 1 07 0 0 ~ 21 ,. 1 0 0 
13 11.9 3.9 
14 J2 2 1 1h4 102 3'\ 22 128 8"5 6 .3 4.2 2 1"3 43 28 15h 107 H 18 167 Il 88 5.8 0 0 3 2 0 0 0 0 17 08 0 0 H 16 08 0.5 15 1 
15 10 ,1 3.7 
18 ~ 3 .3 1b4 10 1 b 33 tl 8.6 5.5 3.6 0 0 5 3"3 13,8 91 5 33 15 99 10 6"6 0 0 1 0.7 0 0 0 0 .. 0.9 0 0 27 u 1 3 0.9 0"9 0.6 
17 11.3 2.7 
18 41 2,8 16 10.8 33 2.2 14.7 9"9 2.9 2 1 07 61 41 172 116 71 1.8 149 10 ~3 5.3 0 0 11 0.7 0 0 0 0 2 1.3 1 0.7 26 1.7 0 0 1 0"7 
19 9.7 2. 1 
20 38 75 14 8 9 .7 3 .4 2.2 15 B 10.3 2.2 1.4 12 0.8 3.7 2 4 17 11 1 1~ 23 131 9 9 5"9 0 0 3 2 0 0 0 0 1 .1 0 0 , 3.3 16 1 13 0.9 
21 10.4 1.8 
22 41 3 167 11,5 5.3 3 .6 15 10.3 1.5 1 0 0 .. 3 16.5 11 3 19 13 154 106 1.& 5"4 0 0 2 1.4 0 .9 0.6 1 • 1 1. 1 06 M 36 25 0 0 11 0.8 
23 11 1-2 
24 • 25 14b 9.2 3. 1 2 156 9.8 2"2 1.4 0 0 56 3,5 16"3 10 3 33 2.1 17 8 11"2 7.2 4"5 0 0 1 1 0 .7 0 0 0 0 04 0 3 0 0 42 v 05 0"3 2"8 1.8 
25 9 .4 0 .9 
26 52 4.1 86 6.8 4.8 3.8 1:1.6 10"8 6.5 5.2 0"1 06 87 M 84 8. • 3. 06 84 89 7. 1 0 0 4 .5 3.6 lA 2.7 0 0 J~ 29 n 2 81 4.9 1 5 u 3.8 3 
27 1.6 6 .1 
28 5.5 49 89 8 fl 5 4 11.51 10.7 16 67 18 1.6 8 7.2 8 7 .2 ti 5.4 116 10 4 98 &.8 0 0 3.7 3.3 1 5 1 3 0 0 1 e 17 0 0 69 5.3 05 OA 15 1.3 
29 9.4 9.9 
30 4 4 10 10.1 6.2 6.3 12' 12.3 9"5 9 .6 24 2.4 11 78 85 86 61 82 14 1 14.3 11 tU 0 0 27 2.7 0 0 0 0 ?a 23 0 0 19 1.9 0 0 14 1.4 



Appendix 3d. Manual semi-continuous t:xpt:riment D (NP-Iimited) c:::) .:=1 Ceii•U 1Pzygs. /ml : Zl Elf, 1 l:Vjmlt><; l"lfflJ&m G.I. (%) I Ave. VOI. Vol. s.d. IC (pgioeii)I C (pglpl) 1 NH4(~M) N03(uMI ! N02(~M) ,~ "~~. IN!pglcoll) j N {pglpl) <.;:N MOiar N IN,. InAA I'AAA(mM. i Gin/Glu IPD4!uM) ~~~d\ I P(pglœll) l P (P!)Ipl) C:P 

0 29 13< 15.51 6.12 67,9 
372W o. .07 2( 

2 .13 
3 o. 

A5 
Da v fJii 

0 3 4 
1 
2 2 .6 
3 
4 4.2 
5 
6 4.1 
7 
8 • 
9 
10 29 
11 
12 3.2 
13 
14 45 
15 
16 • 
17 
18 5 1 
19 
20 6 1 
21 
22 liS 
23 
24 G.9 
25 
26 3.2 
27 
28 24 
29 
30 35 

mM 
2.3 

l.S 

2.6 

2.7 

2.5 

1.8 

1.6 

2 

1.5 

1.8 

2 .2 

2 

2.1 

1.7 

2.3 

3.3 

o. 

o. 
0.09 
0.12 

o. 

Glu 
% 

12.4 

134 

13 

1U! 

12.6 

11 

15.5 

16.1 

11 

16.7 

18.3 

19 

13.4 

Il 

64 

78 

Asn 
mM % 
8.4 4.5 
8.5 
7.8 4 .4 
'Il 
8.1 5.3 
8 

7.8 5.3 
8 

7.8 4 .b 
7.4 
6.7 3.9 
7 

7.6 ti 
7.5 
7.1 4 .6 
7.4 
6 .3 46 
6.3 
5.8 4.1 
6,4 
6 .5 4 
5.9 
6 .6 5.5 
6 .3 
4.1 5.9 
4.2 
5.9 6 
7 

6.3 65 
6.5 
7.5 8 

A8 
.76 
i.49 
>.16 

mM 
3.1 

2.5 

3.3 

3 ,5 

2 .9 

2.4 

3 

2 

1.7 

1.5 

1.4 

1.9 

1.8 

3.2 

6.4 

7.6 

Ser 
% mM 

13.3 9 

111.4 8 .3 

IlS 7 8 

11 7 7.7 

12.6 7.8 

15 9 .1 

16& 8.2 

14.6 6.4 

14 5,2 

135 4.7 

12.5 4 .4 

133 4.6 

12.8 3.9 

G.l 3.3 

78 7.6 

8.8 8.4 

32 

Gin Hi~ 

% mM % 
6~ 43 1.6 

3.9 
5.7 3 21 

4,6 
7 2 4.5 0 

3 .8 
58 3.8 04 

2.8 
5.6 3 .5 0 

3.7 
46 2.8 0 

1.6 
1 1 0 .5 0 

0 
0 0 0 

0 
0 0 0 

0 
0 0 0 

0 
0 0 0 

0 
0 0 0 

0 
0 0 0 

0 
116 ~.5 1 

12.7 
8 1 8 .5 2.2 

9 .1 
74 7.1 1.8 

59 

1() 

Glv Am Th< Ala Tau Tvr Mot 
mM o/o mM % mM % mM 0/C mM % mM % mM % 
1,1 2 ,11 1,6 8.9 8 4.2 2 .9 17.5 11.9 12 8 .1 0 0 2 

1,2 3.8 2.2 6 4.6 6.2 3.6 183 10.6 12 4 7.2 0 0 o.a 

0 3.6 2.2 8.8 5 .5 6 3.7 18 10 13 8 .1 0 0 1.4 

0 .3 31 < 95 6.2 4.'1 3.1 18.3 12 12 4 a~• 0 0 09 

0 27 1,7 7 .8 4.8 5.4 '3.4 17.3 10.7 11.4 7.1 0 0 2.6 

0 4.7. 2.5 6.5 3 .9 5.7 3.4 11 10.3 10 A 6 .3 0 0 2.1 

0 .\.5 2.2 6 3 5 2.5 15.6 7.7 10.4 5.1 0 0 1.6 

0 5.5 2.4 47 2.1 3.9 1.7 16.8 7.4 9.8 4 .3 0 0 2.7 

0 4Jl 1.8 5.9 2.2 4.6 1.7 15.4 6.7 10 .6 3.9 0 0 33 

0 4 .9 1 7 4.8 1.7 3.6 1.2 15 5.2 13 3 4.6 a 0 3.2 

0 8 2.1 •.. 1.6 3.8 1.3 11.8 6.3 I.C. 1 5 0 0 2.4 

b 64 2.2 4 1.4 4.4 1.5 11 5.9 14 4 .9 0 0 14 

0 6.6 2 4.8 1.5 5 1.5 i (i.!l 5 2 14 1 4.5 0 0 0 

0.5 2.7 1.5 7.1 3.8 2.1 1.1 141 7.6 10.6 5,7 0 0 3.1 

2.1 . , d 6.7 6.5 4 3,9 16 3 15 .9 11 10.7 0 0 4 

1.1 4.9 4 .7 10.1 9.7 4.8 4.6 14 13.4 105 10 0 0 3 

5.73 57.9 

5.78 62.4 

5.8 65.5 

6.2 1 62. 

5.93 60.5 

5.47 49.2 

10 5.86 44 

1: 5.66 86.8 

5 .6 34. 

5.63 35.5 lE 

5.81 34.9 

30.' 

6.22 97. 

6.25 95.6 

Val Trp Pne ne Leu Orr> 
mM % mM % mM % mM % mM % mM % 
1.4 "4 3 0 0 I l 0.7 0 0 15 1 0 

0.5 3.2 1.9 0 0 08 0.5 0 0 0 0 0 

0.9 3 1.9 0 0 1.3 0.8 0 0 1 0 .6 0 

0.6 :u 2 0 0 0.4 0.3 0 .3 0.2 12 o,8 . 04 

1.6 44 2.7 0 0 2.2 1.4 0 0 16 1 0 

1.3 4 .3 2.6 0 0 3 4 2.1 0 0 '2 .2 1.3 0.8 

0.8 2.1 1.3 0 0 2.3 1.1 0 0 1.9 0 ,9 1.2 

1.2 3.8 1.7 0 0 3• 1.5 1 0.4 31 1.4 0 

1.2 3 .9 1.4 0 0 22 0.8 0 0 28 1 1.6 

1.1 4.4 1 .. 5 0 0 2 .7 0 .9 0 0 19 0 .7 1.2 

0 .9 3 .1 1.1 0 0 1.5 0.5 0 0 2 .1 0.7 0 

0 .5 14 0 .5 0 0 0.8 0 .3 0 0 11 0.4 0 

0 1.2 0 .4 0 0 1 4 0 .4 0 0 q 1.2 D 

1.7 2.9 1. 6 0 0 1.S 0.8 0.3 0.2 1.5 0.6 1 

3.9 ., 4 () 0 3.3 3.2 2 2 3 .5 3.4 2.4 

2 .9 3-5 3.3 0 0 2.3 2.2 0 0 24 2.3 1 1 

2. 

Lvs 
mM % m"! 

0 3.3 2.2 

0 33 1.9 

0 3.7 23 

0.3 4.1 v 
0 ·~ 2.7 

0.5 4 2.4 

0.6 •• 22 

0 3.5 1.5 

0 .6 5.2 1.9 

0,4 5.6 19 

0 3 .9 1.4 

0 4.9 1.7 

·0 5.3 1.6 

0.5 3.7 2 

2.3 4.5 4.4 

1.1 6.1 5.8 
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c N03 N02 NH4 N N C"N N (lll) ~ lnM ~ PO< p (pglpl CP 

Alex/l'nf /l'nf /1000 IOoed 11000 -/1000 QOn\ Gan\ ('K) (pl) (pg/lll) (11111) (IJM) (IJM) (I'IJ'œl (Wl>f) (mM) (IJM) (lqœl) - /1000 

14-Mav 1 B 25 
14-May 2 c 11 
t4·Mav 3 H 39 

23-Mav 1 B 45 
23-Ma 2 38 
23-Ma 3 H 42 

0<-Jun 1 A 4V 

O!hlun 1 A 823 

11· Jun 1 H 1743 !168 7493 ~!144 3 :n~ 3 30 •11 8 323 7 • 3 1 \3 1 ~. 798 5.!>9 068 5a3 1042 tbH u 2. 1 10~ 188 ~55 1 34 54 72 3 0.29 21 239 • 23 244 
11· Jun 2 E 5995 953 5711 126 2.2 147.6 36.5 5 87 074 610 103.9 174.5 1.8 2.4 92 1~.7 8.63 1. 12 6.82 764 0.18 15 28.3 4.32 21,6 
11 ~Jun 3 a 6740 953 5472 175 3.2 144.5 33 5.7 0.71 995 174.6 1447 3.2 2.1 170 29.8 5.85 2.13 5.16 110 0.21 1.7 25.6 4.49 38.9 

12-J~In 1 A 18 3 97.9 18333 6 10 33 76.5 13.4 596 0.78 717 120.3 323.4 2.7 1.6 149 2~ 4.81 1.79 4.97 89 0.18 3.9 22.3 3.74 32.2 
12·Jun 2 c 3204 93.9 3009 114 3.8 55 31.4 6.1?. 0.8 1529 249.8 ~. 1 1.7 6.8 250 40.8 &. 12 2.91 4.27 124.4 0.08 3.9 297 4.85 51.5 
t2 .. Jun 3 0 6'108 001 5444 366 5.7 84.4 28.5 603 0.17 895 148.4 175 2.4 3.4 1'19 29,7 6 2. 12 5.31 112.5 0.1 3 .2 26.6 4.41 33.6 
2 .. Jun 4 E 9(! 96. 8800 9".)Q 111 108 34.5 5.88 0.75 939 159.7 145.7 4 1.9 224 38 1 ... 19 2.72 4.54 123.5 0.07 2.4· 28.4 4c83 33.1 

12- .Jun 4' F 1Q242 fiT 2 18103 6295 1 87Q 4 7 46.5 tBb bOO 11468' 63,9 11~ 185 585 0.1 699 123.7 147 8 28 09 9 1 tn 1 lU~ 1 l h 5.1>8 G42 0. 12 1.6 21.4 3 79 32.7 
12·Jun Ss GS 4858 929 4513 182 3.8 86.6 32.1 623 0.85 1091 175.1 158.1 3.3 1.1 309 496 3.53 3.54 3.7 131.1 0.14 1.5 24.6 3.95 44.3 
12-Jun 5f GF 1577 806 1271 163 12.8 65 6.15 0.79 1776 288.8 134.1 2.9 0.6 761 1237 2.33 884 1.37 120.9 0.24 0.6 26.6 4.33 66.8 
12~Jun 6s KS 3171 9'l 2917 366 12.5 ·~-9 39.3 5.!M 0.83 1167 196.5 78.3 1.4 1.2 631 108,2 185 7.511 1,77 1342 0.22 0.7 31.5 5.3 37 
12-Jun sr KF 610 71 3 435 33 7.6 71 6.18 0.8 3443 557.1 83 1.6 0.9 2295 3714 1 5 265 054 144 2 0.19 O.A 25.5 4.13 135 
12·Jon 78 MS 160 5 8 1 50 22 ~.09 0.(1& 
t2.Jon 7r MF zn 463 126 8 6.3 6.44 0.74 
12.Jun 84 NS 133 3 4 0 0 35.1 6.55 0.84 
12-Jon 8f Nf 143 28 • 0 0 6.23 0.81 

13-Jon 1 E 46026 97 44645 1.~.1 3009 6.7 67.4 209 3078 t4166 48b 172~ 201 !>87 0 73 858 146.2 187.5 4 1 11 10? 174 841 124 !>1 fJ3.2 011 1!> ?1.2 4.53 316 
13-Jun 2 H 15104 953 14394 1220 8.5 187 8 32 6.24 017 689 110.4 163.4 3.5 16 245 393 281 28 us 12.C.8 016 Il 29.1 4.66 23.7 
13-.MI 3 c 16165 90.3 14597 JAIS 234 2425 51 1 59 071 816 138.3 138.4 3.5 2.2 105 178 117 127 677 86 015 13 26.6 4.51 30.7 

l.C·.JLr' 1 H JOt>.l7 IS47 15941 132A77 8701 33.5 335.4 JO 36So4 298 0 0 0 11884 6113 607 0.83 826 13û 1 2311 52 11 lœ l.)U 401 Jl.'l • 16 1006 012 12 297 413 298 
14.JI.ol 2 E 13510 629 8498 2002 30.6 674 76 6.5 0.86 780 120 107.8 2.4 1.7 129 198 6.05 142 669 95 031 1 24.9 3.83 31.3 
14.JI.ol 3 B 27252 84 22892 5163 226 8223 60.2 618 092 1199 194 1431 3.4 2.3 212 34 3 566 2AS 404 989 007 13 27.2 4.4 44.1 

15-Joo 1 H 9227 943 8701 2358 27.1 1434 3 84 661 0.83 899 136 162.4 3.3 2.1 184 27.8 489 2 582 11ti5 004 09 30.6 4.63 29.4 
15-JUn 2 E 10820 932 1()()8A 2643 26.2 10768 783 654 085 1261 192.8 151 3.7 09 222 33.9 568 241 44 1064 017 1.5 31.4 4.8 40.2 
15-.JI.n 3 B 13750 893 tzns 64158 5I!Oti 47 3 472.8 •a.s 5193 785 1539 '>17 70?4 109 12:154 /61 647 065 962 151.8 143 37 14 l33 J6 411 ?67 3!16 1024 0 11 31.3 4~84 314 

18-.JI.on 1 H 14508 115 tnœ 10640 6619 37 3 372.5 674 4399 1439 0 106H 1169 642 019 803 1251 1851 46 1 7 147 229 ~·n lf\4 6'l6 104'1 013 2 297 463 27 
I~JUn 2 0 14438 814 11751 1911 16.3 1359.5 75.9 6.9 0 .84 1008 146.1 119.4 3.5 2.2 225 326 448 233 52 121 2 024 1.6 21.7 4.01 364 
Hi.Jun 3 ~· 19019 79 1 15044 3619 24.1 13333 74.8 6.76 0.9 909 134.5 96.3 4 1 3 197 291 461 21 4.97 1043 0.29 13 31.7 4.69 28.7 

17Jun 1 H l>:IJO 637 3395 ?9-13 452 133 133.1 335.4 4685 4793 286 0 0 0 16643 R29 6 76 087 957 141.6 1ti0 H lij 000 444 319 3 17 393 124 6 028 05 31 7 4.69 30.2 
H~Jun 1 B 3981 531 2114 651 JOB 15595 957 692 0.85 1231 1n.e 116.1 4.1 2.4 377 54 5 327 3.89 348 1355 0.1 1 33.5 4.84 36.7 
t7~Jun 3 B 8!14 ti8.2 610 346 56.7 20083 994 715 0.93 200 5.5 4.6 2,6 32 4.48 

1g,.Jun 1 2886 507 1483 142 9.7 9955 009 694 0.81 243.6 5.4 8.9 011 4.2 37.2 5.33 
\9-J\ln 2 2728 50/ 1332 162 11.7 1184.8 95 1 745 0.93 274.8 3.6 7.4 008 4 JA.5 4.63 
19·Jun 3 1931 642 1240 81 6.5 11264 95.5 7.34 0.9 194,7 3.7 5 .2 0.05 2.9 39.6 5.4 
19·Jun •1 19~8 6 4 1972 1887 78.'\ 14 5 144.6 37.2.5 J 3 1:1246 0 1474 G 94 7 /2 0.85 940 130.6 153.5 ;U 24 308 42 8 300 300 ·-~ 14/5 0.1 1.1 34.6 4.81 212 
19-JUfl 5S 1640 70.4 1169 183 158 1010.1 95.5 1.45 0.92 11).2.4 4.2 2.5 0 1.2 38.7 5.19 
19-J\Jfl 5F 1323 49.2 651 81 12.4 97 3 8 12 1 114.6 2.9 2.1 012 03 39 4.8 
19-Jun 6S 1500 71 4 1118 284 23.6 1299.3 96.9 776 0.93 129.9 3 .3 1.7 01 0.7 33.8 4 .36 
1 ·JOO GF 1159 73.7 654 163 19.1 97.4 7.65 0.89 llO 1.1 1 0,07 0.3 36.4 4.76 
19·JU01 6' 1006 61 1016 244 24 876.3 95.9 7 .63 0.84 107.5 2. 1 ••• 0.08 0.5 39.6 MS 
19-Jun IS n 19 4 14 6 4 9 88.4 99.9 8.03 0.94 5.8 0 09 0.4 
19-Jurl 1F 355 75 3 d72 77 16.3 97.6 7.26 0.88 1 0 1 0.1 
19-JLW'I 6S 195 88,7 130 33 25.4 045.4 7.97 086 9.2 0 1 0.4 
19-Jun 8F 194 495 96 10 10.4 8.23 0.98 0 0 0 0.1 



Appcndix 4b (continued) Penzé 1997 survey. 
a.oe 13106197 13106197 13106197 14106197 14106197 14/06197 IMlll/97 15/06197 IS11l6197 16106197 16106197 16106197 11106197 17106197 11106197 -- 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 

dinon.~ 

alexmin ...e6<15 14394 14597 25941 6<198 22892 8 701 1006<1 12279 17168 11751 150"" 339!> 211.t 610 
d•u 1387 121 650 - 267 ••• 74 112 2011 275 787 234 150 Il 
holotn 830 8 1 545 126 112 124 89 305 3 13 - 17 
gony 103 114 -· 203 
1100 SJ.4 82 439 521 767 450 284 312 447 432 560 6<13 274 213 22 -DIOi - 313 81 

d""O""" 
81- 333 410 344 87 

eh>e 142 22 45 667 389 102 87 162 855 25 163 247 
sketc::œ 
mi><lcl 196 142 70 485 6<18 
thizset 
rhashr 50 lie 407 il88 203 
mtztra 
rtûz 455 
thal 266 
laud 

alesocn 142 105 142 1389 525 628 732 299 167 142 142 
mm !Hi 450 

navl 476 338 203 
thaal'\lt 
nllzlon 130 130 99 

llJIZ 699 1050 895 99 269 690 766 803 4M 765 
autres 

ella 41 27 41 22 
QO(JI 180 407 378 289 139 126 73 159 112 46 214 153 

O. tt ""' ... ( .u ., 
"'" ' Se< '· Glo H;s '· <llv . Asr ' rhr ' At:t .. T3U .,. Tvr •. M<t Val '· Tm l'lie l ie "• ..... •. Om . . t ... 

I I.Jm . 91 .. ' Il' 1.6 ,, 9.4 lJ -" ;] O.J •• 8 1 47 •·' U9 1 111 D9 18 " 0 
,, 09 l ~ 05 u 1 0 1 4 1" I l 1• 14 u a 2.5 l< 

11-Jm 10 1 ' . h 1.) 17 8 9 117 .. ::J 0 0 8 1 lOb .. "' oa Il 19 4 ~lllii .. " 1 ~ 0 0 1.7 ~~ 0.8 0 IS 21 13 1 1 I l 1 ~ 0.5 00 2.l -· 11-Jm 11 4 Ill ' ,, ' 2 1 •• 13.1 Il? ,, 
' 08 ·- Il -~ ., ' " 

,, 249 ' . J6 '' 0 " J.J 09 1>8 0 14 Il 06 1 ' 77 ~ -" " Il l 2' 

12-JUo 117 '· ., ... 07 ~ lU IH ' - ,. 1 u ~· 6 1 u .. 18~ ; ' 1 
,. 

0 1· 2.6 ~~ u 1 0 16 " l$ "' 1.9 . 1.1 ·-= ].6 • 
12-Jim 14 9 l • IH 19 ,, Il & 1:! - ' 1~ 0 0 •• 1 67 .. 27 -- l06 ! .. & • 9 .. 0 t L7 . Il 0 1 09 1 12 1 2.9 . 0,9 O.' JI < 
12-Jt. .. 127 Il •• 1.9 17 IH 1!. ' 1 5 0.9 08 12 liU •• 7< 29 'h 19 4 'bi H J 1 0 " 1.2 Il 06 "' 0 ' Il 1 Z.l ,, 0.6 '" 0 0 H 21 
12-A .. 167 ' ·-· l! .h 168 "" ·~ 17 • " 1.:'4 91 H 17 .. 14.5 .. , u 1 0 0 1 s '-' 27 .. 0 n 06 0\ ) .6 !O n ·~ 0.6 os • ]' 

12-M n J• 1 1 1 s n 8J ,. .. 0.6 ... 76 1 • H . , 
Il 1• ·~ J. 

.. 0.5 8 0 (j u 19 1 " u Il U8 '. 07 Il 07 0 0 1.2 1. 
12-M 11 ,. li 16 1 4 1 Il Il ·~ ~.J 09 o- 17 111 39 u 09 0 l09 llO 1.5 : 0 b 0.8 •• 1 . Il 0 n 17 1 26 ~ J .S -- 0 ' 3 
12-M IJ1 1' 1 ' 29 • 12.7 (tl'\ ' ::J 0 " Il )11f'l 97 • 12 lW 273 -~b 2.7 - 0 Q H • J • u • .. •• 1J " 4 l" 11 • • l1 
12·M lU ~· 1 " l '· IS Il_ "' )_) 1.5 1 17 12.6 97 1. a :l<l7 ,., )4 '< 0 0 13 B 1' 0 " 2 1 1. 09 01 2 '< 0 g 1.6 j 

·~·hm IH 1 ... H 1• 17.4 1.1 j ~ 0.9 06 ,. 9& 11 K 1 2J 1 b 27< 1'1 59 • 1 0 n Il 08 1 1 1 ~ 0 u 1 3 •• H li 4.) l ' J .7 .b 

11-lun . 7 1 • IH 06 1 6 8 107 j. u 0 ij 6 s• 4 9 
., 

Il IK 17 1 p 24 ;~ 0 u 1 5 l\ 0 0 0 tJ 1.5 07 Il 2.1 .. o• 0? 1.4 z 
IJ.hm 12.• •• 1 .. , 27 ,_ 12.4 ... ·~ :'..1'> 0.9 o- 13 10 1 10 ' 1. Il li ll ~~ 37 J 0 0 26 ,, os .,. 0 tl 17 14 2.5 ~ 2.4 ,. 1 08 3.9 JI 
ll-Juo 79 .. '' 14' 16 1• 9.5 Il 1~ :u 0.5 Il fi 9..1 Ill~ 6..1 ' 2 1 • lH 1.07 H .. 0 IJ ' 0 0 Il 1..1 1\ 0 1 1.9 .. 0.4 os 1.5 1 

a•~Jun K 1 ~' ' ' 1 2. 1 ~1 6 4 •• - :'.., 1 1 7.3 11 Il IIJ\1 Il 1 l7 4 nl 3.7 tl 0 (J LS 1 s o.s "' 0 " 0 4 '" 0 Il 1.2 Il 0.7 0.7 2 ~ 
If.. fun 77 "' ~ IY l.l 4 6.6 

, '• <9 0 Il 6..1 •• 10 1110 29 li 2l1 ~ollf 2.8 2• 0 0 1.8 1 y os •Il 0 Il 09 ijO 05 " 2 • 1 1.4 1 5 2.5 ~· 1•~1un 8 9 • "' •• 1 1.1 l] 16 77 Il 1 3 1.1 Il 7.4 " 88 KO 14 Il 25 7 =· 4.1 4 1 0 1) 3 J 08 0.8 0 IJ 19 1'1 u () 2.2 .. 1.2 1.2 ] J 1\ 

15-lun 9.3 K Il JiU 2.1 10 7 6 "' 1: 1 0.8 U7 8 •• 9.3 8 21 ~ 1 26 4 !! 1 ~ j 41 0 0 1 09 0.] Ol 0 Il 1 1 Il u 2.1 L\ 0.6 U3 3,1 L7 
15-Jun 8 0 •• 1•1 ~- \ :J.6 ~A 6 "' ' H 2.2 11 1.1 6> 3.3 lX 18 1 7 :l21 ~08 39 37 0 a 1,1 1 0 Il 0 1• 19 1 K 1.2 Il 3.7 3.~ 2. 1 2 4 H 
I.S-/uu . 1.8 '" '" !.1 2.J L'- ~ 1 u2 Il 0 1.3 Il .l ~ 7,6 74 29 1M 24 4 li. J 1 1 0 0 1 .~ 1 2 00 uo 0 Il 0.5 Il' 08 00 l.l 11 1.1 I l ] ,1 J 

16-/un . 7.0 /1 ' ~ .!IJ 1.7 lb 65 tt: ~ ~1 0_< us 1.5 n 6,7 hl 2 lU 24 ~ lll< 4.1 ., 0 0 3. 1 ] 0 0 0 Il 3.3 1) 06 (J.6 3 /, .~ 2 1? 3.4 11 
tâ--Juu ~ •• '1 1 1 •1 2,8 H 65 " '.~. 43 Il tl'l 69 " 84 ,,~ 14 :> 23 8 ]Q,b 4. 4 0 u l.2. :o 11 Il 0 11 l Il ].5 !0 4.8 .. 2. 1 1, 6.1 1 
16-h ll\ 7,4 Il 114 16 7 1.8 17 63 (o ' 48 u 14 7 .... 7 1 7_\ 72 2 J 2- 2 17 Z08 l 48 0 u 3.3 Jl 0.7 01 Il u ) .7 11 22 •1 }.5 3 ~ 2 1.9 ., 41 

17· Jun 8 •• 18 1 "' J, l B 72 l8 4 J8 l - 4 Il H I l K 1 2 • 26 IK 6 4 '1 0 ,, .1.7 l 1 6 11 0 Il l9 1 .1.6 ~~ s.s " 1 0.8 3.4 ·-
17·1lUl 7.9 0 '' IH ,l.J '4 •• . ,, B 17 1.6 1 ~ Il H 14 Ill 1 " 1 2!9 16<i j.J l'J 0 0 4 9 JG 1 2 09 0 IJ 6 1 " I l 0~ 6.6 49 3.9 2? 6.4 ., 
l'Mun 10 M 7 1 "" 119 6.6 •• 6 3 4) li 14 ._. J 13 IU4 1 ~ 121 l i l' 232 1\1 4.7 } ' u u 2.<1 1. 1< 1 0 " 8 1 "' 19 11 5.9 • 2.2 " 5.8 ,. 



A ,pp en IX . , 1997 enze t na ura l popu a 10n b th ac t expenmen s. 
Day Date Total o/oAJ Total Vèg, New G.I.% Pzygs p New Cysts New Zyg Ave Vol. c c N03 N02 NH4 N N C:N N(M) ~%A lnAA Gln:GI P04 p p C:P Day Date Total Total %Ale Olher Oiato Oth6' 

mo ti les ex ~lex/ lm! Garn lm! o/omoti Pzld /ml CId Eff Vol s.d. (p~ce pg/pl (uM) (uM) (uM) 1Ge pg/pl A (mM) u (uM) pglcel pg/pl motile f'.texi Di nos ms sp. 
/rn! ml /da v le (%) (pl) Il Il 1 s/ml ml 

"'onlr Control 
ol 
0 12· 19242 97.2 1870 17181 652 3,66 870 4.7 . 0 8.89 4.65 0.7 670 144.1 155.4 2.8 0.3· 109 lr.l.4 6.15 1.69 4.5 75 0.1 0.4 35 7.53 19.1 0 12-.Jun 19242 18703 912 140 330 69 

Jun 
2 14- 19574 93.7 1833 14256 2702 16.3 1375 7.5 326 147 73- 15.22 4.55 0.59 604 132.7 97.3 2.5 0 86 18.9 7 1.35 5.9 80.1 0 0.2 42.1 925 14.3 2 1'hlun 19574 18333 93.7 67 825 349 

Jun 
5 17· 14087 85.8 1208€ 8378 0 0 3710 30.7 1351 1865 573 57.1 5.23 0.71 714 136.5 42.4 2.7 0 161 30.8 4.43 2·.2 3.4 75.2 0.07 0.1 30.8 5.89 23.2 5 17-.Jun 14087 12088 85.8 299 1050 650 

Jun 
a 20· 6295 70.7 4450 2279 858 27.4 1313 29.5 0 3292 476 74.6 5 13 0.72 1426 278 21.4 2.2 0 164 32 8.7 2.28 3.7 83.3 0 0.2 63.5 12.38 22.5 a 20-Jun 6295 4450 70.7 37 822 986 

Jun 
11 23- 4041 16.9 683 391 57 .2 429 5500 736 97.6. 5.78 0.78 t 633 282.5 24 2.1 0 173 29.9 9.44 2.13 4.2 89.7 0.2 0.2 55.3 9.57 29.5 11 23-Jun 4041 683 16.9 258 1895 1205 

Jun 

K/4 K/4 
0 12· 19242 97.2 1870 17411 422 2.37 870 4,7 . 0 . 8.89 4.65 0.7 670 144.1 155.4 2.8 0.3 109 23.4 6.15 1.69 4.5 75 0.1 0.4 35 7.53 19.1 0 12·Jun 1924l 1870 97.2 140 330 69 

J un 
2 14· 19699 86.3 1700C 14591 1423 9 986 5.8 211 300 153 13.89 5.12 0.8 845 165 337.5 3.6 0 105 20.5 8 05 1.46 5.3 77.1 0.13 7.7 39.1 7.64 21 .6 2 14-Jun 19699 1700C 86.3 233 1226 1240 

J un 
5 17· 13793 72.5 1000C 7568 102 1.47 2330 23.3 71 1 790 161 44.86 4.77 0.75 741 155.3 222 6.2 0 114 23.9 6.5 1.71 5.6 96.6 0.09 8.4 37.7 7.9 19.7 5 17-Jun 1379J 10000 72.5 350 2466 977 

Jun 
8 20· 11716 62.7 7350 5417 0 0 1933 26.3 205 1801 337 57.96 6.36 1.02 1024 161 149.7 4.2 0 171 26.9 5.99 1.92 4.3 82.4 0.05 6.1 48 7 .55 21 .3 8 20-Jun 11716 7350 62.7 198 3056 1112 

Jun ,, 23· 2921 1fl -~ 47~ 273 5.7.5 O. 3311 503 97.26 6.24 0.94 1643 ~63.3 264.9 2.7 0 171 ,27.4 !!.61 1.96 5.9 116 0,15 7.9 46.5 7.45 35.3 11 23-Jun 2921 475 16.3 87 1847 512 
Jun 

K K 
0 12· 19242 97.2 1870 16653 1180 6.62 870 4.7 0 8.89 4.65 0.7 670 144.1 155.4 2.8 0.3 109 23.4 6.15 1.69 4.5 75 0.1 0.4 35 7.53 19.1 0 12.Jun 19242 18703 97.2 140 330 69 

Jun 
2 14- 26184 8 1.6 2136€ 19163 1028 524 1175 5.5 590 876 438 16.89 5.56 0.82 970 174.5 1061. 3.1 3.9 114 20.5 8.5 1.47 4.9 72 0 32.8 42.2 7.59 23 2 14-Jun 26184 21366 81 .6 120 3452 1246 

Jun a. 
5 17· 13740 65.5 9000 6375 400 6.39 2225 2.5 514 1368 164 51.47 5.2 0.82 1396 268.5 876.5 3.7 0 182 35 7.67 2,5 3.2. 80.3 0.08 29.6 46.5 8.94 30 5 17-.Jun 13740 9000 65.5 322 3788 630 

Jun 
8 20- 12522 38.5 4816 2983 0 0 1833 17.3 200 2360 331 73.76 4.99 0.8 657 131.7 921.9 1,5 0 145 29.1 4.53 2.08 5 103.2 0.12 27.9 402 8.06 16.3 8 20-Jun 12522 4816 38.5 390 5335 1981 

Jun 
11 23· 8642 13.4 1158 406 35.1 0 3012 217 90.09 5.95 0.93 926 155.6 852.4 4.7 0 175 29.4 5.29 2.1 5.1 107.3 0.11 30.5 !i9.4 9.98 15.6 11 23-Jun 8642 1158 13.4 267 6471 746 

Jun 

PB! A 
Date As;J '''1) Glu % Asn '• Sor ~;., Glu fl\1 His ··., Gl .,, Ara '" Thr '· AlB .. Tau ... Tvr ,, Mei ~ .. Val % Tro % Phe " lie ~{, Leu % Om ,, Lvs· .... 

12-Jun 8.5 ILl 111 l.S.IJ 1.3 1.7 9.1 1: I l " 0.6 0~ 7.8 10 5.6 1 ~ 1.9 H 19.6 :26 ~ 2.3 1 1 0 0 0.8 1 0.4 o.~ 0 0 0.7 1 1.4 19 0.4 0 .~ 0 0 1.6 1 1 
14-Jun 4.6 :5S )Je, t7.2 1.9 2.4 3.9 -1.9 u 0 ' Ll 7.6 9' 8.1 0 1.4 7 14.3 11C) 3.1 J'l 0 0 2.9 H 0.7 09 0 0 36 H 0.6 I}.S 3.9 •9 2.3 H 3.8 ., 
17-Jun 6.1 8.1 l-13 19 1.1 l.J 5.3 1 1 J.j 0.5 06 8 Il 8 Il 2.3 JI '18,7 ,. ~ 2.2 H 0 rJ 1A 1 ~ 0.4 Q, 0 0 0 7 oQ OA f}'\ 1.6 ,, 

1.1 l i 2 a 
ts.Jun 5,9 1 1 lH IG 7 1.4 1.1 6.5 H ,, 1) 1·.2 1.• 6.7 ~ 1 6 72 1.8 22 17 3 :os 4 ... ~ 0 ~ 2.7 12 0.6 01 0 0 2.9 1< 17 : 1 2.8 14 2.4 2Q 3.4 41 

2~Jun 6.5 73 "' 1.3.9 3.2 J .6 4.6 .S.J ~.~ 1.8 2.1 ) 8.1 9 9.9 Il 2.2 14 15 16.7 2.9 ]2 0 0 1.4 16 0.9 1 0 0 4.1 16 1.2 1 3 2.7 3 1.3 15 3.5 3.9 

PBIB 
12~Jun 8.5 113 11 2 14.9 1.3 1.'/ 9.1 J: Il 1.> 0.6 Oij 7.8 10 5.6 1.5 1.9 20 19.6 16 1 2.3 li 0 0 0.8 Il 0.4 05 0 0 ·0.7 1 1.4 ,. 0.4 0' 0 0 1.6 ~ 1 
! Wun 8.5 ID 9 IH 20 1-9 !A 5:2 OJS l lo 0.8 Il 5.2. b8 7.9 Ill 1.3 17 14.ll l 1t1 2.4 11 0 1) 0.8 1 0 u 0 0 2.1 L7 17 11 2 l .b 1.5 2 2.1 1' 
17-Jun \2:6 l.lt no IJ 1.5 l.b 11.3 12 Il 1.3 1 1 8.3 8.6 7.5 78 1.1 t 23.9 2-1 1 2.4 l< 0 u 1.9 : 1 0 u 2.2 !j 1.8 1'1 1.3 r ; 1 1 2A :!5 
20.Jun 7.3 8.8 l t> 1 lM 1.5 1.8 6,2 7.5 08 1 0.4 0.5 51 6.Z 9.5 11 1.6 19 16.2 19.7 2.6 3.:'. 0 u 2.2 27 0 0 0 0 2.5 1 2.3 H 2.6 I l 1.6 1. 2.7 .l.J 
2~JUII 8 69 IK7 16 1 1.6 1.4 6.3 q 11 ~.7 o.8 0.7 8.2 11 16.1 1~ 1.2 1 21 .6 IK.O 2.8 !_.J 0 " 2.9 2.5 2.3 2 0 u 3.8 )t 2.3 ~ 4.4 ; H 2.9 'U 5.2 H 

PBIC 
12·.1un 8.5 Ill Ill 1-1.9 1.3 )? 9.1 12 Il 1.5 0.6 H 7.8 10 5.6 7; ' 9 2.6 19.6 1ô.J 2.3 31 0 q 0.8 Il 0.4 0' 0 0 0.7 1 1.4 19 0.4 y_, 0 0 1.6 l i 
14~Jun 5.3 1.J 1:!7 11.6 1.7 ~ .... 6.4 80 ~ 1) 1 1 ~ 6.3 8.7 10.2 14 1.3 1 s 13 !8 2 2.8 0 0 1.5 ~1 0.8 Il 0 Il 0.7 1 1.4 l'> 2.2. 3 0 IJ 3.5 H 
17·JU!l 65 ti l lloJ 14 .~ 1.6 ] 9.2 Il 1 I l 1 1 .. 8 10 11.4 14 17 21 16.5 ~U.CI 2 ,, 0 fi 1.8 " 1 1 0 0 0.7 U.IJ 1.4 17 1.2 u 0 u 2..1 l .o 
20·JU!l 8.3 8 l'li 1~6 2.1 l 11.2 Il .u : 0.7 0.7 9.6 9.3 I OA lU 1.8 17 22.8 n .J 3.8 31 0 0 0.6 U.6 0 u 0 u 1.3 u 1.8 Il 2.1 ~ 1 1 3.8 3.7 

23-Jun 11.8 Il l 16 ~ l!ô.4 2.5 2 .1 11.5 Il 1 8 17 08 ~7 9.1 •. s 16 IS 1.9 1 s 18 16.~ 2.3 '2.1 0 " 1.2 Il 0.9 0.~ 0 p 1.4 IJ 2.6 'JA 3.4 1.2. 0.5 U5 3.4 3.2 




