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Abstract - The egestion of particulate material as well as pigment degradation during microzooplankton grazing on
phytoplankton are poorly known processes. In an attempt to evaluate these processes, changes in pigment concentrations
within various size fractions were monitored in batch cultures of an assemblage of a pelagic ciliate (Strombidium
sulcatum) and a heterotrophic flagellate (Paraphysomonas sp.) feeding on a cyanobacterium (Synechococcus sp.) over a
lo-day period. Chlorophyll a, carotenoids and phaeopigments were not found in the 0.1-0.7 urn fraction while the pigments originally in the 0.7-3.0 pm fraction (prey) were transferred into the > 3.0 urn size fraction (predator). During this
transfer, the carotenoids (zeaxanthin and B-carotene) were not degraded significantly. In contrast, chlorophyll a was
degraded into phaeophytin-like compounds which accounted for almost 100 % of the recorded phaeopigments. The
destruction of chlorophyll a varied with time ranging from 4 % (day 3) to almost 100 % (end of the experiment) and this
destruction was inversely related to micro-grazer ingestion rates. Microscopic examinations of samples did not reveal any
large egested particles > 3.0 urn, suggesting that phaeopigments and carotenoids measured in this size fraction were accumulated inside the protozoa. Zeaxanthin was very stable even when it was within the mica-grazer. 0 Elsevier, Paris
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RCsumC - Dynamique des pigments associke au broutage des cyamobactCries par un ciliC et un flagelk L’egestion de
materiel particulaire et la degradation des pigments par suite du broutage microheterotrophe sur le phytoplancton sont des
processus peu document& Afin de les &valuer, les changements des concentrations pigmentaires dans differentes fractions de taille sont Ctudies, sur une periode de dix. jours, dans des cultures en batch d’un assemblage de cyanobacteries
(Synechococcus sp.), de cilies pelagiques (Strombidium sulcatum) et de flagelles heterotrophes (Pavaphysomonas sp.).
Aucun pigment (chlorophylle n, caroteno’ides et pheopigments) n’est detect6 dans la fraction de taille O,l-0,7 pm. Les
pigments initialement presents dans la fraction de taille 0,7-3,0 pm (proies) ont Cd transfer& vers la fraction > 3,0 urn
(predateurs). Pend,ant le transfert, les carotenoXdes (zeaxanthine et O-carotene) ne sont pas degrades de faGon significative,
alors que la chlorophylle a est degradte principalement en composes de la famille des pheophytines qui representent p&s
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de 100 % des pheopigments. La destruction de la chlorophylle u varie dam le temps de 4 % (jour 3) a 100 % (fin de l’experience). Cette destruction est inversement lice aux taux d’ingestion des micro-brouteurs. L’Ctude microscopique des Cchantillons ne montre aucune ejesta particulaire > 3,0 pm. Cela suggere que les pheopigments et les carotenoi’des mesures dans
cette fraction de taille sont accumules a l’interieur de protozoaires. Le zeaxanthine est t&s stable, m&me Iorsqu’il se trouve
a l’intbieur des micro-brouteurs. 0 Elsevier, Paris
pigment I phkopigment
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1. INTRODUCTION

In the present investigation, the dynamics and fate of
pigments were studied within a simplified oligotrophic,
Mediterranean trophic web. Synechococcus sp. was
selected because it is probably an important contributor
to the primary production in the Northwestern Mediterranean Sea [ 111. The heterotrophic micro-grazers were an
oligotrich ciliate, Strombidium sulcatum, and a flagellate, f’uruphysomonas sp. Our goals were 1) to determine
whether phaeopigments are produced during grazing by
microzooplankton and if so, to describe the type of compounds produced, 2) to investigate the respective fates
of chlorophyll a (Chl a) and carotenoids (zeaxanthin and
&carotene), and 3) to identify the size classes of particles
in which pigments appear during grazing.

Chlorophyll and its degradation products have been proposed as tools for studying feeding activities of herbivorous zooplankton [34], but the validity of these
approaches has been questioned, given the variability in
the conversion efficiency of chlorophyll into phaeopigments during grazing processes [6, 12, 13, 21, 241. The
use of HPLC for pigment analysis has opened new fields
of research in grazing studies such as the recognition of
new pigments and degradation products [14, 261 or the
use of specific pigment bio-markers for investigation
taxa-specific phytoplankton-grazer relationships [4, 301.
The pathways of pigment degradation in aquatic ecosystems are indeed complex and most studies have been concerned with macro-grazers f 151. However, the assessment
of microzooplankton grazing activity using phaeopigments is possible [29]. Nagata and Kirchman [22]
hypothesised that flagellates release digestive enzymes,
incompletely digested membranes, and probably other
cellular components which come from the prey. Together
with the results of studies concerning fecal production by
protozoa [2, 3, 7, 9, 23, 281, it seems possible that there
might be pigment bio-markers within egested material of
protozoa. In addition, Strom [29] has reported the production of specific phaeophorbide a-like and phaeophytin
a-like compounds by microzooplankton.

2. MATERIALS

AND METHODS

Ciliates and cyanobacteria were isolated from surface
water of the Villefranche-sur-Mer Bay (Station B: 43” 41’
10” N and 7” 19’ 00” E). Synechococcus sp. was grown at
22 “C in f/2 medium [lo] on an 186 1ight:dark cycle.
Strombidium s. (approx. 30 urn in size) was cultured in
the dark on a heterotrophic bacterial diet according to
Rivier et al. [27]. The heterotrophic micro-flagellate
Paraphysomonas sp. (approx. 5 urn in size) was similarly
maintained and used as a second micro-grazer.

Autotrophic populations in oligotrophic systems are
dominated by cyanobacteria and prochlorophytes. Such
cells, which may comprise up to 70 % of the total chlorophyll biomass [5], are mostly grazed by protozoa.
Because of methodological problems, the quantification
of grazing activities in natural conditions has received little attention [20]. Although alternative ways of investigating trophic relationships within the microbial food
web are potentially possible through the use of pigments
and their degradation products as investigative tools, the
few investigations dealing with pigment pathways within
the microbial food web have been contradictory ([I, 19,
291 see discussion).

A time-series experiment (10 d) was carried out in duplicate in twelve 1 L conical flasks, each containing 500 mL
of seawater. Initial concentrations of cyanobacteria,
ciliates and flagellates were 40 x lo6 cells mL-“,
20 cells mL-r and 50 cells mL-r, respectively. In order to
obtain acceptable detection levels of pigments, the
concentrations of microorganisms in our experiments
were much higher than those normally found in situ.
Twelve 50 mL flasks containing only cyanobacteria (40 x
IO6 cells mL-I), kept under the same conditions were
used as controls. All experiments were performed at
22 “C in the dark. Samples for pigment degradation,
phaeopigment production analysis and cell counting were
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collected on days 0, 1,3, 5, 7 and 10. For these analyses,
the following treatments were applied by harvesting two
duplicate flasks: I) Total sample: 1010mL were filtered
through 47 mm, 0.7 urn glass fiber filters (GF/F); II)
Fraction 0.7-3.0 urn: 250 mL were filtered by gravity
through 47 mm, 3.0 urn polycarbonate filters, and
100 mL of the filtrate were re-filtered through GF/F filters; III) Fraction 0.1-0.7 pm: 100 mL of the filtrate passing through GF/F filters were re-filtered through 25 mm,
0.1 pm polycarbonate filters; IV) Control : 40 mL of
cyanobacteria were filtered onto GF/F filters. When filtration wa.s not performed by gravity (GF/F and 0.1 urn
filters), the vacuum pressure was kept low (< 0.2 bar). All
filters were immediately stored at -20 “C prior to pigment analysis. To determine the pigment changes in the
> 3.0 urn, the pigment concentrations in this size fraction
were calculated by subtracting the pigment concentrations in the 0.7-3.0 pm fraction from those of the total
sample. Direct pigment measurement in the > 3.0 pm
required that the complete sample be filtered through a
3.0 urn filter which increased the possibility of protozoan
cell bursting and loss of the material. For the same reason, the zeaxanthin to Chl a ratio was calculated in the
0.7-3.0 pm to know whether there was material lost from
> 3.0 pm to this size fraction.

DYNAMICS

AND GRAZING

ments more polar than Chl a (eluting before Chl a) were
quantified as if they were phaeophorbide a-like pigments,
while compounds eluting after Chl a were quantified as
phaeophytin a-like pigments. Specific absorption coefftcients (667 nm) of 50.0 L 8’ cm-’ (phaeophytin a) and
53.6 L g-i cm-’ (plhaeophorbide a-like) were used for
phaeopigment quantification.
To perform a budget of Chl a-related compounds (Chl a
and phaeopigments), results are expressed in terms of
Chl a equivalent (Chl a eq):
Chl a eq = Chl a + Phaeopigments
x [(Chl a MW / Phaeopigment MW)]
where MW corresponds to the molecular weight of the
pigment considered.
Subtraction of pigment and phaeopigment concentrations in control flasks from those of experimental flasks
can lead to an underestimation of ingestion in experiments when large sampling intervals are used. Thus in
experimental flasks, the average pigment concentration
(ng mL-‘) at any timle was determined by calculating specific coefficients of growth and grazing [8] according to
Strom [29].

For ciliate counts, duplicate 2 mL subsamples were preserved with acid Lug01 (0.4 % final cont.) and counted
according to Rassoulzadegan and Gostan [25] using a
Zeiss inverted microscope. For estimating the change in
cyanobact.erial and flagellate concentrations and also for
measuring flagellatle diameters (n = 20 in each replicate),
1 mL of each sample was diluted with 9 mL of filtered,
autoclaved seawater. The samples were fixed with formaldehyde (final cont. 3 %) and filtered through black
Nuclepore polycarbonate membranes (25 mm dia.,
0.2 urn pore) using low vacuum (< 0.2 bar). Filters were
placed on a slide and examined using a Zeiss Axiophot
T/R microscope with epifluorescence equipment, a 3Fl
reflector, a DAPI filter set 487902: BP365, FT395,
LP420, and a 100X Neofluar objective.

3. RESULTS
3.1. Microbial

popmdation dynamics

Abundances of both heterotrophic flagellates and ciliates
increased during the first five days of the experiment
@gure la). Between days 5 and 7, ciliate density rose
while flagellate abundance decreased slightly. During the
final part of the experiment (days 7 to 10) both ciliate and
flagellate densities decreased. Cyanobacterial concentrations decreased rapidly at the beginning of the experiment, and were minimal from day 5 through to the end of
the experiment. Based on microscopic examination during the experiment, cilliates were full of cyanobacteria
and they did not prey on flagellates. During our experiments we found the feeding behaviour of Paraphysomonas sp. to be rather unusual. Before grazing, this
protozoan was approximately 5 pm in diameter but after
engulfing cyanobacteria, its cell diameter doubled
(10 pm). As a result, flagellates made a higher contribution to total grazer biovolume than ciliates Cjigure lb).
Ciliate biovolume was estimated to be constant during
experiment (13.9 X lo3 pm3, [35]).

After extraction in 100 % acetone, pigments were analysed using the RP- C8 HPLC method described in Vidussi
et al. [32] using an additional LDC spectrophotometer
detector (667 nm) to monitor phaeopigments. Phaeophytin a was identified by comparing the elution time and
visible ab’sorption spectrum (obtained with a diode array
spectrophotometer) of the appropriate peak with those
from an acidified sample of Chl a. Unknown phaeopig-
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B) 0.7-3.0 )~rn fraction
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Figure 1. Abundances (cells rnL-‘) of cyanobacteria (Synechococcus sp.), ciliates (Strombidiurn sulcatum) and heterotrophic ffagelfates (Puraphysomonas
sp.) (A), and grazer biovolume (B) during
experimental period in the total sample. Bars represent standard
deviations.

3.2. Conservative pigments

Figure 2. Calculated conservative pigment concentrations, zeaxanthin (Zeax) and g-carotene (R-car), in the total sample (A), in the
0.7-3.0 pm fraction (B), and > 3.0 pm fraction (C). Bars represent
standard deviations.

no pigments were found in the 0.1-0.7 pm size fraction.
Therefore, only results from the total sample, the 0.73.0 urn and the > 3.0 urn fractions are reported. Although
prey were removed by grazing during days 1 to 3 and
remained minimal until the end of the experiment, zeaxanthin and l&carotene concentrations remained practically unchanged cfigure 2~) (mean values not significantly different from initial concentrations; t test,
P = 0.05). The total sample contained both cyanobacteria
and microzooplankton, while the 0.7-3.0 pm fraction
included only cyanobacteria. Carotenoid concentrations
in the 0.7-3.0 pm fraction decreased with the disappearance of cyanobacteria @gure 2b). In the > 3.0 pm fraction; corresponding to protozoa or perhaps to their fecal
material, carotenoids (especially zeaxanthin) increased
until day 7 and then remained stable (figure 2~).
pigments

biovolume of the heterotrophic grazers (figures 3a vs.
figure lb). Total phaeopigment concentration in the total
sample increased from 4 to 20 ng mL-’ between days 3
and 7, but remained essentially constant thereafter. The
Chl a eq concentration as an indicator of Chl a budget in
the total sample decreased from 60 to 37 ng mL-‘.
Phaeophorbide a-like compounds were found only in
trace amounts. In contrast, phaeophytin a-like compounds were constantly produced and represented almost
100 % of total phaeopigments after day 3 @figure4). Individually, phaeophytin a and two other compounds eluting
before and after phaeophytin a were the most abundant
by-products, with phaeophytin a representing 50 % to
89 % of total phaeopigments.

The decrease of Chl a concentration in the total sample,
from 57 ng mL-’ to 15 ng mL-‘, paralleled the increase in

Pigment concentrations in the 0.7-3.0 pm fraction were
roughly similar to those in the total sample until day 3;

3.3. Non-conservative
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Figure 4. Time-course-changes in concentrations and composition
of phaeopigment in the total sample. Symbols: total phaeopigment
(Tphaeo), phaeophytin a (phtin), and phaeophytin a like (phtin
like). Bars represent standard deviations.

C) > 3.0 pm fraction

0.7-3.0 pm fraction and cyanobacterial abundance
(figure 3b vsfigure i’a) could be the result of such enrichment of this fraction by the > 3.0 pm fraction.
In the > 3.0 pm fraction, Chl a and total phaeopigment
concentrations incre:ased until days 5 and 7. A decrease
of Chl a concentration at the end of the experiment coincided with an increase of total phaeopigment concentration. The Chl a eq concentration in this fraction increased
s-fold during the experiment whereas in the total sample
the Chl a eq concentration decreased 1.6-fold.

Time (day)
Figure 3. Calculated non-conservative pigment concentrations in
the total sample (A), 0.7-3.0 pm fraction (B), and > 3.0 pm fraction
(C). Symbols: chlorophyll a (Chla), total phaeopigment (Tphaeo),
chlorophyll a equivalent (Chl u eq), and the ratio of zeaxanthin to
chlorophyll a (Zeax / Chl a). Bars represent standard deviations.

3.4. Chl a destructions and protozoan ingestion rates
In order to relate the degree of destruction of Chl a to
protozoan ingestion rate (as reported for copepods 116,
24]), and to consider changes in biovolume of heterotrophs, ingestion rates Iwere calculated as follows and shown
in figure 5:

after which they diminished and became undetectable by
day 7, indicating that pigment consumption became more
important after day 3 (figure 3b). Phaeopigment concentrations were undetectable until day 5, and only trace
amounts were detected by the end of the experirnental
period (< 2 ng mL-‘). Since experiments were conducted
in the dark (after cyanobacteria had been cultured in
light), a decrease of the zeaxanthin to Chl a ratio due to
photoadaptation would be expected [17] in the fraction
corresponding to cyanobactera (0.7-3.0 pm). This was
not the case as this ratio increased from 0.5 CO 1.1
Figure 3b), suggesting that some material, preferentially
enriched in zeaxanthin and originating from the detritus
or bursting of protozoa, passed through the 3.0 pm filter.
Moreover, the uncoupling of Chl a concentration in the

In = [(C,,, - C,) / (BV,,, - BV,)] / (t,, - t), where:
In = ingestion rate (nb cyanobacteria prnm3h-‘)
C = cyanobacterial mL-’
BV = biovolume of heterotrophic protozoa (pm3 mL-‘)
t = time (h)
Results demonstrated that the highest Chl a destruction
occurred at the end of the experiment when protozoan
ingestion rates were lowest (figure 5).
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according to Strom’s hypothesis, phaeopigments in this
study might have been egested by protozoa into the dissolved phase, and then consumed almost immediately
after egestion. Little is known concerning this process for
protozoa but we believe it unlikely that the phaeopigments in our experiment would have been found in the
< 0.1 urn fraction. Since epifluorescence microscopic
examination using blue and green filters did not show any
large egested particles (> 3.0 pm), it seems that the phaeopigments in this study must have been accumulated
inside the protozoa due to increasing grazer biovolume.
Moreover, Chl a eq concentration at the end of the experiment in the total sample (37 ng mL-‘) was almost the
same as the amount found in the > 3.0 pm size fraction
(35 ng mL-I). This suggests that almost all Chl a degradation and phaeopigment production processes occurred
in the > 3.0 urn size fraction. However, the phaeopigments were not released as particulate egested material
but rather were accumulated inside the protozoa. Our
experimental results agree partially with Strom’s hypothesis (phaeopigment production) but they do not suggest
re-ingestion or egestion of fecal particles [29]. The differences between our results and those of Strom [29] might
be explained by inter-species differences in pigment degradation or the possible effects of feeding history and
food concentration, as noted for metazoan grazers [ 14,
18, 241. We mentioned earlier the unusual Pauaphysomonas sp. behaviour of engulfing cyanobacteria that may
partially explain the pigment preservation that we found.
Our microscopic examination showed that there were
intact cyanobacteria inside the flagellate at the end of the
experiment. Likewise, Waterhouse and Welschmeyer [33]
suggested recently that - 48 % of the Chl a ingested during their experiments remained intact during protozoan
grazing. According to$gure 5, microzooplankton destroy
less Chl a at their highest ingestion rate (between day 1
and 3) with only 4 % of Chl a ingested destroyed. This
minor Chl a destruction suggest that protozoa were not
efficient in converting Chl a into colorless products. In
contrast, the destruction of Chl a increased during the
experiment as the ingestion rate decreased. It should be
noted that the ingestion rate after day 5 was low because
there were few cyanobacteria remaining outside the protozoa. During that time, the near complete ingestion of
cyanobacteria by the protozoa resulted in more than 78 %
destruction of Chl a into colourless products.

0.025

rate (cyano. pmm3 h-l)

Figure 5. Chlorophyll a destruction as a function of ingestion rate
of microzooplankton (assemblage of ciliate and flagellate) feeding
on cyanobacteria.

4. DISCUSSION
Pigment metabolism and phaeopigment production
resulting from protozoan grazing have been poorly studied. Moreover, the qualitative and quantitative results
existing in this domain are contradictory. Klein et al. [ 191
and Barlow et al. [I] found that only 5 % of the Chl
ingested by the heterotrophic dinoflagellate Oxyrrhis
marina was converted to phaeophytin, and that carotenoids disappeared completely. In contrast, Strom 1291
showed significant production of several phaeophorbide
and phaeophytin-like compounds by marine protozoa and
hypothesised that re-ingestion of fecal material could
lead to extensive pigment destruction.
Our results show that phaeopigment concentrations were
not detectable in the 0.1-0.7 pm size fraction and only
trace amounts were found in the 0.7-3.0 urn size fractions. However, large amounts of phaeopigments
appeared in the > 3.0 urn fraction (figure 3~). These
results suggest that the egested material containing phaeopigments was < 0.1 pm or > 3.0 urn, or that the phaeopigments in the > 3.0 pm fraction were actually in the
protozoa. The first possibility could correspond to the
soluble phase of phaeopigment. According to Klein et al.
[ 191, degraded material does not contain pigments in the
< 0.7 ym size fraction. However, Tranvik et al. [31] have
shown that even colloidal dissolved organic material can
be taken up and used by heterotrophic flagellates. Thus,

Zeaxanthin is found in cyanobacteria and prochlorophytes, organisms that are in the < 1 pm size range. However, zeaxanthin has been recorded in fractions > 3 pm in
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the sub-equatorial Pacific (Claustre, unpublished), suggesting that this pigment can also accumulate in situ in
the micro-grazer pool, as observed in the present laboratory investigation. !Nevertheless, our study was conducted
in the dark as were those of Strom [29] and Waterhouse
and Welschmeyer [33]. Under light conditions, degradation rates of carotenoids might be suspected to be higher
than in the dark as demonstrated by Klein et al. [19].
Therefore, before using zeaxanthin, the autotrophic
prokaryote pigment, as an in situ marker of grazing processes, its degradation rate (by other protozoan species
and under light conditions) has to be elucidated.

days of the experiment. Furthermore, phaeophytin is not
specific to microzooplankton and can also be produced
by macro-grazers [ 151.
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Finally, our results demonstrate that, in contrast to zeaxanthin, phaeopigments cannot be considered as potential
markers of protozoan grazing. Increases in phaeophytin a
in parallel to Chl a! losses were restricted to only the first
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