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ARTICLE INFO ABSTRACT

Keywords: Beaded cultured pearl farming is a lengthy aquaculture process, particularly when the pearl oysters are produced
Pinctada margaritifera through a hatchery propagation system, and includes the key steps of artificial breeding, larval and spat rearing
Phenotypes before graft operations can take place. Within its genus, Pinctada margaritifera has the ability to produce the

Spat shell colour
Earlier selection
Pearl colour

widest range of pearl colours, thanks to the donor colour polymorphism of the inner shell, which is mainly
responsible for colour transmission. As hatchery spat production in P. margaritifera leads to several colour
phenotypes (at 3 months old), the aim of this study was to determine whether a relation exists between the
colour of the donors as spat and the final pearl colour. In the experiment, which took place over a four-year
period, earlier spat colour selection was applied to two hatchery-produced P. margaritifera families. The spat
were traced and then used as donors at the adult stage. A total of 1100 experimental grafts were made, using
originally grey, green, red and yellow spat phenotypes as donors. The results showed that all spat colour phe-
notypes mainly produced pearls in the moderately dark (78.4%) and grey colour (56.7%) classes. Differences in
darkness level were produced by red and yellow spat, whose pearls were about twice as pale as those from the
grey and green phenotypes. Concerning the pearl colour categories, the results showed that the attractive green/
blue pearls were obtained twice as often when using grey and green spat phenotypes and that aubergine/peacock
pearls were obtained four times more often by using the red and yellow spat phenotypes. This preliminary study
suggests that earlier phenotypic colour selection could be applied in P. margaritifera spat as a useful indicator in

both pearl production cycles and family selection for donor oyster lines of specific colour propagation.

1. Introduction

The black-lip pearl oyster, Pinctada margaritifera (Pteriidae), is a
marine bivalve mollusc that has a broad Indo-Pacific distribution, and is
highly valued for cultured pearl and pearl shell production (Southgate
et al., 2008; Wada and Témkin, 2008). Aquaculture of this species re-
presents a valuable industry and an important source of coastal com-
munity livelihood across almost the entire extent of its distribution. In
French Polynesia, the culture of P. margaritifera is the most important
industry in Polynesian mariculture and the second highest source of
income, after tourism. It produces the highest volume of black pearls in
the international market. Currently, P. margaritifera aquaculture in-
volves 536 pearl farms, distributed on 26 islands and atolls, covering
7800 ha of marine exploitation and concentrated in Tuamotu, Gambier
and Society archipelagos (Talvard, 2015). Grafting for cultured pearl
production involves insertion of a piece of mantle tissue (saibo) from a
donor pearl oyster and a round inorganic nucleus into the gonad of a
host pearl oyster (Gervis and Sims, 1992; Taylor and Strack, 2008;
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Cochennec-Laureau et al., 2010; Gueguen et al., 2013).

The donor pearl oyster has been shown to have a major influence on
the quality of the resulting pearls (Alagarswami, 1987), using both
individual wild donors (Tayale et al., 2012) and hatchery-bred families
(Ky et al., 2013) in P. margaritifera. Xenograft studies have reported
traces of DNA from saibo tissue in the pearl-sac during pearl formation,
further confirming the influence of donor oyster tissue on pearl for-
mation (McGinty et al., 2010, 2011). P. margaritifera can produce a
wider range of pearl colours, from the purest white to the deepest black,
including numerous shades of silver, peacock, green, aubergine, purple,
golden brown and even rainbow colours, than the two other pearl oy-
ster species, P. fucata martenseii (pink, white or silver, cream and yellow
pearls) and P. maxima (golden, silver-white, yellow or cream pearls)
(Tong and Shen, 2001; Taylor and Strack, 2002). In fact, P. margaritifera
pearls can have an overtone colour (secondary colour such as green,
blue, aubergine and peacock), which is considered to increase their
value (Karampelas et al., 2011). Recent studies in P. margaritifera have
shown that pearl colour depends on both the outer (Ky et al., 2017a)
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and inner shell colours of the donors at the adult stage (Ky et al.,
2017b). A large amount of evidence has suggested that P. margaritifera
shell colour is under genetic control (Ky et al., 2016a). Thus, shell
colour polymorphisms are amenable to artificial selection.

P. margaritifera aquaculture in French Polynesia is almost ex-
clusively dependent on wild oysters, obtained by natural spat collection
from wild stocks, mainly from the atolls of Ahe, Takapoto, Takume,
Katiu in the Tuamotu Archipelago, and from the lagoons of the Gambier
Archipelago. Spat are collected during the reproductive season in these
lagoons, where they settle on artificial collectors and are left for up to 6
months for pre-growing. This relative abundance of wild oysters in
French Polynesia means that the use of hatchery-produced spat in
conjunction with selective breeding has not been developed at a com-
mercial scale, in contrast to Japan, Australia and south-east Asia, where
these strategies are used for the other pearl oyster species, Pinctada
fucata and Pinctada maxima, to meet both: 1) the needs of resource
production and 2) the development of breeding programs. Colour ma-
nipulation through selection in aquaculture has been performed for
many species (Lutz, 2001). One example of increasing market demand
in the pearl industry is the case of the South Sea pearl, produced by P.
maxima in the Philippines, which typically produce deep golden pearls
through decades of breeding efforts that resulted in a selected gold
inner shell strain.

Hatchery-bred P. margaritifera display several spat outer shell col-
ourations, among which grey, green, red and yellow are commonly
observed. As cultured pearl production is a long process, one produc-
tion cycle from hatchery to harvest time takes a minimum of four years
investment. The objective of the present study was therefore to provide
initial information about the potential relation between spat shell col-
ouration (early donor selection) and the final cultured pearl colour,
without deliberately checking the colour phenotype of donor oyster at
grafting time (late donor selection). If such a colour relation exists, it
would be then possible to select donors early, at the spat stage, for the
pearl colours demanded by the international market. Grey is clearly a
non targeted colour for cultured pearls compared with the more at-
tractive green or peacock overtones. The results will facilitate future
selection of black-lipped pearl oyster lines with a defined phenotype for
production of specific colours. To respond to this objective, a four-year
small scale experiment was conducted, including breeding, rearing,
grafting, culture and pearl colour grading (darkness level and colour
categories) using randomly selected spat representative of each shell
colour as donors, with complete traceability throughout the entire
cycle.

2. Materials and methods
2.1. Experimental animals

Two bi-parental families of P. margaritifera were produced in the
Ifremer hatchery facilities in Vairao (Tahiti, French Polynesia) in 2006
(family 616) and 2009 (family 906) from wild broodstock. These two
full-sib families were selected for the experimental design: 1) in a way
to reduce the genetic base of the tested individual, i.e. making more
comparable the phenotypic variation observed, and 2) because among
all the families produced, these two exhibited the largest spat shell
colour diversity. The parents used for these two crosses originated from
Takapoto atoll and were not selected according to their outer or inner
shell colouration. Artificial spawning, larval rearing and oyster culture
were performed as described in Hui et al. (2011) and Ky et al. (2013).
At the age of 80 days post-hatching, spat from the two families were
sorted according to their shell colour: red, grey, green or yellow (except
in family 906, where no yellow phenotype was found) as shown in
Fig. 1. Colour determination was done by two technicians working in
cooperation. Each colour phenotype in each family was traced over the
entire culture period using plastic labels. Individuals of the two families
with representative spat colour phenotypes were randomly selected to
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be used as donor oysters and transferred by air to Rangiroa atoll
(Tuamotu Archipelago) 2 months prior to nucleus implantation to allow
the oysters to adapt to local environmental conditions.

Wild P. margaritifera were collected as spat in the lagoon of Ahe atoll
(Tuamotu Archipelago, French Polynesia) to serve as recipients. Passive
techniques were employed for catching spat using commercial spat
collectors made from modern synthetic materials, to which planktonic
mollusc larvae become attached fifteen to twenty days after their re-
lease (Thomas et al., 2012). After nearly one year of subsurface rearing
(3-5m below the surface), the young pearl oysters (4-5 cm in diameter)
were then transferred to Rangiroa atoll (where the grafting was per-
formed) and removed from the collectors on which they had developed.
These juveniles were pierced and tied together onto a CTN (Cord
Technical Nakasai) rearing system, where they were left until grafting.
This rearing method involves drilling a small hole through the base of
the shell in the dorsal-posterior region. This process does not affect the
living tissue. The CTN were protected using plastic mesh to prevent
predation in the lagoon. At six months post transfer, the pearl oysters
were removed from the water and washed with a high pressure spray,
thus removing any parasites (mainly epibionts). This process causes no
injury or mortality and maximizes growth rate. Mature oysters, aged
approximately 30 months and measuring at least 8 cm in length, were
taken from the rearing station, detached and stored ready to be used in
the grafting procedure.

2.2. Experimental graft

The experimental graft was performed on Rangiroa atoll in October
2011 (Gauguin’s Pearl Farm, Tuamotu Archipelago). Consequently, at
the time of graft, donor oysters were 5 years old and 2 years old (family
616 and family 906, respectively). From family 616, a total of 25 donor
oysters were randomly selected with “Grey” (N = 7), “Red” (N = 7),
“Yellow” (N = 7) and “Green” (N = 4) spat shell colour phenotypes
(Table 1). From family 906, 30 donor oysters were randomly selected
and used with “Grey”, “Red” and “Green” spat shell colour phenotypes
(N = 10 for each phenotype; Table 1). The donor pearl oysters (total
N = 55) were individually labelled (to trace their family and spat shell
colour origins) and randomly attributed to two professional grafters
who performed the grafting operations over two days (Table 1). The
epithelial cells required for the grafting procedure were excised from
the mantle by the expert grafters. Small squares of epithelium (“grafts”)
measuring approximately 4 mm? (N = 20 per donor oyster) were then
prepared, before being transplanted into the recipient oysters (issued
from a single batch of healthy oysters). The graft process consists of
cutting out a hollow in the recipient oyster gonad, into which the
grafter places both the nucleus and the graft. The nuclei used were si-
milar and imported from Japan: 2.4 BU nucleus (7.304 mm diameter,
0.59 g weight — Nucleus Bio, Hyakusyo Co., Japan). The whole grafting
operation takes approximately 1 min (Ky et al., 2015). The donors were
used successively to provide the 20 grafts each, with which the grafts
were performed before moving on to the next donor. A total of 1100
grafts were realised over a 2-day period. Traceability of donor oysters
was maintained by using numbered plastic labels attached to the cha-
plets, where the corresponding recipient oysters were reared (Ky et al.,
2014a,b). After 18 months of culture (April 2013), the cultured pearls
were harvested and assessed for their colour.

2.3. Cultured pearl colour

Cultured pearls were cleaned by ultrasonication in soapy water
(hand washing) with a LEO 801 laboratory cleaner (2-L capacity, 80 W,
46 kHz). They were then rinsed in distilled water. Colour evaluation
(without a jeweller’s loupe) was done on the cultured pearls, according
to Ky et al. (2013) by two operators working in cooperation, who
classed the pearls according to:
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Table 2

Impact of donor oyster spat phenotypes (“Red”, “Grey”, “Yellow” and “Green” shell
colouration) on cultured pearl colour (darkness level and colour categories) in P. mar-
garitifera. Data are expressed as percentages with frequencies in brackets. Values that are
significantly different (p < 0.05) between the spat shell phenotypes are indicated with
letters. Significance is expressed as follows: NS (non-significant results withp > 0.05); *
(p < 0.05); ** (p < 0.01) and *** (p < 0.001).

SPAT SHELL COLOUR

Cultured pearls Red Grey  Yellow Green  Significance
DARKNESS Light 1772 83° 17.8% 101P
LEVEL (41) (18 (16) (22)
Moderate 72.7 79.4 78.9 83.0 NS
168) (173) (71) @181)
Dark 95% 1247 33" g9
22) 27) 3) (15)
COLOUR Grey 53.2 537  66.7 53.2 NS
CATEGORI- (123) (117) (60) 116)
ES Green/Blue 27.7° 40.8% 15.6¢ 34.4 wxx
(64) (89) 14) (75)
Aubergine/ 10.8% 28" 10.02 23"  wxx
Peacock
(25) 6) ()] %)
White/ 827 28" 787 1017 =
Yellow
19 6) @ 22)

- Darkness of overall colouration, with three levels: light, moderate
(medium) and dark (high);

- Visually-perceived colour (due to pigments: bodycolor; and sec-
ondary colour: overtone). Four colour categories were established,
allowing all the harvested pearls to be classified: 1) samples with
dominance of bodycolors (without an overtone): grey and white/
yellow, and 2) samples with additional secondary colours (moderate
to distinct overtones): green/blue and aubergine/peacock.

2.4. Statistical analysis

All analysis were performed using RO version 3.4.0 software (R
foundation for Statistical Computing). The significant threshold was set
at p < 0.05 (Dagnelie, 2007). To determine differences in pearl colour
and darkness, > tests for statistical independence were carried out
(Siegel and Castellan, 1988; Winer et al., 1991). To detect differences
between families 616 and 906, ? tests of homogeneity were performed
by pearl colour and by pearl darkness.

3. Results
3.1. Experimental graft and cultured pearl colour

Of the 1100 grafts, 68.8% led to harvested pearls (N = 757), among
which 66.0% (N = 330) came from family 616 donors and 71.2%
(N = 427) from family 906 donors. Furthermore, harvested pearl rates
for the different spat shell colouration groups were 67.9% (N = 231)
for red, 64.1% (N = 218) for grey, 64.3% (N = 90) for yellow and
77.9% (N = 218) for green, when both families (616 and 906) were
considered together (Table 1). Neither family nor grafter was found to
have a significant effect on harvested pearl rates (p = 0.065 and
p = 0.061 respectively). However, the “green” spat shell colouration
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Fig. 1. Colour diversity of hatchery-reared Pinctada margaritifera at
spat stage (80 days post-hatching) with four different shell colour
phenotypes.

Green

group showed a significantly higher harvested pearl rate (p = 0.001),
compared to the other groups (red, grey and yellow).

The darkness level distribution of the harvested cultured pearls was:
12.8% (N = 97) of light, 78.3% (N = 593) of moderate and 8.9%
(N = 67) of dark pearls. Concerning the visual colour categories, the
distribution was as follows: 55.0% (N = 416) of grey colour; 32.0%
(N = 242) of green and blue colours (i.e. multicolour group); 7.1%
(N = 54) of white/yellow colour; and 5.9% (N = 45) of aubergine and
peacock colours (i.e. multicolour group).

3.2. Effect of overall spat shell colouration on cultured pearl colour

Results showed a highly significant impact of spat shell colouration
on harvested pearl darkness (p = 0.003). The spat shell phenotypes
corresponding to “Yellow” and “Red” colours produced significantly
(p = 0.006) more light-toned pearls (17.8%, N =16 and 17.7%,
N = 41 respectively) than the “Green” and “Grey” phenotypes (10.1%,
N =22 and 8.3%, N = 18 respectively). No significant difference
(p = 0.064) was observed for the “moderate” darkness level of pearls
among the four phenotypes: “Green” (83.0%, N = 181), “Grey” (79.4%,
N = 173), “Yellow” (78.9%, N = 71) and “Red” (72.7%, N = 168).
Dark harvested pearl frequencies were significantly different among the
spar colour groups (p = 0.047), with three distinct groups from the
highest rate to the lowest: 1) “Grey” (12.4%, N = 27); “Red” and
“Green” (9.5%, N = 22 and 6.9%, N = 15 respectively) and 3) “Yellow”
(3.3%, N = 3) (Table 2).

Regarding cultured pearl colour, a significant impact of spat shell
colouration was observed (p < 0.0001), except for the grey pearls
where no significant difference (p = 0.129) between the spat shell
phenotypes was detected (Table 2). For the blue/green pearl colour, a
highly significant difference (p < 0.0001) was observed between the 4
spat shell phenotypes. When donor oysters originated from “Grey” spat,
the highest rate of green/blue pearls was harvested, and was 2.6 fold
higher than when donors originated from the “Yellow” spat phenotype.
An intermediate rate of green/blue pearls (average 31%) was observed
for the “Red” and “Green” spat phenotypes (Table 2). In order to obtain
the highest rate of aubergine/peacock pearls, the use of donors origi-
nating from “Red” and “Yellow” spat phenotypes was better than
“Grey” and “Green” (4 times higher on average) (Table 2). White/
yellow pearls were obtained more frequently by using “Green”, “Red”
and “Yellow” spat phenotypes, than “Grey” ones (3 times more on
average) (Table 2).

3.3. Effect of spat shell colouration on cultured pearl colour at the family
scale

For darkness level frequencies, a comparison between families 616
and 906 showed no significant difference (p = 0.965). For both families
taken together, average rates of light, moderate, and dark pearls were
respectively: 12.1%, 78.1% and 9.7%. For the three spat shell pheno-
types (“Red”, “Grey” and “Green”), the same results were observed: no
significant difference was observed between the two families within
each spat phenotype and for light, moderate and dark pearls (Fig. 2). A
comparison between the rate of darkness levels obtained from the three
spat phenotypes was consistent with the previous results (section 3.2.):
1) the “Red” phenotype produced more light toned pearls than the
“Green” and the “Grey” phenotypes, 2) both “Green” and “Grey”
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phenotypes produced more moderate pearls than the “Red” phenotype
and 3) the “Grey” phenotype produced more dark pearls than the
“Green” and the “Red” phenotypes (Fig. 2).

For the cultured pearl colour categories, a comparison between fa-
milies 616 and 906 showed highly significant differences (p < 0.0001)
for: 1) green/blue pearls (11.2% and 47.1%, respectively); 2) grey
pearls (68.7% and 44.7%, respectively) and 3) white/yellow pearls
(12.5% and 4.0%, respectively). For aubergine/peacock pearls, no
significant difference was observed between the two families, with an
average frequency of 5.8%. A comparison of the frequencies of pearl
colour categories obtained from the three spat phenotypes was con-
sistent with the previous results obtained (section 3.2.). Grey pearls
represented the majority of the samples harvested, especially for family
906, regardless of the colour of the original spat phenotypes (Fig. 3).
Green/blue pearls were mostly produced by family 616, using the
“Grey” spat phenotype (Fig. 3). The aubergine/peacock pearl category
was mainly produced by family 616, using the “Red” spat phenotype
(Fig. 3). Finally, the white/yellow pearls were obtained from the “Red”
spat phenotype in both families (Fig. 3).

4. Discussion

Shell colour from the donor oyster in the Pinctada genus is known to
have an effect on the colour of the cultured pearl, particularly in the
case of P. margaritifera. A xenograft experiment, involving P. maxima
and P. margaritifera species, demonstrated conclusively that the donor
oyster is the primary determinant of pearl colour (McGinty et al., 2010).
Correlations between the outer shell (prismatic layers) of donors in P.
margaritifera and the colour proportions have also been observed in
harvested pearls (Ky et al., 2015). Recently, Ky et al. (2017b) demon-
strated the existence of a clear relation between the inner shell (nacr-
eous layers) colour phenotype of the donor oyster and the colour of the
pearl harvested in P. margaritifera. These studies investigated colour
transmission between different donor phenotypes, visually selected and
assessed when they were ready to be used in grafting (when the saibo
could be cut out, i.e. around 2-3 years old), and the resulting pearls, but
did not address earlier developmental stages. In hatchery production of
large numbers of P. margaritifera juveniles, further phenotypic char-
acteristics related to shell colouring have been observed. Depending on
the contribution of the number of genitors and their origins, different
frequencies of grey, red, yellow, green and white shelled spat can be
observed. The present results clearly show that earlier spat colour se-
lection could affect both the darkness and the colour of pearls, although
all the spat phenotypes (except for white albinos) were capable of
producing similar ratios (non-significant differences) of the moderate
darkness level and grey pearls. For the production of darker pearls
(targeting the Asian market), selection of grey, and to a lesser extent,
red and green spat phenotypes, should be favoured over the yellow spat
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Fig. 2. Darkness level (light, moderate and dark) rate (in%) of cul-
tured pearl from P. margaritifera, depending upon the spat shell colour
phenotypes (Grey, Red and Green) for families 616 and 906. (For
interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Darkness
Light

M Moderate

M Dark

phenotype. In contrast, for the production of paler pearls (targeting the
European market), selection of the red and yellow spat phenotypes
would be better than the grey or green ones. An interesting point that
supported the previous results obtained at the adult stage (ready to be
grafted) (Ky et al., 2017b), is that all the considered spat phenotypes
produced around 50% of the non-targeted grey pearl colour. This is a
specificity of the so-called “black-lipped” pearl oyster species. The de-
crease in the number of grey pearls seems to be family dependent, as
significant differences were observed between the same spat colour
phenotype at the family scale. This family dependence was also ob-
served for the other cultured pearl colours, where differences in fre-
quencies were found for the same spat colour phenotype. Our results
confirm that genetic selection of a particular donor oyster line can be
performed at the family scale in order to produce a specific colour range
(Ky et al., 2013).

The relatively few and simple colour phenotypes displayed at the
spat stage in comparison to the numerous and more complex colour
phenotypes observed at the adult stage, such as those reflected by the
diversity of the monochromatic and polychromatic inner shell pheno-
types selected as donors (Ky et al., 2017b), means that during their
developmental growth (from spat to adult stage), each spat phenotype
can lead to several shell colour phenotypes at the adult stage. The next
challenge in understanding phenotypic evolution during the growth
process of P. margaritifera might be to unravel the detailed relation
between spat colour and final shell colour, and particularly the inner
face polymorphism. The colour polymorphism observed in mass-pro-
duced hatchery progenies suggests that hereditary mechanisms control
colour patterns, rather than environmental conditions. In natural sys-
tems, organisms face several ecological challenges and often respond
with phenotypic shifts (Langerhans et al., 2007). Thus, the interaction
between environment and genotype considerably influences the phe-
notype of the organisms. In the present study, as pearl oyster larvae
were fed with the same cultured microalgae in a standardised hatchery
system, variation in spat shell colour cannot be attributed to “en-
vironmental” variations such as differences in temperature and/or food
availability (as these conditions were controlled). Genetic research on
inheritance of colour variations concerning the outer shell in P. mar-
garitifera was conducted to analyse colour segregation in juveniles
produced under controlled conditions, with cross-fertilisation between
black, red and white shell phenotypes (Ky et al., 2016a). The results
clearly showed a three allele model, where the black wild-type allele is
dominant to the red colouration, which is dominant to the white shell
(Ky et al., 2016a). Crossing experiments has been previously done in P.
fucata on different outer shell phenotype (prismatic layer colouration),
and have shown relatively simple genetic bases for colour trait in-
heritance. In this species, the red type may be dominant over the yellow
type, which is dominant over other common type (Wada, 1984). In
addition, the white type is inherited under the control of recessive gene
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Fig. 3. Cultured pearl colour categories (grey, green/blue, white/

I— yellow and aubergine/peacock) rate (in%) from P. margaritifera, de-
pending upon the spat shell colour phenotypes (Grey, Red and Green)
for families 616 and 906. Significance is indicated as follows: * (for

- o p < 0.05); ** (for p < 0.01) and *** (for p < 0.001). Table 1.
Experimental graft design using two Pinctada margaritifera families
Colour (616 and 906) as donor oysters. Repartition of the spat shell colour
. aub./peacock  phenotype (red, grey, green and yellow) between the two grafters is
1 i white/yellow indicated with the number of corresponding grafts (in brackets). Rate
. grey (%) and number of pearls (in brackets) at 18 months post-graft. (For
M green/blue interpretation of the references to colour in this figure legend, the
I reader is referred to the web version of this article.)
0% sl : st : 3
Grey
616 906
Family 616 906
Spat phenotype Red Grey Green Yellow Red Grey Green
Grafter 1 # donors 4 5 1 4 3 4 8
(grafts) (80) (100) (20) (80) (60) (80) (160)
% Pearls 65.0 56.0 80.0 43.7 60.0 65.0 77.5
N) (52) (56) (16) (35) (36) (52) (124)
Grafter 2 # donors 3 2 3 3 4 6 2
(grafts) (60) (40) (60) (60) (80) (120) (40)
% Pearls 73.3 60.0 80.0 68.7 70.7 71.7 75.0
N) 44 24) (48) (55) (99) (86) (30)
Total # donors 7 7 4 7 10 10 10
(grafts) (140) (140) (80) (140) (200) (200) (200)
% Pearls 68.6 57.1 80.0 64.3 67.5 69.0 77.0
N) (96) (80) (64) (90) (135) (138) (154)
Family 616 906
Spat phenotype Red Grey Green Yellow Red Grey Green
Grafter 1 # donors 4 5 1 4 3 4 8
(grafts) (80) (100) (20) (80) (60) (80) (160)
% Pearls 65.0 56.0 80.0 43.7 60.0 65.0 77.5
N) (52) (56) (16) (35) (36) (52) (124)
Grafter 2 # donors 3 2 3 3 4 6 2
(grafts) (60) (40) (60) (60) (80) (120) (40)
% Pearls 73.3 60.0 80.0 68.7 70.7 71.7 75.0
N) (44) (24) (48) (55) (99) (86) (30)
Total # donors 7 7 4 7 10 10 10
(grafts) (140) (140) (80) (140) (200) (200) (200)
% Pearls 68.6 57.1 80.0 64.3 67.5 69.0 77.0
N) (96) (80) (64) (90) (135) (138) (154)

(Wada and Komaru, 1990, 1996). In the same studies, a relation be-
tween outer and inner shell has been observed, with the amount of
yellow pigments (inner shell) smaller in white type (outer shell) spe-
cimens than in brown wild-type. Much of the pigment-based coloura-
tion in invertebrates is under genetic control and results from products
of melanin, ommochrome, pteridine, papiliochrome and heme synthesis
pathways (Takeuchi et al., 2005). Of these, melanin is the most wide-
spread pigment in nature and consists of two classes: eumelanins, which
are black or brown, and pheomelanins, which are red, orange, or yellow
(True et al., 1999). The tyrosinase enzyme (phenol oxidase) is essential
for all the melanins and even non-pigmented sclerotin (Wittkopp et al.,
2003). Indeed, the synthesis of all pigments begins with the conversion
of tyrosine to DOPA, a part of which is then converted to DOPA-melanin
(black), some of which is then further converted to pigment precursor
dopamine. Dopamine can be converted to brown melanin or other
pigment precursors N-B-alanyl dopamine (yellow sclerotin) and N-
acetyl dopamine (colourless or transparent sclerotin) (Wittkopp et al.,
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2003). This cascade of conversions probably leads to the spat colour
phenotype observed, as for the shell colouration observed in Crassostrea
gigas, where black and golden phenotypes exist (Feng et al., 2015).
This study is the first to connect the colour of donor spat to that of
the resulting pearls with the aim of establishing an earlier selection
strategy for the orientation of cultured pearl colour balance in P. mar-
garitifera. From an applied point of view, sorting out a specific spat
colour phenotype at an earlier stage will reduce the colour diversity of
the potential corresponding donor oysters, and thus lead to reduced
pearl colour variability for the constitution of specific commercial pearl
lots. Selection of an appropriate donor phenotype by incorporating
earlier pigmentation traits into a pearl oyster genetic improvement
programme would allow the targeting of a generation of donors capable
of producing pearls with a green overtone, a characteristic that is as-
sociated with high-grade pearl quality (Ky et al., 2014a,b). This earlier
selection process could also be incorporated in hatchery-reared spat,
which are now used for commercial production in P. margartifera in
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French Polynesia (Ky and Devaux, 2016). Quantitative measurements
of colour could also be done by spectrometric approaches in P. mar-
garitifera, as already used on cultured pearls (Dauphin and Cuif, 1995)
and on spat shells (Trinkler et al.,, 2012). The use of such methods
would improve the selection of spat based on their non-subjective
colour and determine the best developmental age for selection (when
the colour is still visible on the spat). In an effort to identify the genetic
basis and molecular mechanisms underlying shell colouration in P.
margaritifera and provide fundamental information to assist selective
breeding of superior pearl oyster lines with desired pearl colouration
patterns, differentially expressed genes could be identified among the
different spat shell colour variants at the transcriptome level by RNA
sequencing. Moreover, a complete genome sequence of P. margaritifera
is under construction. The colour polymorphism at the spat stage was
more restricted than in the adult stages in P. margaritifera, meaning that
the whole animal is a good model for such next generation sequencing
approaches.

5. Conclusions

The study revealed the possibility to orientate pearl colour pro-
duction by selecting appropriate future donors at an earlier 3-month-
old spat, from hatchery-produced or collected from the wild. The at-
tractive green/blue pearls could be obtained twice as often when using
grey and green spat phenotypes, whereas aubergine/peacock pearls
obtained four times more often by using red and yellow spat pheno-
types. Such spat colour phenotype could be used for genetic/genomic
selection.
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