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a tool for improving linkage maps, can be accomplished in families of triploid
bivalve molluscs induced by inhibiting the second meiotic division (MII) of fertilized oocytes. Here, we report
half-tetrad analyses of seven triploid families of the Pacific oyster Crassostrea gigas, using 56 microsatellite
DNA markers and the amylase gene. Most MII segregations (88/93) show 1:1 ratios of homozygotes, as
expected, and marker-centromere distance are calculated for these cases as one-half the proportion of
heterozygotes, y. Heterogeneity of y is observed in nine of 25 cases in which markers were typed in more
than one family, suggesting variation in gene-centromere recombination among families. Altogether, 64
statistically independent marker-centromere distances are obtained, 61 of which can be arranged onto
previously published linkage groups (LG) and three of which are linked to a centromere but unlinked to any
other marker. Differences in marker orders between linkage and centromere maps imply polymorphisms for
chromosomal rearrangements. Six of the 10 centromeres of the Pacific oyster genome are closely linked to
nine microsatellite DNA markers, facilitating future linkage assignments. Distances among markers on the
centromere map correlate closely with distances among markers separated by 30 cM or less on the linkage
map, supporting the assumption in centromere mapping of complete interference (i.e. one and only one
cross-over between a marker and the centromere). High interference, reported in previous studies, is not
supported here by a uniform distribution of y-values from zero to one. Detailed analysis of segregation
patterns reveals more cross-over events than counted under the assumption of complete interference, with
no or even partial negative interference calculated for pairs of markers on LG4.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction

The Pacific oyster Crassostrea gigas has had the highest production
of any farmed aquatic animal since 1998, reaching 4.5 mmt in 2005
(FAO, 2006). As a result of its importance in global aquaculture, as well
as its status as a model species for physiological, genetic, ecological,
and evolutionary studies, the Pacific oyster has been proposed as a
candidate for whole genome sequencing (Hedgecock et al., 2005).
Genomics, in concert with controlled crosses and inbred lines, will
provide information and tools, such asmarkers, linkage and QTLmaps,
expression assays, and candidate genes for important traits. Knowl-
edge of oysters genomics is still rudimentary, although many
sequences are available in public databases for mitochondrial (Boudry
et al., 2003; Pie et al., 2006) and genomic DNA, including 4.8 million
1 213 740 8123.

Oxford St., Halifax, NS, Canada

ine and Pathology, Faculty of
vate Bag 92019, Auckland, New

ll rights reserved.
Massively Parallel Signature Sequencing entries in the GEO database
(Hedgecock et al., 2007). Different kinds of libraries have been
constructed, such as full-length cDNA libraries (Cunningham et al.,
2006; Durand et al., 2004; Jenny et al., 2002; Leung and Chu, 2001),
suppression subtractive hybridization libraries (Boutet et al., 2004;
Gueguen et al., 2003; Huvet et al., 2004), and a BAC library (Cunning-
ham et al., 2006). However, genetic and physical mapping are essential
for putting genomic or cDNA sequences into their context. Dense
geneticmaps allowa gene to be located on a specific linkage group (LG)
or chromosome. Genetic maps have been developed for C. gigas, using
microsatellite DNA markers (Hubert and Hedgecock, 2004) and AFLP
markers (Li and Guo, 2004).

Linkage maps are typically constructed from recombination data
and result in linear arrangements of markers on LG. Gene-centromere
maps, on the other hand, are constructed by recovering two of four
chromatids from a meiotic division (half-tetrad), following inhibition
of meiosis II (MII) in the maternal parent. If the maternal parent is
heterozygous at a particular marker, its reduction gametes are
homozygous, in the absence of a cross-over between the centromere
and themarker, but heterozygous, if a cross-over occurs duringmeiosis
I (MI). The proportion of heterozygous progeny is a measure of the
frequency of second division segregation, y, and marker-centromere

mailto:dhedge@usc.edu
http://dx.doi.org/10.1016/j.aquaculture.2008.12.006
http://www.sciencedirect.com/science/journal/00448486


Table 1
Number of loci, average number of individuals typed per locus, and percent triploid
estimated from genetic data, in seven triploid Pacific oyster families

Family Female Male No. loci Ave n % 3N

F76-1xM91-1 A 2 4 77.3 100.0
F76-3xM18-3 B 1 24 81.5 100.0
F91-1xM108-1 C 3 17 68.5 97.9
F91-3xM18-3 D 1 10 73.4 95.7
F108-3xM18-3 E 1 7 76.0 100.0
F116-1xM91-1 F 2 13 83.3 100.0
F116-3xM18-3 G 1 18 82.8 100.0
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distance in centimorgans can thus be estimated as 100×(1/2)×y,
assuming complete interference. The assumption of complete inter-
ference, the occurrence, if any, of one and only one cross-over per
chromosome arm, can be examined by comparison of linkage and
centromere maps and by detailed analyses of genotypes at multiple
markers along a chromosome arm. Half-tetrad analyses thus permit
a linkage map to be oriented with respect to the centromeres and
allow investigations of recombination and interference. Centromere
mapping also allows consolidation of linkage maps in some cases
(Johnson et al., 1996). Finally, markers tightly coupled to centromeres
permit the linkage group of new markers to be rapidly determined
(Johnson et al., 1996).

Gene-centromere maps have been obtained for different fish
species using allozyme markers (Allendorf et al., 1986; Guyomard,
1984; Liu et al., 1992; Seeb and Seeb,1986; Thompson and Scott,1984).
Centromere maps have also been reported for bivalves, such as the
Pacific oyster (Guo and Gaffney,1993), dwarf surf clam (Guo and Allen,
1996) and mussel (Beaumont and Fairbrother, 1995) using allozyme
markers. The development of microsatellite markers and moderately
dense linkage maps have led more recently to the development
of denser centromere maps in fish (Danzmann and Gharbi, 2001;
Gharbi et al., 2006; Johnson et al., 1995, 1996; Lahrech et al., 2007;
Martínez et al., 2008; Mohideen et al., 2000; Nomura et al., 2006;
Sato et al., 2001). Recently a centromere map, using a small number
of microsatellite markers has been published for C. gigas (Li and
Kijima, 2006).

Triploid oysters have been studied for twenty years and are widely
used in commercial oyster farming because of sterility, superior
growth and meat quality, and increased survival and disease
resistance (Guo, 2004; Nell, 2002). Triploids are widely cultivated on
the west coast of the USA, but also in Australia, China, France and
Chile. Most triploid Pacific oysters are currently produced by
fertilizing the eggs of diploid females with sperm from tetraploid
males (Eudeline et al., 2000; Guo et al., 1996). Though useful for
investigating segregation from tetraploid males (Curole and Hedge-
cock, 2005), such mated triploid progeny are not useful for gene-
centromeremapping, since the female parent contributes only a single
chromosome. Induced triploids, on the other hand, are still made
routinely by oyster breeders, as a step in producing new tetraploid
male stocks. Triploidy is most commonly induced by treating fertilized
oocytes with cytochalasin B to inhibit MII (Downing and Allen, 1987).

Many centromere maps in aquatic species have used gynogenetic
offspring produced by fertilizing MII-blocked eggs with UV-irradiated
sperm (Allendorf et al., 1986; Gharbi et al., 2006; Guyomard, 1984;
Johnson et al., 1987, 1995, 1996; Liu et al., 1992; Seeb and Seeb, 1986;
Thompson and Scott, 1984; Thorgaard et al., 1983). Gene-centromere
recombination studies in bivalves have used either triploid or
gynogenetic progenies, although both types of progenies have been
examined in Mulinia lateralis (Guo and Allen, 1996).

In the present study, seven families of triploid C. gigaswere produced
by cytochalasin B treatment. Half-tetrad analyses of these families were
carried out for 56 microsatellite DNA markers and an amylase marker.
Microsatellite-centromere recombination rates were calculated and
comparedwith themap distances obtained in the female linkagemap of
C. gigas based on many of the same microsatellite markers (Hubert and
Hedgecock, 2004).

2. Materials and methods

2.1. Chemically induced triploid families

Seven families of Pacific oyster C. gigas (Table 1), in which triploidy
had been induced with cytochalasin B (Downing and Allen, 1987),
were supplied to us by Dr. Benoit Eudeline, Taylor Resources Inc.,
Quilcene, WA. The parents for these crosses came from five, full-sib
families, four of which were produced and reared as cohort 4 of the
Molluscan Broodstock Program (families 76, 91, 108, and 116; Langdon
et al., 2003). The fifth family, 18, was produced by a brother–sister
mating of cohort 4 family 111 and reared with MBP cohort 9. Families
76, 91, and 116were produced by pair-wise crosses of oysters collected
from Pipestem Inlet, B.C.; families 108 and 111 were produced by
crosses of male oysters from Willapa Bay, WA, and females from
Pipestem Inlet. Triploid families are given letter abbreviations for ease
of reference (Table 1). Progeny were confirmed as 100% triploid by
flow cytometry, within the detection limits of this method; we use
genetic data below to evaluate the ploidy of progeny. Larvae from
these families were harvested six to 10 days post-fertilization, killed
with buffered formalin (three drops per 15 ml seawater), rinsed, and
preserved in 70% ethanol.

2.2. DNA extraction, markers, and PCR procedures:

DNA from the parents of the mapping families was extracted from
adductormuscle using a CTAB extraction (Boutet et al., 2004). DNA from
larvae was extracted with proteinase-K, at 1 mg/ml of buffer (1.5 ml
Thermophilic DNA Polymerase 10× Buffer, Promega, Madison, USA),
75 μl Tween 20, adjusted to 15mlwith distilledwater). Individual larvae
were extracted with 200 μl of this solution, in 96-well trays, and then
incubated at 55 °C for 3 h and at 95 °C for 30 min, using a Perkin-Elmer
9600 thermocycler. Aliquots of 50 μl of the extract were frozen to
minimize DNA degradation. DNAwas successfully extracted from larvae
that were kept in 70% ethanol for more than one year.

Fifty-six microsatellite DNA markers were amplified for this study
(Table 2), including 38 from the series ucdCg107-204 described by Li
et al. (2003), uscCg205 from Yamtich et al. (2005); 9 loci previously
cloned in this laboratory (ucdCg001, ucdCg002, ucdCg003, ucdCg006,
ucdCg010, ucdCg014, ucdCg021, ucdCg028 (McGoldrick and Hedgecock,
1997), and ucdCg024 (McGoldrick,1997); 8 loci taken from the literature
(CG44, CG49, and CG108 from Magoulas et al. (1998), renamed here for
consistency imbCg044, imbCg049, and imbCg108; L10, L16 and L48 from
Huvet et al. (2000), renamed here um2CgL10, um2CgL16 and um2CgL48;
and cmrCg005 (AF201464, unpublished) and cmrCg141 (McGoldrick
et al., 2000). We also amplified a microsatellite DNA marker in intron 4
of the amylase gene A, called here AmyA (Sellos et al., 2003).

Polymerase chain reactions (PCR) to amplify these DNA markers
were performed in 96-well plates, with 1.5 μl of template DNA; 1 mM
Taq buffer; 1, 1.25, 1.5, 2.0, or 2.5 mM MgCl2, depending on the locus;
125 μM of dNTP; 400 μM of tetramethylrhodamine-6-dATP (NEL 470,
NEN, Boston, MA 02118); 1.0 μM of each primer; 0.325 units Taq
polymerase (Promega), and H2O to a final volume of 7.5 μl. PCR was
done with an initial denaturing at 92 °C for 2 min, followed by 30 cy-
cles each of 30 s denaturing at 92 °C, 30 s annealing at locus-specific
temperatures, 45 s extension at 72 °C, and concluding with a final
extension at 72 ° C for 5 min. Products were separated on 8% acryla-
mide gels (acrylamide: bisacrylamide, 29:1, 7 M urea), using 1× TBE
(Tris Borate EDTA) buffer, and imaged with a Hitachi FMBIO II scanner
(MiraiBio, Alameda, CA). Each gel image was scored by at least two of
the authors.



Table 2
Progeny genotypes at 57markers in seven triploid families of Pacific oysterCrassostrea gigas

Progeny

LG, locus Family 11 22 12 Total y χ2
11:22

LG1a
imbCg044 G 46 36 0 82 0.000 1.220
cmrCg005 C 26 13 20 59 −0.339⁎ 4.333
cmrCg005 F 11 13 57 81 −0.704⁎ 0.167
ucdCg003 B 48 30 1 79 −0.013 4.154
ucdCg107 A 22 15 35 72 −0.486 1.324
ucdCg126 G 6 11 55 72 −0.764 1.471

LG1b
ucdCg191 E 7 4 58 69 0.841 0.818
ucdCg191 G 10 8 71 89 0.798 0.222
ucdCg010 G 12 15 54 81 0.667 0.333
ucdCg006 A 16 21 28 65 0.431 0.676
ucdCg202 B 25 12 28 65 0.431 4.568
ucdCg185 F 44 42 0 86 0.000 0.047
ucdCg185 B 36 37 1 74 0.014 0.014
ucdCg157 F 35 37 16 88 −0.182 0.056
ucdCg187 B 26 24 32 82 −0.390 0.080

LG2
um2CgL48 F 3 3 84 90 0.933⁎ 0.000
um2CgL48 C 22 17 43 82 0.524⁎ 0.641
ucdCg195 D 24 8 44 76 0.579 8.000⁎
ucdCg195 G 18 28 31 77 0.403 2.174
ucdCg148 C 23 20 17 60 0.283 0.209
ucdCg134 B 40 32 19 91 0.209 0.889
ucdCg001 G 40 28 21 89 0.236 2.118
ucdCg001 B 30 31 9 70 0.129 0.016
ucdCg160 D 17 7 35 59 −0.593 4.167

LG3
ucdCg002 D 7 15 55 77 0.714⁎ 2.909
ucdCg002 C 24 24 28 76 0.368⁎ 0.000
ucdCg109 D 10 7 51 68 0.750 0.529
ucdCg109 B 18 11 44 73 0.603 1.690
ucdCg165 G 14 17 33 64 0.516 0.290
ucdCg165 C 16 16 17 49 0.347 0.000
imbCg049 A 46 35 2 83 0.024 1.494
imbCg049 C 43 38 0 81 0.000 0.309
imbCg049 F 43 43 0 86 0.000 0.000

LG4
ucdCg139 B 17 17 56 90 0.622 0.000
ucdCg138 B 20 24 35 79 0.443 0.364
ucdCg117 C 23 10 17 50 0.340 5.121
ucdCg137 D 41 26 9 76 0.118 3.358
ucdCg137 B 48 28 2 78 0.026 5.263
ucdCg147 C 34 30 2 66 −0.030 0.250
ucdCg147 G 46 36 5 87 −0.057 1.220
ucdCg163 B 17 37 21 75 −0.280 7.407⁎
ucdCg164 B 28 14 26 88 −0.523⁎ 4.667
ucdCg164 F 26 29 22 77 −0.286⁎ 0.164
ucdCg119 B 28 23 42 93 −0.452 0.490
ucdCg112 B 33 11 45 89 −0.506 11.000⁎
ucdCg112 C 21 8 47 76 −0.618 5.828
ucdCg170 C 9 21 51 81 −0.630 4.800
ucdCg170 E 18 15 58 91 −0.637 0.273
ucdCg170 G 17 23 51 91 −0.560 0.900

LG5
ucdCg021 F 14 18 53 85 0.624⁎ 0.500
ucdCg021 B 23 24 30 77 0.390⁎ 0.021
ucdCg014 F 24 18 45 87 0.517⁎ 0.857
ucdCg014 B 35 28 24 87 0.276⁎ 0.778
ucdCg151 E 46 22 19 87 0.218 8.471⁎
uscCg205 B 46 43 0 89 0.000 0.101
ucdCg141 F 9 23 52 84 −0.619 6.125
ucdCg141 D 10 11 56 77 −0.727 0.048
ucdCg130 C 9 10 63 82 −0.768 0.053

LG6
ucdCg156 G 14 10 55 79 0.696 0.667
ucdCg156 B 21 16 49 86 0.570 0.676
ucdCg156 C 23 15 39 77 0.506 1.684

Table 2 (continued)

Progeny

LG, locus Family 11 22 12 Total y χ2
11:22

ucdCg028 G 45 45 3 93 0.032 0.000
ucdCg028 A 47 42 0 89 0.000 0.281
ucdCg197 F 42 31 0 73 0.000 1.658
ucdCg197 G 39 32 0 71 0.000 0.690
imbCg108 E 11 7 50 68 −0.735 0.889

LG7
ucdCg024 B 3 7 68 78 0.872 1.600
ucdCg175 C 6 6 32 44 0.727 0.000
ucdCg175 G 8 13 41 62 0.661 1.190
ucdCg196 B 16 22 27 65 0.415⁎ 0.947
ucdCg196 E 24 29 14 67 0.209 0.472
ucdCg196 C 36 16 9 61 0.148 7.692⁎
ucdCg196 G 43 41 14 98 0.143 0.048
ucdCg203 G 27 32 29 88 0.330 0.424
cmrCg141 C 36 30 8 74 0.108 0.545
ucdCg149 D 35 26 22 83 −0.265 1.328
um2CgL16 E 18 17 23 58 −0.397 0.029

LG9
ucdCg171 F 9 6 64 79 0.810⁎ 0.600
ucdCg171 C 14 20 30 64 0.469 1.059
ucdCg171 G 18 33 35 86 0.407 4.412
ucdCg140 B 32 46 15 93 0.161 2.513
ucdCg140 D 35 20 20 75 0.267 4.091
um2CgL10 F 29 21 34 84 −0.405⁎ 1.280
um2CgL10 C 22 16 44 82 −0.537 0.947
um2CgL10 B 17 16 59 92 −0.641 0.030
um2CgL10 G 25 11 55 91 −0.604 5.444

LG10
ucdCg200 E 5 6 81 92 0.880 0.091
ucdCg181 B 11 14 63 88 0.716 0.360

Unlinked
ucdCg179 D 15 6 39 60 0.650 3.857
ucdCg179 B 22 7 47 76 0.618 7.759⁎
ucdCg180 F 18 34 31 83 0.373 4.923
ucdCg180 D 25 29 25 79 0.316 0.296
AmyA G 38 23 29 90 0.322 3.689

LG are numbered in Arabic numerals corresponding to the Roman numerals in Hubert
and Hedgecock (2004), except that LG I is split into linkage groups, LG1a and LG1b.
Families are designated by letters from Table 1. The proportion of heterozygotes in
triploid progeny, y, is given a sign to indicate position above or below the centromeres
in Fig. 3. When determined in two or more families, homogeneity of y was tested;
bolded y-values with asterisks were heterogeneous (Pb0.01) by Fisher exact test, in
2×2 cases, or by chi-square test with pseudo-probability estimates of significance, in
cases involving more than two families (Zaykin and Pudovkin, 1993; bolded y-values
not marked with an asterisk were homogeneous). Χ2

11:22 is a 1 d.f. test of equal
proportions of homozygotes (⁎, Pb0.01).
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2.3. Marker-centromere recombination

Parentswere genotyped at 56microsatellitemarkers and the amylase
locus to determine informative loci for analysis in triploid progeny.
Female parents must be heterozygous at a locus, and the male parent
must be either homozygous or heterozygous for alleles distinguishable
from those of the female. Paternal contributions are hereafter ignored,
and the terms homozygous and heterozygous refer to individuals car-
rying one or two maternal alleles. Triploids produced by MII inhibition
will be homozygous in the absence of a cross-over between the cen-
tromere and the marker, but heterozygous if such a cross-over occurs.
The proportion of heterozygous progeny is a measure of the frequency
of second division segregation (y), and marker-centromere distance in
centimorgans is thus estimated as 100×(1/2)×y, assuming complete
interference.

We first used genetic data to confirm the ploidy of progeny. For every
progeny that carries two different maternal alleles at any marker (i.e. we
see ABC, where, say, A is themale allele), we have direct evidence against



Fig. 1. Frequency distribution of 64, statistically independent estimates of the
proportion of heterozygotes (y) observed in triploid progeny from seven heterozygous
female parents. Dotted line gives the expectation for the uniform distribution, from
which the observations do not differ (χ2=21.97, 20 d.f., P=0.342).
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the hypothesis of diploidy. If a progeny shows only onematernal allele at
amarker, we cannot be sure if this individual is a triploid, ABB, inheriting
two B alleles from its maternal parent, or a diploid, AB. Looking across a
series of geneticmarkers for this individual, however, wemay find one or
more markers that do show direct evidence of triploidy. Uncertainty
about ploidy becomes an issue only for those individuals that show only
one maternal allele at all markers typed. For all such individuals, we
calculated the probability of a multi-loci homozygous genotype, under

the hypothesis of triploidy, as ∏
k

1
1−yið Þ, where k is the number of

markers typed in that individual.

We next tested whether proportions of the two homozygotes, 11
and 22, were equal with a 1 d.f. chi-square test. Owing to differences
in y across cases, we did not correct significance levels for multiple
testing, based on the cumulative number of tests, 93. We present the
chi-square values themselves, calling attention only to those that were
significant at the nominal 1% level, of which we would expect one (1/
93=0.0108).

We next tested homogeneity of y (and its complement, 1−y, the
proportion of homozygotes), for all markers determined in multiple
families, either by Fisher exact tests, for 2×2 cases, or by chi-square
tests with pseudo-probability estimates of significance in 3×2 or 4×2
cases (Zaykin and Pudovkin, 1993). After testing significance of a 3×2
or 4×2 case, the homogeneity of y in 2×2 subsets was tested with the
Fisher exact test.

Finally, markers from the same LG as described in (Hubert and
Hedgecock, 2004) were grouped, and a centromere linkage map was
created based on distance of each marker from the centromere, as
described by Johnson et al. (1987).

2.4. Linkage analysis

A test for joint segregationwas performed, by family, for every pair of
loci, excluding loci that showed significant deviation from the expected
1:1 ratio of homozygotes, by comparing the numbers of individuals
observed in each cell of a 3×3 table of possible two-locus genotypes
with the numbers expected if the loci segregated independently
(Thorgaard et al., 1983). The expected numbers in this table differ
from those in a typical r×c contingency table, in that they are calculated
as products of the frequencies of cross-over (y) and non-cross-over (1
−y) gametes, assuming a 1:1 ratio of homozygotes. The significance
threshold for these χ2-tests was corrected for multiple testing.

Correlation of distances between markers obtained from the G–C
analysis and distances between markers estimated from linkage
analysis (Hubert and Hedgecock, 2004) was done, using a Spearman
non-parametric test in SAS 9.1 (SAS Institute Inc., Cary, NC, USA).
2.5. Centromere confidence interval

The 95% confidence interval around centromere markers for
probable centromere locationwas calculated according to the formula
y/N±1.96{[(y/N)(1−y/N)]/N}1/2, where y represents the number of
heterozygous progeny for the indicated locus, N is twice the number
of progeny, and 1/N substitutes in the second term if y is zero [Crown
(1950) in Johnson et al. (1996)].

3. Results

3.1. Progeny genotypes

Seven triploid families were typed for four to 24 of 56 informative
microsatellite markers and the AmyA gene; average sample size per
locus ranged from 68.5 to 83.3 progeny across the families (Table 1). We
first examined genetic evidence that individuals might be diploid rather
than triploid. All individuals in families B, E, F, and G showed evidence of
inheriting two maternal alleles for at least one locus and could be
excluded as diploids. In family A, 46 individuals were homozygous at all
markers assayed, but since amaximumof only fourmarkerswere typed
in any individual and two of these markers had very few or no
heterozygotes in any family (see Section 3.4 below), we could not
exclude any of the individuals in family A as being triploids. In families
C and D, however, we found 6 and 5 individuals, respectively, that
appeared to be maternal homozygotes at all loci. In family C, two of
these individuals were typed at 16 and 10 markers and had multilocus
probabilities of being triploid and homozygous at all markers of 0.0002
and 0.00146, respectively. In family D, four individuals were typed at 12
to 16markers and had probabilities of being triploid and homozygous at
all markers that ranged from 0.019 to 0.002. We reject the hypothesis
that these six individuals are triploids and exclude them from
subsequent analyses. The adjusted triploid percentages for families C
and D are, thus, 97.9% and 95.7%, respectively (Table 1).

Altogether, across all families and markers, we observed 93,
progeny-genotype arrays (11:22:12, Table 2), comprising 7265 half-
tetrad genotypes. We tested whether the two homozygous genotypes,
11 and 22, were present in equal proportions in each case. Six of 93
tests were significant at the nominal 1% level: ucdCg195, in D;
ucdCg163, in B; ucdCg112, in B; ucdCg151, in E; ucdCg196, in C; and
ucdCg179, in B. We note that three of these significant deviations are
in family B, two, involving markers on LG4, and the last, involving the
unlinkedmarker ucdCg179. Of the 16 markers on LG4, six yielded tests
significant at the nominal 5% level, four in family B (includng ucdCg137
and ucdCg164) and two in family C (ucdCg117 and ucdCg112). We
excluded from further analyses estimates of y obtained in the six cases
significant at the 1% level, since proportions of heterozygotes at these
markers might have been affected not only by the probability of a
cross-over between the centromere and the marker, but also by
whatever caused deviation from the expected 1:1 ratio.

We next tested heterogeneity of y for loci tested in multiple
families. In 19 cases, two families were typed for the same marker
(and the ratio of the two homozygotes did not differ from 1:1 in either
family); in another five cases, three families were typed for the same
marker (and homozygotes were in 1:1 ratio), and in one case, four
families were typed for um2CgL10. Homogeneity of y was rejected at
the nominal 1% level of significance for nine loci: cmrCg005,
um2CgL48, ucdCg002, ucdCg164, ucdCg021, ucdCg014, ucdCg196,
ucdCg171, and um2CgL10. For the 16 loci with homogeneous y across
families, we used the pooled estimate of y for further analyses. Among
the four families typed for um2CgL10 and three families typed for
ucdCg171 and ucdCg196, one family in each case had a statistically
divergent y-value than the others; we calculated a second, pooled y
for these loci, among the homogeneous families. All statistically
independent y-values were retained for further analyses. The
distribution of the resulting 64 statistically independent y-values is
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uniform over the interval from zero to 1.0 (χ2=21.97, 20 d.f., P=0.342;
Fig. 1).

3.2. New markers on the Pacific oyster map

To facilitate comparison of centromere and linkage maps through-
out the remainder of this article, we retain Roman numerals for
linkage groups (Hubert and Hedgecock, 2004) and use Arabic
numerals for centromere-linkage groups. Microsatellite marker
uscCg205, which Yamtich et al. (2005) reported to be 12 cM from
ucdCg130 on LGV was informative for family B. No heterozygotes were
observed (n=89), and the 95% confidence interval for this centromere-
linked marker is −1.10 cM to 1.66 cM. Tests for joint segregation show
that it is significantly linked to ucdCg14 and ucdCg21 on LG5
(P=2.4×10−8 and 1.3×10−6, respectively, both exceeding the Bonfer-
onni adjusted significance threshold of α0.001; Table 3). In family C,
ucdCg130 is 36.9 cM from the centromere (and, by inference, from
uscCg205), which appears to be significantly more than the distance
previously reported by Yamtich et al. (2005). Marker ucdCg010, which
was not previously mapped, was informative in family G and mapped
33 cM from the LG1a centromere, 7.5 cM proximal to marker
ucdCg191.

Two unlinked markers reported by Hubert and Hedgecock (2004),
ucdCg179 and ucdCg180, were linked to centromeres in this study but
remained unlinked to other markers. Informative in family D (homo-
zygotes were not in 1:1 ratio in B), ucdCg179 was 32.5 cM from a
centromere that was unlinked to eight markers on seven different
linkage groups. Also informative in two families, ucdCg180was 17.3 cM
from a centromere but remained unlinked to eight markers on seven
linkage groups in family D and 12 markers on eight linkage groups in
family F. AmyAwas 16.1 cM from a centromere that remained unlinked
to 17 markers on 8 linkage groups in family G.

3.3. Marker-centromere recombination

The consensus linkage map for the Pacific oyster (Hubert and
Hedgecock, 2004) was used to assign 53 markers to linkage groups.
These were ordered by marker-centromere distances to produce a
consensus centromere linkage map (Fig. 2). Again, nine loci are
mapped to two positions on the marker-centromere map, owing to
significantly different proportions of heterozygotes among families
(see above).

Marker orders and distances among markers obtained by the half-
tetrad analyses reported here are, in general, similar to those obtained
in previous linkage analyses (Hubert and Hedgecock, 2004). One
notable exception is rejection of LG I as a single linkage group
(Hubert and Hedgecock, 2004). Markers linked to imbCg044 and
ucdCg187 at either end of LG I were only weakly linked to each other
in the female consensus linkage map, with a distance of 36.0 cM
between ucdCg191 and ucdCg003 (Hubert and Hedgecock, 2004). At
the same time, these two groups of markers were not linked in the
male linkage map and were designated LG IA and LG IB by Hubert
and Hedgecock (2004). In this study, imbCg044 and four other
markers were linked to one centromere, and ucdCg187 and six other
Table 3
Number of joint segregation tests, at three levels of significance, for unlinked and linked
pairs of loci typed in seven triploid Pacific oyster families

Number of tests and
results, for three
levels of significance

Unlinked Linked Row
sumSame LG Same arm

Number of loci pairs 569 17 32 618
α0.05, P=0.0000830 5 9 24 38
α0.01, P=0.0000163 5 8 24 37
α0.001, P=0.0000016 5 6 23 34
markers were linked to another centromere. Linkage mapping in an
F2 family unrelated to those studied by Hubert and Hedgecock (2004)
and a re-analysis of the Hubert and Hedgecock (2004) data (G. M. L.
Perry, D. Hedgecock, and M-L Voigt, unpubl.) also confirms that
LG I comprises two subgroups, which correspond to centromere LG1a
and 1b.

Distances among markers on LG2 of the centromere map are very
close to those reported for LG II of the linkage map (Hubert and
Hedgecock, 2004). The order of ucdCg134 and ucdCg148 is inverted in
our map relative to the female consensus linkage map, and um2CgL48
in family F is much more distal to ucdCg195 than it is in family C, which
has the tighter um2CgL48–ucdCg195 linkage seen previously. LG3 also
shows an inversion in the order of markers, relative to LG III, although
the length of the ucdCg002, ucdCg165, ucdCg109 and imbCg049
subgroup is similar between linkage and centromere maps, 44 vs.
34.4 cM, respectively. LG4, on the other hand, shows two rearrange-
ments of marker order relative to LG IV, as well as different distances
between adjacent markers; this is addressed further in the linkage
analysis section below.

LG5 is very similar to the male LG V and to subgroup LG VA of the
female linkage map (shown in Fig. 2). We did not type the twomarkers,
ucdCg017 and ucdCg173 that comprised female subgroup VB and thus
lack direct evidence to consolidate VA and VB. Still, the addition of two
loci, ucdCg141 and ucdCg130, which were linked in male LG V but were
not tested for the female linkage map, provides indirect evidence for a
consolidated LG5.

LG6 is shorter than LGVI but has the same gene order. The distance
between ucdCg28, which is tightly linked to the centromere (y=0.016
in 182 progeny from families A and G; Fig. 2) and ucdCg156, was
29.3 cM on the marker-centromere map but 44.9 cM on the linkage
map. LG7, on the other hand, is longer than LGVII and differs from it by
two inversions of gene order. The difference in length is mostly in the
arm containing ucdCg141–ucdCg203–ucdCg196–ucdCg175–ucdCg024.
On the centromere map, ucdCg024 is distal to ucdCg175 and ucdCg196
is distal to ucdCg203, both of which represent inversions of their
orders on LG VII (Fig. 2).

LG9 consolidates two subgroups of LG IX in the female consensus
linkage map, by linking ucdCg171, which was on female LG IXA, across
the centromere to ucdCg140 and um2CgL10, whichwere both on LG IXB.
(The two subgroups did form a single group in the male consensus
linkage map.) The length of LG9 is greater than the sum of LG IXA and
IXB. Marker ucdCg171 has two locations on the centromere map, owing
to heterogeneity of y among families; the distance from ucdCg140 to the
proximal location of ucdCg171 is 31.6 cM, while the distance to the distal
location of ucdCg171 is 50.7 cM, which is consistent with the lack of
linkage in the previous study. Finally, LG10 shows that ucdCg200, which
is 19.5 cM from ucdCg181 on the two-marker LG X, is 8.2 cM from
ucdCg181 on the marker-centromere map and 44 cM from the
centromere.

3.4. Centromere confidence interval

Nine markers on six linkage groups—1a, 1b, 3, 4, 5, and 6—are
closely linked to their centromeres (Fig. 2). The 95% confidence
interval for marker-centromere distance (d=y/2n) includes the “zero”
location of the centromere for seven of the nine markers (Table 4).
Half-tetrad genotypes for four markers are available from two or
three families; all of these markers show homogeneous proportions
of heterozygotes (y). In LG1a, 4, and 6, two markers are located
within the 95% confidence interval and further restrict centromere
location.

3.5. Linkage analysis

Of the 618 pairwise tests of joint-segregation (Thorgaard et al.,
1983), 38 were significant at the Bonferroni adjusted 5% level of
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significance (P=0.000082). Of the significant cases, 33 were expected
from evidence for linkage or centromere-linkage and 29 of these were
significant at the 0.1% adjusted level of significance (Table 3). Only five
of 569 joint segregation tests for markers known not to be linkedwere
significant at the 0.1% level, eight timesmore than expected by chance.
All of these unexpected significant cases, however, involved markers
tightly linked to different centromeres (y=0; imbCg049 vs. ucdCg185
or ucdCg197 in family F, ucdCg 185 vs. ucdCg157 in family F, ucdCg 185
vs. ucdCg003 in family B, and imbCg044 vs. ucdCg197 in family G).
Owing to the absence of heterozygotes at these markers, expected
Fig. 2. Comparison between the female linkagemap, left, LG in Roman numerals (Hubert and
groups of the Pacific oyster.
values in five of nine cells in the 3×3 table are much less than one and
the chi-square test is not valid. Near-equal numbers of individuals in
the four categories of doubly homozygous individuals—11,11; 11,22;
22,11; and 22,22—in all five tests show that these centromere-markers
segregate independently.

Sixteen pairs of markers known to be linked did not yield
significant joint segregation tests (Table 3). Markers in these pairs
were significantly farther apart, on average 35.3 cM, than markers
that showed significant joint-segregation, 21.4 cM (t=2.719, 47 d.f.,
P=0.009).
Hedgecock, 2004) and the centromeremap, right, LG in Arabic numerals, for nine linkage
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3.6. Interference and correlation of inter-marker distances from half-
tetrad and linkage analyses

The frequency of heterozygotes in half-tetrad analysis, y, ranges
from zero, if no cross-over occurs, to 1.0, with one and only one cross-
over, and should be 0.67 for markers assorting independently of the
centromere (Mather, 1935). Twelve of 64 independent y-values are
greater than 0.67, suggesting interference. All linkage groups, except
LG4, have at least one marker, with y greater than 0.67.

Assuming complete interference, distances between markers on the
same linkage group can be estimated, either as the difference between
the marker-centromere distances, if both markers lie on the same side
of the centromere, or the sum of the marker-centromere distances,
if markers lie on opposite sides of the centromere. Inter-marker
distances were calculated in this manner for 25 pairs of markers, for
which the joint segregation test was significant, at the adjusted α=0.05
level, and linkage informationwas available from the female consensus
linkage map (Hubert and Hedgecock, 2004). A Spearman rank
correlation between the two map distances is highly significant
Table 4
Confidence limits (95%) aroundmarkers closely linked to centromeres in triploid Pacific
oyster families

LG Locus Families Progeny
genotypes

L 95%
CL
cM

U
95%
CL
cM

11+22 12

1a imbCg44 G 82 0 −1.19 1.19
1a ucdCg003 B 78 1 −0.60 1.87
1b ucdCg185 F, B 159 0 −0.30 0.92
3 imbCg049 A, C, F 250 2 −0.15 0.95
4 ucdCg137 D, B 146 9 1.50 5.64
4 ucdCg147 C, G 148 2 0.61 3.96
5 uscCg205 B 89 0 −1.10 1.10
6 ucdCg028 A, G 179 3 −1.05 1.75
6 ucdCg197 F, G 144 0 −0.68 0.68
(r2=0.866, Pb0.000001, 23 d.f), and correlation for marker pairs closer
than 30 cM on the linkage map is even tighter (r2=0.884, Pb0.000001,
16 d.f.). Regression of marker-centromere distance on linkage distance,
forced through {0,0}, has a slope of 1.06 for markers separated by 30 cM
or less (Fig. 3). Six of sevenmarker-pairs separated by more than 30 cM
on the linkagemap fall well below the 1:1 regression line (open squares
in Fig. 3), suggesting a lack of interference over longer distances. Five of
these cases involve markers on LG4, however, which showed very large
gaps on either side of ucdCg138 on the consensus linkage map.

Detailed analysis of half-tetrad genotypes for LG4 allows recon-
struction of the likely female haplotypes and reveals complex patterns
of recombination, implying multiple cross-overs between markers,
Fig. 3. Plot of inter-marker distances from half-tetrad analysis and from the female
consensus linkagemap (Hubert and Hedgecock, 2004), for 25 pairs of markers for which
the joint segregation test was significant, at the adjusted α=0.05 level, and linkage
information was available. Regression for 18 marker pairs closer than 30 cM on the
linkage map (solid diamonds) has a slope of 1.06, when constrained to pass through
{0,0}, and r2=0.88; four of seven marker pairs separated by more than 30 cM on the
linkage map (open squares) are on opposite sides of the LG4 centromere.



Fig. 4. Thirty-seven pairs of inferred non-recombinant and recombinant LG4 chromosomes recovered in triploid progeny of Pacific oyster female B. The linkage group is represented
by five markers spanning 57.7 cM, with the centromere marked by a vertical dotted line, labeled “C.” Columnwidth is proportional to the distance between markers, estimated from
marker-centromere distances, assuming complete interference. The two chromosomes present in female B are depicted as grey and black bars at the top of the figure. Each
chromosome segment in female B's progeny is filled with grey or black to indicate genotype at the distal marker (gaps represent missing data); changes in color within a bar represent
exchanges between non-sister maternal chromatids in the interval bounded by the markers. Double cross-overs are denoted by arrows at the left; triple cross-overs are denoted by
asterisks. The frequency of each five-locus genotype in the sample of 93 individuals is shown on the right.
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even markers on the same side of the centromere (Fig. 4). This
reconstruction assumes an ordered likelihood of chromosomes—non-
cross-over (NCO)Nsingle cross-over (SCO)Ndouble cross-over (DCO)N
triple cross-over (TCO).

Inferring the number of cross-over events in each interval,
following the methods of Thorgaard et al. (1983) or Danzmann and
Gharbi (2001), generally increases the distance between markers,
relative to that obtained by subtracting marker-centromere distances,
which assumes complete interference. For example, the difference
between the marker-centromere distances for ucdCg138 and
ucdCg139 is 9.0 cM (Fig. 2), whereas an estimate of distance based
on SCO between the markers plus inferred, two- or four-strand DCO is
18.2 cM (Table 5). The 3×3 joint segregation table for these two
markers (Table 5) shows the significant association of the 1 allele at
ucdCg138 with the 2 allele at ucdCg139 and conversely the 2 allele at
the first locus with the 1 allele at the second. Eight DCO chromosomes
are estimated from the observation of 4 individuals that are
heterozygous at the proximal ucdCg138 but homozygous at the distal
ucdCg139 (Table 5). Using information for the proximal, centromere-
linked ucdCg137, four additional DCOmay be inferred. For example, an
individual heterozygous at the distal marker but homozygous at the
proximal marker, whichwould normally be interpreted as the product
of an SCO between the two markers, is homozygous at the proximal
marker for an allele not in phase with the allele at the centromere
marker, requiring one additional cross-over in each strand (Fig. 4).
Likewise, the single individual in the upper left cell of Table 5, with the
11, 11 genotype, had to have resulted from DCO in both sister
chromatids. The total number of DCO enumerated is thus, 12, which is



Table 5
Joint segregation and recombinationa between ucdCg138 and ucdCg139 in family B of
triploid Pacific oysters

ucdCg139 ucdCg138 Totals

11 12 22

11 1 2 12 15
(4b) (6) (4)

12 8 29 12 49
(14) (21) (14)

22 11 2 0 13
(4) (6) (4)

Totals 20 33 24 77

a Distance between the centromere and ucdCg138 is estimated as 0.5× (33/
77)×100=21.4 cM. Distance between ucdCg138 and ucdCg139 is estimated from
inferred double and single cross-overs as 0.5×([(8+12)+2×(2+2)]/77)×100=18.2 cM.
b Expected numbers (in parentheses), under the null hypothesis of independent
segregation, are calculated as the appropriate product of recombinant (33/77, 49/77)
and non-recombinant frequencies ([1-(33/77)]/2, [1-(49/77)]/2) at each marker.
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not different from the number expected with independent crossing
over in each interval (calculated as the product of the recombination
fractions in the two intervals and the number of individuals,
0.43×0.35×77=11.6). These recombinant phenotypes are unlikely to
represent genotyping errors, since the gel images for these LG4
markers were very clear and were independently scored by at least
two of the authors. There appears to be no evidence for interference
on this arm of LG4; indeed, between other markers on LG4, we
calculate negative interference, using these same methods (data
not shown).

Across all intervals of LG4 in the triploid progeny of female B, we
estimate that, of 186 chromosomes, 37 are NCO (19.9%), 102 are SCO
(54.8%), 43 are DCO (23.1%), and four are TCO (2.2%). Similar analysis of
184 LG4 chromosomes in progeny of female C, which were typed for a
different set of markers than family B—ucdCg117, ucdCg147, ucdCg112,
and ucdCg170, spanning 46.9 cM—revealed a lower level of recombi-
nation, 88 NCO (47.8%), 80 SCO (43.5%), and 16 DCO (8.7%), but still
substantially more recombination than expected with complete
interference.

4. Discussion

4.1. Induced triploids as a mapping resource for bivalve molluscs

Triploids induced by inhibition of second meiosis in fertilized
oocytes permit half-tetrad analyses. In our study, triploidy was induced
by treatment of oocytes with cytochalasin B. Because such triploids are
still made routinely by oyster breeders, as a step in producing new
tetraploid male stocks, large families are readily available for centro-
mere mapping studies. Triploid induction is not always 100%, however,
which, if undetected, would bias downward estimates of gene-
centromere recombination. Still, with enough markers, putative
diploids, which show no evidence of having inherited both maternal
alleles at any locus, can be reliably excluded.We found genetic evidence
that two of seven families had small proportions of diploids, which
were not detected by flow cytometry of early larvae.

An expected advantage of using induced triploid oysters, rather than
gynogenetic diploids for half-tetrad analysis, should be a reduction in
distortion of Mendelian segregation ratios caused by recessive
deleterious mutations, which are common in Pacific oysters and other
bivalves (Bierne et al., 1998; Launey and Hedgecock, 2001; Li and Guo,
2004). Unequal numbers of homozygotes, which are expected to be in a
1:1 ratio in half-tetrads, have been observed previously in shellfish (Guo
and Gaffney, 1993; Guo and Allen, 1996; Li and Kijima, 2006) and fish
(Allendorf et al., 1986; Guyomard, 1984; Johnson et al., 1987; Lindner
et al., 2000; Seeb and Seeb, 1986; Thorgaard et al., 1983), but most of
these studies used gynogenetic diploids, in which zygotic selection
against linked recessive deleteriousmutations was likely a major factor.
Zygotic selection can also act against independent recessive deleterious
mutations linked to both alleles at a marker, depressing the overall
proportion of homozygotes but leaving, perhaps, the 1:1 ratio of
homozygotes intact. Such selection would not be detected as a
distortion of the 1:1 ratio of homozygotes but would inflate the
proportion of heterozygotes, y, and thus the distance of the marker
from the centromere. This effect of zygotic selection is discussed in the
last section on interference. The presence of a third, unrelated genome
in chemically induced triploids would presumably prevent selection
against recessive alleles.

Our triploid oyster families were not free of distorted ratios of
homozygotes; ratios of homozygotes in six of 93 (6.4%) half-tetrad
analyses were significantly skewed, ranging from 1:1/2 to 1:1/3.
Compared, though, with one-third to one-half of 40–60 markers
commonly being distorted in first generation inbred or F2 families
(Bucklin, 2002; Launey and Hedgecock, 2001; McGoldrick and Hedge-
cock, 1997; G. M. L. Perry, D. Hedgecock, and M-L Voigt, unpubl.); the
much lower level of distortion observed in our families supports the
hypothesis that much of the genetic load in oysters owes to recessive
mutations, which are suppressed in triploids. Six cases of skewed
homozygote ratios out of 93 cases studied could be attributed to chance,
but we expect only one such case. If not explained by chance, such
observations could be explained by recessive mutations, acting during
embryonic development, before paternal genes are expressed. Previous
studies of F2 families uncovered few distortions of Mendelian
segregation ratios in early larvae (Launey and Hedgecock, 2001; Plough
et al., 2008). Dominantmutations linked to the observedmarkersmight
also explain deviations from 1:1 homozygote ratios in triploid families,
although the persistence of dominant mutations in the natural
population, from which our stocks were derived, would be difficult to
explain, considering their highly detrimental effects on early larval
survival. Finally, linkage of markers to mutations affecting meiosis and
segregation in the female, a phenomenon known as meiotic drive (see
Crow, 1970; Ubeda and Haig, 2005), could explain skewed ratios of
homozygotes. Mutations causing meiotic drive can persist in natural
populations, when balanced by detrimental effects on viability and,
especially, if they are involved in inversions (Dyer et al., 2007).
Distortions of 1:1 ratios of homozygotes in induced triploids merit
closer attention in future studies. Since the cause(s) of non-1:1
homozygote ratios could potentially affect the proportion of hetero-
zygotes and compromise estimates of marker-centromere linkage, we
eliminated these cases from further analyses.

4.2. Centromere mapping in the Pacific oyster

Our half-tetrad analyses suggest that two linkage subgroups
previously reported for the female consensus linkage map, LG VA,
VB and LG IXA, IXB (Hubert and Hedgecock, 2004), should be
consolidated into LG5 and LG9, respectively, which accords with the
male consensus linkage map. Consolidation of linkage subgroups,
eventually to the number of chromosomes, is one of the chief benefits
of half-tetrad analyses (Johnson et al., 1996). On the other hand, we
confirmed that the LG I previously posited for the consensus female
linkage map should be split into LG1a and LG1b, as in the male
consensus linkage map and other F2 maps generated since the linkage
map was published (Hubert and Hedgecock 2001; G. M. L. Perry, D.
Hedgecock, and M-L Voigt, unpubl.).

Six of the expected 10 centromeres of the Pacific oyster genome are
linked to nine microsatellite DNA markers so closely that 95%
confidence intervals (CI) aroundmarker-centromere distances overlap
zero for seven markers and for all LG but 4. No heterozygotes were
observed at imbCg044 (LG1a, n=82), ucdCg205 (LG5, n=89), and
ucdCg197 (LG6, n=144); for four othermarkers, whose 95% CI included
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zero, distances from marker to centromere ranged from 0.3 cM to
0.8 cM. Three of the six linkage groups, 1a, 4, and 6, have two markers
closely linked to the centromeres (Fig. 2).

Centromere markers, in combination with half-tetrad analyses in
induced triploid families, are a valuable genomic resource for the
Pacific oyster, because they permit the rapid assignment of new
markers to a linkage group (Johnson et al., 1996). From our data set, we
estimate the “type II error” of obtaining a significant joint-segregation
test (at a nominal α=0.01 level of significance) between one of these
centromere markers and an unlinked marker as P=0.041 (7 of 171
tests). This error rate was homogeneous among the nine centromere
markers. Screening newmarkers against these centromere markers in
chemically induced triploid families should thus facilitate assignment
to linkage group. Chances of incorrect assignment could be reduced to
very low levels or eliminated by setting threshold significance levels
lower; at α=0.001, for example, we obtained no incorrect assignments
out of the 171 tests of unlinked markers. Incorrect assignments would
quickly be determined in further linkage tests in any case. The
availability of multiple markers for some centromeres also provides
further protection against false assignment.

Despite the progress represented by the half-tetrad analyses
reported here, present linkage and centromere maps of microsatellite
DNA markers for the Pacific oyster are revealed as incomplete. Only six
of 10 centromeres are marked, three markers remain unlinked
(ucdCg179, ucdCg180, AmyA) despite linkage to a centromere, and
three centromere linkage groups have only one arm, whereas cupped
oysters, in general, have only metacentric and sub-metacentric
chromosomes and the Pacific oyster, in particular, has only metacentric
chromosomes (Leitao et al., 1999).

4.3. Map heterogeneity: polymorphism for chromosomal rearrangements?

Heterogeneity among families in the proportion of heterozygotes,
y, at nine of 25 markers that were typed in more than one triploid
family, substantiates previous evidence for variation in recombination
rate in the Pacific oyster (Hubert and Hedgecock, 2004). These nine
markers were distributed over seven linkage groups. Unfortunately,
there were not enough informative markers in common among the
various triploid families to test variation in gene order within a
chromosome arm. However, by reference to the gene orders obtained
in the previous linkage analysis, we infer that gene orders do vary for
LG3, 4, and 7. More dense linkage and centromere maps are needed to
confirm whether the Pacific oyster is polymorphic for chromosomal
rearrangements.

4.4. Interference is less than previously believed

Linkage map distances are expected to correlate with marker-
centromere distances if there is complete or nearly complete
interference of crossing-over, although linkage map distances may
exceed marker-centromere estimates for longer chromosome arms
(Danzmann and Gharbi, 2001). The high correlation that we obtained
between linkage and centromere distances, particularly for markers
separated by 30 cM or less (Fig. 3) suggests that interference is high
and that maps based onmarker-centromere distances will be accurate
when compared to linkage analysis. Similar correspondences have
been observed in other species; for example, good agreement
between map and centromere distances was found for salmon
(Johnson et al., 1987). However, agreement of linkage and centromere
maps may obtain, even when interference is less than complete or
absent (Danzmann and Gharbi, 2001). Partial negative interference, in
which a chromatid that has already undergone a cross-over event has
an elevated probability of undergoing a second recombination event
with the other non-sister chromatid, leaves distal markers hetero-
zygous and gives the mistaken impression that only a single cross-
over has occurred. Also, heterozygosity of distal markers is retained
whenever there is an odd number of cross-overs between non-sister
chromatids.

If the four chromatids produced in early MI (AAaa) separate at
random, reductional separation (AA or aa) can only occur one way,
while equational separation (Aa, Aa) can occur two ways. Therefore,
themaximum recombination rate in relation to the centromere is 0.67
(Mather, 1935). Previous estimates of marker-centromere recombina-
tion have concluded that strong interference is present in bivalves,
with second division segregation higher than 0.67 in all seven
allozymes markers in C. gigas (Guo and Gaffney, 1993), in seven of
eight microsatellite DNA markers in C. gigas (Li and Kijima, 2006) and
in 11 out of 13 allozyme markers in M. lateralis (Guo and Allen, 1996).
Most y values, moreover, were higher than 0.95 suggesting very
strong interference. High interference was also reported in half-tetrad
analyses of rainbow trout (Allendorf et al., 1986; Guo and Allen, 1996;
Thorgaard et al., 1983). Our finding that 52 of 64 independent
estimates of y are less than 0.67 does not agree with strong
interference. The broad range in y-values seen in our study of triploid
oysters does agree with a study in pink salmon, which showed a range
of y-values, from 0 to 1.0, for allozymes and microsatellites (Lindner
et al., 2000). Earlier, Stanley et al. (1984) reported no increase in
heterozygosity at five enzyme loci in triploid Crassotrea virginica
produced by blocking the second meiotic division, an unexpected
result suggesting low marker-centromere recombination rates (Allen-
dorf and Leary, 1984).

Mortality of identical-by-descent homozygotes, in the Pacific
oyster and probably other bivalves, is explained by linkage of markers
to deleterious recessive mutations (Launey and Hedgecock (2001).
Because previous half-tetrad analyses in oysters used gynogens,
selection against linked recessive mutations might have inflated the
proportion of heterozygotes, leading to an overestimate of y and a
false impression of high interference. Half-tetrad analyses of the dwarf
surf clam, M. lateralis, however, used both gynogenetic and triploid
individuals, which should have reduced this bias in y caused by
selection. In their preliminary study of M. edulis, Beaumont and
Fairbrother (1995) found a strong difference in gene-centromere
recombination frequencies between triploid and gynogenetic mussels
for two allozyme loci, which supports the ameliorating influence of
the extra male chromosome in triploids.

Half-tetrad analysis of eight microsatellite markers in 24-h-old,
gynogenetic C. gigas diploids yielded y-values ranging from 0.62 to
0.74 (Li and Kijima, 2006). However, heterogeneity of y-values among
families is apparent in the raw data reported by these authors for
um2CgL48 and imbCg108 (their Table 1), with statistically independent
y-values of 0.783 and 0.533 for the former and 0.817 and 0.500 for the
latter. Still, most of the y-values are greater than 0.67. Seven of eight
microsatellite markers used by Li and Kijima (2006) were included in
our study and six yield statistically heterogeneous y, when compared
to our data (um2CgL10, um2CgL16, um2CgL48, imbCg49, imbCg108,
and ucdCg014). For example, Li and Kijima (2006) reported a y-value
of 0.62 (actually, 0.60 for their pooled data) for imbCg049, whereas we
found this marker to be tightly linked (y=0.008) with the LG3
centromere. Differences in centromere mapping results cannot be
attributed easily to the triploids vs. gynogens difference, since Li and
Kijima (2006) sampled 1 day-old larvae, when few recessive
mutations are expressed.

Under complete interference, the chromosomes recovered in half-
tetrad progeny should appear to be homozygous near their centers and
heterozygous near their tips. Thus, the chromosomes recovered in
family B (Fig. 4) should have centers of the same color with bi-colored
tips on one or possibly both arms. Although the tendancy for distal
markers to be heterozygous is evident, more complicated cross-over
patterns appear to be the norm. Direct estimates of interference for
pairs of markers on this linkage group indicate that interferencemay be
zero (Table 5) or even negative. This evidence against high interference
is consistent with a discrepancy between cytological observations vs.
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linkage estimates of genome size. An early study reported nomore than
one chiasma per chromosome arm in the Eastern oyster (Longwell et al.,
1967), and Li and Guo (2004) subsequently reported averages of 1.1 to
1.2 chiasmata per chromosome in the Eastern and Pacific oysters.
Genome size from the frequency of chiasmata was thus estimated to be
550–600 cM. Subsequent linkage mapping suggests, however, that the
genome is 32% to 99% larger than this cytological estimate (Hubert and
Hedgecock, 2004; Li and Guo, 2004). The greater recombination
revealed by half-tetrad chromosomes suggests that cross-overs may
be more frequent than direct observation of chiasmata would suggest.
Chiasmata may be resolved too rapidly (“terminalized”) for cytological
observation.

5. Conclusion

Half-tetrad analysis of markers in induced triploid progeny is a
valuable tool for genetic mapping in the Pacific oyster and other
bivalve species. Mostmarkers (88/93) show 1:1 ratios of homozygotes,
as expected, and marker-centromere distance are calculated for these
cases as one-half the proportion of heterozygotes, y. Heterogeneity of y
is observed in 9 of 25 cases inwhichmarkers were typed in more than
one family, suggesting variation in gene-centromere distances among
families. Although inter-marker distances correlate closely with
recombinational distances among markers separated by 30 cM or
less on the published linkagemap (Hubert andHedgecock, 2004), gene
orders are often different between the two maps, suggesting that the
Pacific oyster genomemay harbor chromosomal rearrangements. Nine
markers are very tightly linked to six centromeres and permit rapid
assignment of future markers to these linkage groups. High inter-
ference, inferred in previous studies from high y-values, was not
supported by our large study, in which 64 estimates of y ranged
uniformly over the interval from zero to 1.0. Detailed analysis of
segregation patterns on LG4 reveals no or even partial negative
interference. Interference of recombination appears not to be as high in
the Pacific oyster as previously supposed.

Acknowledgements

We thank Dr. Benoit Eudeline for providing the triploid progeny
and parent samples. We also thank Taylor Resources, Inc., for use of
their hatchery and larval culture facility in rearing the triploid
families. This research was supported, in part by the National Sea
Grant College Program of the U.S. Department of Commerce's National
Oceanic and Atmospheric Administration under NOAA Grant #
NA06RG0142, project # R/A-120, awarded to D.H. by the California
Sea Grant College Program, in part by the California State Resources
Agency, and in part by the National Science Foundation (award OCE-
0412696 to D.H.).

References

Allendorf, F.W., Leary, R.F., 1984. Heterozygosity in gynogenetic diploids and triploids
estimated by gene-centromere recombination rates. Aquaculture 43, 413–420.

Allendorf, F.W., Seeb, J.E., Knudsen, K.L., Thorgaard, G.H., Leary, R.F., 1986. Gene-
centromere mapping of 25 loci in rainbow trout. J. Heredity 77, 307–312.

Beaumont, A.R., Fairbrother, J.E., 1995. Gene-centromere recombination frequencies
from gynogenetic and triploid Mytilus edulis. Aquaculture 137, 99.

Bierne, N., Launey, S., Naciri-Graven, Y., Bonhomme, F., 1998. Early effect of inbreeding as
revealed by microsatellite analyses on Ostrea edulis larvae. Genetics 148, 1893–1906.

Boudry, P., Heurtebise, S., Lapegue, S., 2003. Mitochondrial and nuclear DNA sequence
variation of presumed Crassostrea gigas and Crassostrea angulata specimens: a new
oyster species in Hong Kong? Aquaculture 228, 15–25.

Boutet, I., Tanguy, A., Moraga, D., 2004. Response of the Pacific oyster Crassostrea gigas
to hydrocarbon contamination under experimental conditions. Gene 329, 147–157.

Bucklin, K., 2002. Analysis of the causes of inbreeding in the Pacific oyster, Crassostrea
gigas. Ph.D. dissertation, University of California, Davis.

Crow, J.F., 1970. Genetic loads and the cost of natural selection. In: Kojima, K.I. (Ed.),
Mathematical Topics in Population Genetics. Springer-Verlag, New York.

Cunningham, C., Hikima, J., Jenny, M.J., Chapman, R.W., Fang, G.C., Saski, C., Lundqvist, M.
L., Wing, R.A., Cupit, P.M., Gross, P.S., Warr, G.W., Tomkins, J.P., 2006. New resources
for marine genomics: bacterial artificial chromosome libraries for the Eastern and
Pacific oysters (Crassostrea virginica and C. gigas). Mar. Biotechnol. 8, 521–533.

Curole, J.P., Hedgecock, D., 2005. Estimation of preferential pairing rates in second-
generation autotetraploid Pacific oysters (Crassostrea gigas). Genetics 171, 855–859.

Danzmann, R.G., Gharbi, K., 2001. Gene mapping in fishes: a means to an end. Genetica
111, 3–23.

Downing, S.L., Allen, S.K., 1987. Induced triploidy in the Pacific oyster, Crassostrea gigas:
optimal treatments with cytochalasin B depend on temperature. Aquaculture 61,
1–15.

Durand, J.-P., Goudard, F., Pieri, J., Escoubas, J.-M., Schreiber, N., Cadoret, J.-P., 2004. Cras-
sostrea gigas ferritin: cDNA sequence analysis for two heavy chain type subunits and
protein purification. Gene 338, 187–195.

Dyer, K.A., Charlesworth, B., Jaenike, J., 2007. Chromosome-wide linkage disequilibrium
as a consequence of meiotic drive. Proc. Natl. Acad. Sci. U. S. A. 104, 1587–1592.

Eudeline, B., Allen, S.K., Guo, X.M., 2000. Optimization of tetraploid induction in Pacific
oysters, Crassostrea gigas, using first polar body as a natural indicator. Aquaculture
187, 73–84.

FAO, 2006. World aquaculture production of fish, crustaceans, molluscs, etc., by
principal species. In: http://www.fao.org/fi/statist/summtab/default.asp (Ed.).

Gharbi, K., Gautier, A., Danzmann, R.G., Gharbi, S., Sakamoto, T., Hoyheim, B., Taggart, J.
B., Cairney, M., Powell, R., Krieg, F., Okamoto, N., Ferguson, M.M., Holm, L.E.,
Guyomard, R., 2006. A linkage map for brown trout (Salmo trutta): chromosome
homeologies and comparative genome organization with other salmonid fish.
Genetics 172, 2405–2419.

Gueguen, Y., Cadoret, J.-P., Flament, D., Barreau-Roumiguiere, C., Girardot, A.-L., Garnier, J.,
Hoareau, A., Bachere, E., Escoubas, J.-M., 2003. Immune gene discovery by expressed
sequence tags generated from hemocytes of the bacteria-challenged oyster, Crassos-
trea gigas. Gene 303, 139–145.

Guo, X., 2004. Oyster breeding and the use of technology. Bull. Aquacult. Assoc. Canada
104, 26–33.

Guo, X., Allen Jr., S.K., 1996. Complete interference and nonrandom distribution of
meiotic crossover in a mollusc, Mulinia lateralis (Say). Biol. Bull. 191, 145–148.

Guo, X., Gaffney, P.M., 1993. Artificial gynogenesis in the Pacific oyster, Crassostrea gigas:
II. allozyme inheritance and early growth. J. Heredity 84, 311–315.

Guo, X.M., DeBrosse, G.A., Allen, S.K., 1996. All-triploid Pacific oysters (Crassostrea gigas,
Thunberg) produced by mating tetraploids and diploids. Aquaculture 142, 149–161.

Guyomard, R., 1984. High level of residual heterozygosity in gynogenetic rainbow trout,
Salmo gairdneri, Richardson. Theor. Appl. Genet. 67, 307–316.

Hedgecock, D., Gaffney, P.M., Goulletquer, P., Guo, X.M., Reece, K., Warr, G.W., 2005. The
case for sequencing the Pacific oyster genome. J. Shellfish Res. 24, 429–441.

Hedgecock, D., Lin, J.Z., DeCola, S., Haudenschild, C.D., Meyer, E., Manahan, D.T., Bowen,
B., 2007. Transcriptomic analysis of growth heterosis in larval Pacific oysters
(Crassostrea gigas). Proc. Natl. Acad. Sci. U. S. A. 104, 2313–2318.

Hubert, S., Hedgecock, D., 2004. Linkage maps of microsatellite DNA markers for the
Pacific oyster Crassostrea gigas. Genetics 168, 351–362.

Huvet, A., Boudry, P., Ohresser,M., Delsert, C., Bonhomme, F., 2000. Variablemicrosatellites
in the Pacific oyster Crassostrea gigas and other cupped oyster species. Anim. Genet.
31, 71–72.

Huvet, A., Herpin, A., Degremont, L., Labreuche, Y., Samain, J.F., Cunningham, C., 2004.
The identification of genes from the oyster Crassostrea gigas that are differentially
expressed in progeny exhibiting opposed susceptibility to summer mortality. Gene
343, 211–220.

Jenny, M.J., Ringwood, A.H., Lacy, E.R., Lewitus, A.J., Kempton, J.W., Gross, P.S., Warr, G.
W., Chapman, R.W., 2002. Potential indicators of stress response identified by
expressed sequence tag analysis of hemocytes and embryos from the American
oyster, Crassostrea virginica. Mar. Biotechnol. 4, 81–93.

Johnson, K.R., Wright Jr., J.E., May, B., 1987. Linkage relationships reflecting ancestral
tetraploidy in salmonid fish. Genetics 116, 579–591.

Johnson, S.L., Africa, D., Horne, S., Postlethwait, J.H., 1995. Half-tetrad analysis in zebrafish:
mapping the ros mutation and the centromere of linkage group I. Genetics 139,
1727–1735.

Johnson, S.L., Gates, M.A., Johnson, M., Talbot, W.S., Horne, S., Baik, K., Rude, S., Wong, J.R.,
Postlethwait, J.H., 1996. Centromere-linkage analysis and consolidation of the
zebrafish genetic map. Genetics 142, 1277–1288.

Lahrech, Z., Kishioka, C., Morishima, K., Mori, T., Saito, S., Arai, K., 2007. Genetic
verification of induced gynogenesis and microsatellite-centromere mapping in the
barfin flounder, Verasper moseri. Aquaculture 272, S115–S124.

Langdon, C., Evans, F., Jacobson, D., Blouin, M., 2003. Yields of cultured Pacific oysters
Crassostrea gigas Thunberg improved after one generation of selection. Aquaculture
220, 227–244.

Launey, S., Hedgecock, D., 2001. High genetic load in the Pacific oyster Crassostrea gigas.
Genetics 159, 255–265.

Leitao, A., Boudry, P., Labat, J.P., Thiriot-Quievreux, C., 1999. Comparative karyological
study of cupped oyster species. Malacologia 41, 175–186.

Leung, P.S.C., Chu, K.H., 2001. cDNA cloning andmolecular identification of the major oyster
allergen from the Pacific oyster Crassostrea gigas. Clin. Exp. Allergy 31, 1287–1294.

Li, L., Guo, X.M., 2004. AFLP-based genetic linkage maps of the Pacific oyster Crassostrea
gigas Thunberg. Mar. Biotechnol. 6, 26–36.

Li, Q., Kijima, A., 2006. Microsatellite analysis of gynogenetic families in the Pacific
oyster, Crassostrea gigas. J. Exp. Mar. Biol. Ecol. 331, 1–8.

Li, G., Hubert, S., Bucklin, K., Ribes, V., Hedgecock, D., 2003. Characterization of 79
microsatellite DNA markers in the Pacific oyster Crassostrea gigas. Mol. Ecol. Notes
3, 228–232.

Lindner, K.R., Seeb, J.E., Habicht, C., Knudsen, K.L., Kretschmer, E., Reedy, D.J., Spruell, P.,
Allendorf, F.W., 2000. Gene-centromeremapping of 312 loci in pink salmon by half-
tetrad analysis. Genome 43, 538–549.

http://www.fao.org/fi/statist/summtab/default.asp


183S. Hubert et al. / Aquaculture 288 (2009) 172–183
Liu, Q., Goudie, C.A., Simco, B.A., Davis, K.B., Morizot, D.C., 1992. Gene-centromere
mapping of six enzyme loci in gynogenetic channel catfish. J. Heredity 83, 245–248.

Longwell, A.C., Stilles, S.S., Smith, D.G., 1967. Chromosome complement of the American
oyster Crassostrea virginica, as seen in meiotic and cleaving eggs. Can. J. Genet. Cytol. 9,
845–856.

Magoulas, A., Gjetvaj, B., Terzoglou, V., Zouros, E., 1998. Three polymorphic microsatellites
in the Japanese oyster, Crassostrea gigas (Thunberg). Anim. Genet. 29, 69–70.

Martínez, P., Hermida, M., Pardo, B.G., Fernández, C., Castro, J., Cal, R.M., Álvarez-Dios, J.A.,
Gómez-Tato, A., Bouza, C., 2008. Centromere-linkage in the turbot (Scophthalmus
maximus) through half-tetrad analysis in diploid meiogynogenetics. Aquaculture 280,
81–88.

Mather, K., 1935. Reductional and equational separation of the chromosomes in bivalents
and multivalents. J. Genet. 30, 53–78.

McGoldrick, D., 1997. An experimental investigation of the genetic basis of heterosis in
the Pacific oyster Crassostrea gigas. Ph.D. dissertation, University of California, Davis.

McGoldrick, D.J., Hedgecock, D., 1997. Fixation, segregation and linkage of allozyme loci
in inbred families of the Pacific oyster Crassostrea gigas (Thunberg): implications for
the causes of inbreeding depression. Genetics 146, 321–334.

McGoldrick, D.J., Hedgecock, D., English, L.J., Baoprasertkul, P., Ward, R.D., 2000. The
transmission of microsatellite alleles in Australian and North American stocks of
the Pacific oyster (Crassostrea gigas): selection and null alleles. J. Shellfish Res. 19,
779–788.

Mohideen, M.A., Moore, J.L., Cheng, K.C., 2000. Centromere-linked microsatellite markers
for linkage groups 3, 4, 6, 7,13, and 20of zebrafish (Danio rerio). Genomics 67,102–106.

Nell, J.A., 2002. Farming triploid oysters. Aquaculture 210, 69–88.
Nomura, K., Morishima, K., Tanaka, H., Unuma, T., Okuzawa, K., Ohta, H., Arai, K., 2006.

Microsatellite-centromere mapping in the Japanese eel (Anguilla japonica) by half-
tetrad analysis using induced triploid families. Aquaculture 257, 53–67.
Pie, M.R., Ribeiro, R.O., Boeger, W.A., Ostrensky, A., Falleiros, R.M., Angelo, L., 2006. A
simple PCR-RFLP method for the discrimination of native and introduced oyster
species (Crassostrea brasiliana, C. rhizophorae and C. gigas; Bivalvia: Ostreidae)
cultured in Southern Brazil. Aquacult. Res. 37, 1598–1600.

Plough, L., Curole, J., Glassman, S., Hedgecock, D., 2008. Temporal expression of genetic
load in two families of the Pacific oyster Crassostrea gigas. J. Shellfish Res. 27, 1042.

Sato, T., Yokomizo, S., Matsuda, M., Hamaguchi, S., Sakaizumi, M., 2001. Gene-
centromere mapping of medaka sex chromosomes using triploid hybrids between
Oryzias latipes and O. luzonensis. Genetica 111, 71–75.

Seeb, J.E., Seeb, L.W.,1986. Genemapping of isozyme loci in chum salmon. J. Heredity 77,
399–402.

Sellos, D., Moal, J., Degremont, L., Huvet, A., Daniel, J.Y., Nicoulaud, S., Boudry, P., Samain,
J.F., Van Wormhoudt, A., 2003. Structure of amylase genes in populations of Pacific
cupped oyster (Crassostrea gigas): tissue expression and allelic polymorphism. Mar.
Biotechnol. 5, 360–372.

Stanley, J.G., Hidu, H., Allen, S.K., 1984. Growth of American oysters increased by
polyploidy induced by blocking meiosis I but not meiosis II. Aquaculture 37,
147–155.

Thompson, D., Scott, A.P., 1984. An analysis recombination data in gynogenetic diploid
rainbow trout. Heredity 53, 441–452.

Thorgaard, G.H., Allendorf, F.W., Knudsen, K.L., 1983. Gene-centromere mapping in
rainbow trout: high interference over long map distances. Genetics 103, 771–783.

Ubeda, F., Haig, D., 2005. On the evolutionary stability of Mendelian segregation. Genetics
170, 1345–1357.

Yamtich, J., Voigt, M.L., Li, G., Hedgecock, D., 2005. Eight microsatellite loci for the Pacific
oyster Crassostrea gigas. Anim. Genet. 36, 524–526.

Zaykin, D.V., Pudovkin, A.I., 1993. Two programs to estimate significance of χ2 values
using pseudo-probability tests. J. Heredity 84, 152.


	Centromere mapping in triploid families of the Pacific oyster Crassostrea gigas (Thunberg)
	Introduction
	Materials and methods
	Chemically induced triploid families
	DNA extraction, markers, and PCR procedures:
	Marker-centromere recombination
	Linkage analysis
	Centromere confidence interval

	Results
	Progeny genotypes
	New markers on the Pacific oyster map
	Marker-centromere recombination
	Centromere confidence interval
	Linkage analysis
	Interference and correlation of inter-marker distances from half-tetrad and linkage analyses

	Discussion
	Induced triploids as a mapping resource for bivalve molluscs
	Centromere mapping in the Pacific oyster
	Map heterogeneity: polymorphism for chromosomal rearrangements?
	Interference is less than previously believed

	Conclusion
	Acknowledgements
	References




