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Hyriopsis cumingii is the most economically important aquaculture species for freshwater pearl production in
China. A linkagemap is an essential framework formapping QTL. In this study, a genetic linkagemap of the fresh-
water pearl mussel was constructed usingmicrosatellites in an F1 outbred family. Five hundred and sixmicrosat-
ellitemarkersweremapped to 19 linkage groups (LGs). The number of LGs detected corresponded to the haploid
chromosome number of the freshwater pearl mussel. The linkage map covered a genetic distance of 1922.3 cM
with an average marker interval of 3.99 cM. The sex-specific maps were 1745.9 cM and 2078.8 cM in male and
female, and the recombination rate for females was 1.14 times higher than that for males. Quantitative trait
locus (QTL) mapping identified 23 putatively significant QTL, including two for shell width, two for bodyweight,
three for shell weight, three formarginmantleweight, three for innermantle weight, and 10 for shell nacre color
on LG1, LG2, LG4, LG6, LG8, LG9, LG14, LG17, and LG18. The phenotypic variation explained by the QTL ranged
from 14.6% to 38.2%. Four QTL on LG17 that were associated with shell nacre color explained 26.0% to 28.9% of
the trait variation. These four QTL were significant at the genome-wide level (P b 0.01). The linkage map and
the QTL associated with pearl quality traits will provide useful information for marker-assisted selection of the
freshwater pearl mussel.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The efficiency of genetic improvement of economic animals depends
on the availability of genetic resources such as saturated genetic linkage
maps. The construction of a genetic linkage map is an essential step in
achieving efficiency and veracity in breeding programs. Although link-
age mapping for aquaculture species was initiated later than for other
agricultural animals, mapping has progressed substantially over the
last 25 years (Kocher and Kole, 2010) and linkage maps have now
been constructed in over 40 aquaculture species (Yue, 2014). Because
of the importance of bivalves in aquaculture and fisheries and because
of their role in aquatic environmental science, many studies have been
focused on increasing the efficiency of breeding applications for eco-
nomically important bivalves. For example, linkage maps have been
published for economic bivalves, such as the oysters Crassostrea gigas
(Hubert and Hedgecock, 2004; Li and Guo, 2004), Crassostrea virginica
(Yu and Guo, 2003), Pinctada martensii (Shi et al., 2009), Pinctada fucata
ter Aquatic Genetic Resources,
hanghai 201306, China. Tel./
(Yu et al., 2007), Pinctada maxima (Jones et al., 2013), and the scallops
Argopecten irradians (Qin et al., 2007a; Wang et al., 2007) and Chlamys
farreri (Li et al., 2005; Wang et al., 2005; Zhan et al., 2009; Jiao et al.,
2013).

The availability of genetic linkage maps made it possible to perform
genome-wide searches to detect quantitative trait loci (QTL) for impor-
tant traits (Wang et al., 2011; Zhang et al., 2011). QTLmapping is an ef-
ficient approach to identify genetic loci underlying important traits for
marker-assisted selection in genetic breeding. QTL analyses for impor-
tant traits have been reported in more than 20 aquaculture species
(Yue, 2014). Recently, QTL mapping has been performed for growth
traits (Guo et al., 2012), disease resistance (Sauvage et al., 2010), and in-
breeding depression (Plough and Hedgecock, 2011) in C. gigas; for dis-
ease resistance (Yu and Guo, 2006) in C. virginica; for parasite
resistance in Ostrea edulis (Lallias et al., 2009); for growth (Qin et al.,
2007a; Li et al., 2012) and shell color (Qin et al., 2007b) in A. irradians;
for size and shell color in Nodipecten subnodosus (Petersen et al.,
2012); for growth (Zhan et al., 2009; Jiao et al., 2013) and sex-
determination (Jiao et al., 2013) in C. farreri and for pearl quality in
Pinctada maxima (Jones et al., 2014). The reported QTL will be useful
in marker-assisted selection in these economically important bivalves.

Hyriopsis cumingii is themost important freshwater pearl-producing
mussel in China, andhas been cultured formore thanfifty years. China is
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the largest commercial producer of freshwater pearls having produced
1500 tons in 2005 (Li and Li, 2009). Currently, 70% of freshwater cul-
tured pearl production is from H. cumingii, while the other 30% is from
“kangle” mussel, which is a hybrid between H. cumingii and Hyriopsis
schlegelii, and H. schlegelii (Fiske and Shepherd, 2007). With the rapid
increases of pearl yield, pearl quality has increased slowly in some
cases, while in other cases, pearl quality has declined (Li et al., 2007).
The development of a selection breeding program in freshwater pearl
mussel is one of the best approaches for improving pearl quality. The
heritabilities of growth traits in H. cumingiiwere moderate or high (Jin
et al., 2012), whereas the heritabilities of inner shell color parameters
were low or moderate in H. cumingii (Wang et al., 2014). Selection
breeding programs in freshwater pearl mussel have been developed in
some farms in China, but the genetic improvementwas slow by the tra-
ditional phenotypic selection.

Pearl quality traits such as pearl size, shape, color, lustre, and surface
complexion define the commercial value of a pearl. Pearl size and shape
are related to growth traits of both the receptor and donor mussels (Bai
et al., 2008; Li and Liu, 2011), and pearl color is related mainly to the
shell nacre color of the donormussel (Zhu, 2011). The size and thickness
of the donor mantle tissue (termed saibo) largely affect pearl size and
roundness. Margin mantle from the donor mussel is used to make the
saibo and the size and thickness of the margin mantle determines the
size and thickness of the saibo. The inner mantle, where a non-
nucleate pearl is implanted in the receptor mussel, directly affects
pearl growth (Li and Liu, 2011). Therefore, five growth traits, shell
weight, bodyweight, shellwidth,marginmantleweight and innerman-
tle weight, have been considered related to pearl quality. Traditionally,
color is recorded as class, thus it is difficult to accurately quantify shell
color. In this study, the CIE 1976 L*, a*, and b* model was used to quan-
tify the shell color data (Gu et al., 2014;Wang et al., 2014). Nacre color is
not uniform from front to back along with mantle scar and the purple
mantle scar length represents the degree of purple nacre covering the
inner shell. Therefore, purple mantle scar length was considered as
one trait evaluating shell color.

Here, we present the first linkage map for H. cumingii constructed
with microsatellites, and its application in mapping QTL for growth
and quality traits in H. cumingii. The linkage map and QTL associated
with pearl quality traits will help accelerate genetic improvement for
pearl quality of freshwater pearl mussel.

2. Materials and methods

2.1. Mapping family of H. cumingii and DNA isolation

The mussels from Poyang Lake and Dongting Lake have been under
mass selection aimed at improving shell nacre color and growth respec-
tively since 2001 and reached the fifth selected generation in 2012
(Wang et al., 2014). The mapping family of H. cumingii used in this
study was from an inter-population cross between the two selection
populations. The cross was made using one mussel from Poyang Lake
population as the egg donor and the other from Dongting Lake popula-
tion as the sperm donor. In February of 2012, the fourth selected
generationmusselswithwell-developed gonadswere under sex identi-
fication by observing gamete extracting from gonads with syringe.
Five female mussels from Poyang population and five male mussels
from Dongting population were selected, and five 1:1 mating combina-
tionswere carried out in five 20m2 outdoor ponds free of othermussels
inWeimin pearl aquaculture farm,Wuyi City, Zhejiang Province, China.
In April, the gills of females were checked every two days for marsupial
color as an indication of embryonic development (Bai et al., 2012). Once
glochidia were mature, females with mature glochidia were aired
for two hours and placed into basins containing 5-l of water for
ejecting glochidia. Ten yellow catfish (Pelteobagrus fulvidraco; 50 g)
per mussel were used as host fish. Catfish infected with glochidia
from a single female were housed in individual plastic containers
(65 cm×45 cm×18 cm)until the post-metamorphic juvenileswere re-
leased from the host fish. The host catfish were removed and the post-
metamorphic juveniles housed in the plastic containers with circulating
water in greenhouse until shell length reached 1 cm. In July, the 1-cm
juvenile mussels were transferred into lantern cages in outdoor earth
pond. The culture management optimized by Yan et al. (2009) was ap-
plied until sampling at the age of 12months. One family with the larger
individual phenotypic differentiation was selected as the mapping fam-
ily. Then 94 progenies from themapping family were sampled random-
ly and were confirmed with parentage analysis.

Mantle samples from the two parents and their progenywere stored
in 75% ethanol at−20 °C for genetic analysis. Genomic DNAwas isolat-
ed according to the method described previously (Yue and Orban,
2005). Parentage analysis was conducted with eight microsatellite
markers (621fg, 653fg, 4GF, 107GH, 182GF, 198GH, 250GF and 658GF,
see Table S1) as described previously (Bai et al., 2012).

2.2. Microsatellites and genotyping

Two microsatellite-enriched partial genomic libraries (CA and GA
repeats) were constructed using DNA from one adult freshwater pearl
mussel according to the method described previously (Li et al., 2007)
with some minor modifications (Yue et al., 2000). From each library,
3000 clones were sequenced in a single direction and the unique se-
quences were reassembled using Sequencher 4.0 (Gene Codes Corp.,
AnnArbor,MI, USA).Microsatellite loci containing seven ormore repeat
units and enough flanking region were identified for primer design
using PrimerSelect (DNASTAR, Wilmington, DE, USA). The PCRs were
performed according to a standard protocol (Li et al., 2007) and the
PCR products were resolved on 2% agarose gel and visualized by
ethidium bromide staining. The 958 primer pairs that amplified clear
and strongbandswere selected for labelingwithfluorescent dyes. In ad-
dition, 76 microsatellites that were reported previously were selected
(Li et al., 2007; Luo et al., 2012). For each microsatellite, one primer
was fluorescently labeled with either FAM (blue) or HEX (yellow) dye
(Map Co., Ltd., Shanghai, China). All the selected microsatellite markers
were used to genotype the parents. Microsatellites were amplified on
the pearl mussel genomic DNA with the fluorescent primers under the
same conditions that were used for the amplifications with unlabeled
primers. The PCR products were resolved on an ABI3730 Genetic Ana-
lyzer (Applied Biosystems, Foster City, CA) and were sized relative to
an internal size standard (GeneScan-500 ROX) using the Gene Mapper
4.0 software package (Applied Biosystems). Based on the genotyping re-
sults, the markers were categorized into three expected segregation
types (including null alleles): (i) heterozygous segregating for a single
parent (AB × AA, AB × BB, and AB × CC); (ii) polymorphic segregating
in the progeny for both parents (AB × CD; AB × AC, and AB × AB); and
(iii) monomorphic in both parents showing no segregation in the prog-
eny (AA × AA and AA × BB). Only the first two segregation types were
informative for linkage map construction. Finally, 509 microsatellite
markers that were informative among the two parents were selected
for genotyping the mapping family of H. cumingii.

2.3. Linkage map construction

JoinMap 4.0 software (Van Ooijen, 2006) was used for linkage anal-
ysis and map construction. The segregation distortion of each marker
was tested using chi-square tests, with the significance of the individual
tests adjusted formultiple testing (Rice, 1989). The adjustment formul-
tiple testing was done within types of segregation, depending on
whether a pair of parents had two alleles, three alleles or four alleles
(Hubert and Hedgecock, 2004). The Kosambi mapping function was
used in the analysis. The grouping of markers was performed with a
LOD threshold of 5.0. Markers were mapped linearly in each linkage
group, which converted the recombination rates into Kosambi map dis-
tances (in cM).The position of markers was developed using sequential



Fig. 1. Themeasuring positions of shell nacre color inHyriopsis cumingii. A, themantle scar
near posterior adductor muscle scar; B, the cross of posterior ridge andmantle scar; C, the
mantle scar near anterior adductor muscle scar.

104 Z. Bai et al. / Aquaculture 437 (2015) 102–110
mapbuild-up (Stam, 1993),where themost informative pair ofmarkers
was selected, followed by the sequential addition of other markers. The
markers that showed a significant level of distorted segregation were
excluded from the initial map construction; later, the excludedmarkers
were addedmanually to the linkage groups. The “ripple” commandwas
performed after eachmarkerwas added to themap. The bestfit position
of an added marker was examined based on the goodness-of-fit test
(chi-square) for the resulting map, which is the normalized difference
in the chi-square value before and after adding the marker. When
a marker generated a negative map distance, or a large jump in
goodness-of-fit, the marker was removed, and map construction was
continued as a first-round map. After the first-round marker ordering,
the previously removed markers were added back and again subjected
to goodness-of-fit testing. In this manner, themarker orderingwas con-
tinued to a third round until an optimum order of markers was found.
For the sex-specific maps, maternal and paternal population nodes
were created from the mapping family dataset, and then grouping
was performed separately for the population nodes of the male and fe-
male parent of the mapping family.

2.4. Map length and coverage estimation

Twomethodswere used to estimate the genome length from the con-
sensus linkage map. In one method, the average spacing(s) between
markers was calculated by dividing the total length of all the linkage
groups by the number of intervals (i.e. number ofmarkersminus number
of linkage groups). The estimated genome length (Ge1) was obtained by
adding 2 s to the length of each linkage group to account for the terminal
chromosome regions (Fishman et al., 2001). In the othermethod, an esti-
mated genome length (Ge2) was calculated by multiplying the length of
each linkage group by (m + 1)/(m − 1), where m is the number of
framework markers on each linkage group (Chakravarti et al., 1991).
The average of the two estimates was used as the estimated genome
length (Ge) in this study. The observed genome length (Gea)was calculat-
ed as the total length considering all the markers. Genome coverage was
estimated as Gea/Ge.

2.5. Phenotypic measurement and QTL analysis

Five growth-related traits, shell width, body weight, shell weight,
margin mantle weight and inner mantle weight, as well as five shell
color-related traits, purple mantle scar length, the CIE 1976 L* (light-
ness), a* (redness), and b* (yellowness) color space and total color
change (dE)weremeasured in 94 progenies. The shell width and purple
mantle scar length were measured to 0.01 cmwith Vernier caliper. The
body weight, shell weight, margin mantle weight, and inner mantle
weight were measured with to 0.01 g on an electronic balance. The
CIE1976 L*, a*, and b* values were measured on the shell nacre layer
using a Lovibond RT 2000 spectrophotometer (Wang et al., 2014). The
dE was calculated as follows:

dE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΔL2 þ Δa2 þ Δb2

p

where,ΔL=Ln− L0,Δa=an− a0, andΔb=bn− b0. Ln, an, and bn are
the L*, a*, and b* values for nacre color in an individual n; and L0, a0, and
b0 are the L*, a*, and b* values for the standardwhite sample supplied by
Tintometer Ltd (Salisbury, England).

Three points, the mantle scar near the posterior adductor muscle
scar, the cross of the posterior ridge and mantle scar, and the mantle
scar near the anterior adductormuscle scarwere selected formeasuring
nacre color (Fig. 1). The average L* (AL), average a* (Aa), average b*
(Ab), and average dE (AdE) represent average values measured on the
three points.

Descriptive statistics and normality distribution of the traits were
analyzed with SPSS 12.0. QTL analyses were performed with MapQTL
version 5.0 (Van Ooijen, 2004). LOD profiles were generated at 1-cM
intervals along each linkage group to identify the most likely QTL posi-
tion. The linkage group-wide (P b 0.05) and genome-wide (P b 0.01) sig-
nificance thresholds for the LOD scores were determined using a
bootstrapping method with 10,000 permutation iterations. QTL that
exceeded the linkage group-wide LOD threshold of P b 0.05 were re-
ported as suggestive QTL, and QTL that exceeded a genome-wide LOD
threshold of P b 0.01 were considered to show evidence of a significant
QTL effect. Interval mapping was performed initially using the default
parameters of MapQTL. Map intervals exceeding the linkage group-
wide threshold from interval mapping were subsequently selected co-
factors by automatic cofactor selection for the multiple QTL model
procedure.

3. Result

3.1. Microsatellite makers

From the two partial genomic DNA libraries enriched for CA and GA
repeats, 6000 clones were sequenced in a single direction. After assem-
bling the reads, 2361 unique sequences with microsatellites were ob-
tained. Primers were designed for 1970 microsatellites, and 958 of the
markers yielded specific amplified products. Together with 76 markers
reported previously (Li et al., 2007; Luo et al., 2012), 1034 primer pairs
were tested on the two parents of the mapping family to check the in-
formativeness of the markers for mapping. A total of 509 informative
markers were used in the linkage analysis in this study. Details of 471
of these markers (GenBank accession nos. KJ829653–KJ830123) are
summarized in Table S1. Ninety-ninemarkers that showed a significant
level of distorted segregation were excluded from the initial map con-
struction; later, the excludedmarkers were addedmanually to the link-
age groups using the “strongest cross-link” feature of the JoinMap 4.0
software.

3.2. Linkage analysis

A total of 506markerswere aligned to the consensusmap, and three
markers remained unmapped. The consensus map consisted of 19 link-
age groups spanning 1922.3 cM (Fig. 2, Table 1). The lengths of the link-
age groups ranged from 75.9 cM (LG7) to 144.8 cM (LG14) and the
number of markers varied from 14 to 37 per linkage group. The average
inter-marker distancewas 3.99 cM, and ranged from 2.33 cM to 6.18 cM
for individual linkage groups. The genome lengths of 2072.02 cM (Ge1)
and 2081.81 cM (Ge2) estimated by the two methods were similar.
Based on the two estimates, we used the average of 2076.92 cM as the
expected genome length (Ge) for H. cumingii. Based on the estimated
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genome length, the percentage of the genome covered by the consensus
map was calculated as 92.56%.

Linkage maps were also constructed separately for the male and fe-
male pearl mussels (Fig. S1). The male and female maps contained 436
and 425 markers and spanned 1745.9 and 2078.8 cM, respectively. The
average spacing between loci in themalemap (4.19 cM)was lower than
in the female map (5.13 cM). The two maps shared 353 of the markers
and, based on shared markers, the total lengths of the male and female
linkage maps were calculated as 1705.8 and 1938.9 cM, respectively.
The ratio of lengths of the common interval in the female and male
maps was 1.14. Although the lengths for the female and male maps
were similar, differences in the recombination rates between the two
maps were significant for some of the linkage groups. For example,
the ratios of lengths of LG9, LG10, and LG13 between the female and
male maps were 1.46, 1.59 and 1.45, respectively (Fig. S1).

3.3. Preliminary mapping of QTL related to pearl quality traits

All the traits in themapping family showed normal distribution. De-
scriptive statistics of the traits were presented in Table S2. The locations
and effects of the QTL were estimated for five growth-related traits and
five shell nacre color-related traits based on the H. cumingii consensus
linkage map. Twenty-three putatively significant QTL, two for shell
width, two for total weight, three for shell weight, three for margin
mantle weight, three for inner mantle weight and ten for shell nacre
color were found on LG1, LG2, LG4, LG6, LG8, LG9, LG14, LG17, and
LG18 (Table 2, Fig. 2). Multiple QTLModel (MQM) mapping with initial
QTL did not change the results. The phenotypic variation explained by
these QTL ranged from 14.6% to 38.2%. Five QTL associated with shell
nacre color on LG17 explained 21.1% to 28.9% of the trait variation,
and four of them were significant at the genome-wide level (P b 0.01,
Fig. 3). Two suggestive QTL (Wi-2 and Who-2) associated with shell
width and margin mantle weight were detected in the same region on
LG6 near the microsatellite marker 650CH, and they explained 15.3%
and 18.4% of the observed phenotypic variance, respectively. Three sug-
gestive QTL (We-2, Whi-3 and Sw-3) associated with body weight,
innermantleweight, and shell weightwere detected in the same region
on LG18 near themicrosatellitemarkers 953CH and 288GH, and they ex-
plained 32.9%, 37.6%, and 38.2% of the observed phenotypic variance, re-
spectively. Two suggestive QTL (Wi-1 andWhi-1) associated with shell
width and inner mantle weight were detected in the same region on
LG4 near the microsatellite markers 574CF and 451CH, and they ex-
plained 14.6% and 16.4% of the observed phenotypic variance, respec-
tively. Five suggestive QTL on LG 17 (P-3, Aa-1, Al-1, Ab-4, and AdE-1)
associated with purple mantle scar length, Aa, AL, Ab, and AdE partly o-
verlapped between any two QTL. (Table 2 and Fig. 3.)

4. Discussion

4.1. Linkage mapping

In this study, we constructed the first linkage map with 506
microsatellites in the freshwater pearl mussel H. cumingii. One of the
problems in linkage mapping of bivalves is that moderate distortions
from expected Mendelian segregation are common (Saavedra and
Bachere, 2006). In this study, a total of ninety-ninemarkers showed sig-
nificant levels of distorted segregation. The presence ofmoderate segre-
gation distortion has been reported to have little effect on the overall
construction of linkage maps (Hackett and Broadfoot, 2003). Addition-
ally, the inclusion of distorted markers in mapping can be beneficial as
they may have an association to genes that affect fitness and survival,
particularly larvalmortality, and theymay also helpwith understanding
the distribution of deleterious recessive genes throughout the genome
(Jones et al., 2013). According to the above mentioned, the ninety-
nine markers were including the linkage map. In the linkage map of
H. cumingii, the average marker interval was 3.99 cM, and the predicted
genome coverage was 92.56%. In terms of coverage and number of
markersmapped, ourmap ismuch better than the linkagemaps report-
ed in the pearl oyster P.martensii onmarker number (110markers in fe-
male map and 98 markers in male map), average marker interval
(14.9 cm in female map and 16.1 cM in male map) and genome cover-
age (78.5% for the female and 73.5% for themale map) (Shi et al., 2009).
The linkagemap is inferior to the linkagemap reported in another pearl
oyster P. maxima, with 1189 SNP markers, the median intermal of
1.03 cMand the genome coverage of 96% (Jones et al., 2013). Comparing
to the linkage map constructing with SNP markers, the linkage map
with microsatellite is easily transferable between different laboratories.
The average marker interval of 3.99 cM is smaller than the required
minimum of 10–20 cM for QTL mapping (Beckmann and Soller, 1988).
Therefore, our linkage map is suitable for a preliminary genome-wide
scan for QTL for traits. However, the density of markers in the linkage
map is not very high. We are in the process in constructing a high-
density genetic linkage map in this species.

It should be noted that in clams, oysters, andmussels, microsatellites
are usually very difficult to genotype. Genotyping difficulties include
non-amplification of one of the two alleles at a given locus and large
slippage effects. These difficulties are probably because of the very
long microsatellite repeats, and null alleles that result from high
mutation rates in primer binding sites in the flanking regions of
microsatellites in these species (Yue, 2014). In this study, similar diffi-
culties were encountered. For example, the ratio of primers that pro-
duced an amplified product to all the designed primers was 40–50%,
compared with 70–80% in Asian sea bass (Wang et al., 2011). However,
itwas encouraging that the ratio of sequences containingmicrosatellites
to the total number of sequences in the microsatellite enriched library
was higher than the ratio reported in Asian sea bass (Wang et al.,
2011). In addition to the genotyping difficulties in the bivalves, cost is
an important factor that can constrain reference family size and linkage
map marker density. Microsatellite genotyping was also expensive and
laborious. Therefore, it is not suitable for constructing a very high densi-
ty linkage map. SNPs are the most abundant in genomes when com-
pared with any other types of markers. SNP genotyping is highly
automated and therefore is adaptable to large-scale genome-wide anal-
ysis (Liu and Cordes, 2011). The recent development of genotyping-by-
sequencing (GBS) methods holds great promise for the construction of
high-resolution linkage maps in organisms that still lack extensive ge-
nomic resources. In the bivalve mollusk C. farreri, a linkage map was
conducted using a recently developed GBS method called 2b-RAD (re-
striction site-associated DNA) (Jiao et al., 2013). Despite these advan-
tages, the maps generated by GBS are not easily transferable among
labs. It is necessary to make SNPs array for genotyping individuals
from different populations. It may be the optimal combination that
next generation sequencing is applied in SNP discovering and SNPs
array is applied in SNP genotyping (Davey et al., 2011).

4.2. QTL mapping

Growth traits are of particular interest to bivalves researchers due to
their high commercial significance in aquaculture. QTL mapping repre-
sents an efficient approach to identify genetic loci underlying these
traits for marker-assisted selection in genetic breeding. In this study,
two suggestive QTL of each traditional trait, shell width and body
weight, were identified. Up to now, one to two QTL related to shell
width or body weight were identified in most of bivalves (Qin et al.,
2007a; Zhan et al., 2009; Guo et al., 2012; Li et al., 2012; Jiao et al.,
2013), except five QTL (four QTL on one linkage group) related to
shell width inN. subnodosus (Petersen et al., 2012). The phenotypic var-
iation explained by the QTL ranged from 14.6% to 32.9% in this study,
and the average were approximate 20% in the above mentioned
bivalves.

These findings agree well with some previous studies in domestic
animals that a large proportion of quantitative variation can be



Fig. 2. A consensus linkage map and QTL for traits associated to pearl quality in Hyriopsis cumingii. The location of each marker is indicated on the left side of linkage groups in Kosambi
centimorgans, and names of the markers are indicated on the right side of linkage groups. QTL were marked on the right of each linkage map.
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Table 1
Number of markers and genetic lengths for the consensus linkage map of Hyriopsis
cumingii.

Linkage
group

Length
(cM)

Number of marker Average
space (cM)

Gel (cM) Ge2 (cM) Ge (cM)

LG 1 123.5 26 4.94 131.38 133.38 132.38
LG 2 129.4 36 3.67 137.28 136.79 137.04
LG 3 127.4 37 3.54 135.28 134.48 134.88
LG 4 111.9 36 3.12 119.78 118.29 118.70
LG 5 101.2 29 3.61 109.08 108.43 108.76
LG 6 102.8 33 3.21 110.68 109.26 109.97
LG 7 75.9 25 3.16 83.78 82.23 83.01
LG 8 107.6 28 3.98 115.48 115.57 115.53
LG 9 97.4 23 4.43 105.28 106.25 105.77
LG 10 79.3 35 2.33 87.18 84.17 85.68
LG 11 80.0 27 3.08 87.88 87.62 87.75
LG 12 107.5 28 3.98 115.38 115.46 115.42
LG 13 95.5 20 5.03 103.38 105.55 104.47
LG 14 144.8 30 4.99 152.68 154.78 153.73
LG 15 84.0 23 3.82 91.88 91.64 91.76
LG 16 109.4 23 4.97 117.28 119.34 118.31
LG 17 86.5 15 6.18 94.38 98.86 96.62
LG 18 80.2 14 6.17 88.08 92.54 90.31
LG 19 78.0 18 4.59 85.88 87.17 86.53
Total 1922.3 506 3.99 2072.02 2081.81 2076.92

Gel and Ge2 represent two methods of estimating the genome length respectively. Ge
represents the average of Gel and Ge2.

Table 2
QTL for each trait associated to pearl quality detected in the linkage map of Hyriopsis
cumingii.

Traits QTL ID LG
group

QTL interval
(cM)

Peak
position
(cM)

Peak
LOD
value

LG GW PVE
(%)

Shell width Wi-1 LG4 63.4 63.4 3.22 3.2 5.5 14.6
Wi-2 LG6 102.8 102.8 3.39 3.2 5.5 15.3

Body weight We-1 LG1 119.6–120.7 119.7 3.45 3.1 7.2 15.5
We-2 LG18 29.4 29.4 3.42 3.2 7.2 32.9

Shell weight Sw-1 LG4 40.5 40.5 3.29 3.1 7.3 16.6
Sw-2 LG1 118.6–121.7 119.7 3.80 3.0 7.3 17.0
Sw-3 LG18 29.4 29.4 3.93 3.2 7.3 38.2

Margin
mantle
weight

Who-1 LG4 39.3 39.3 5.17 4.2 5.7 24.2
Who-2 LG6 101.1–102.8 102.8 4.15 3.4 5.7 18.4
Who-3 LG8 61.4 61.4 3.68 3.5 5.7 23.4

Inner mantle Whi-1 LG4 63.4–63.9 63.4 3.65 3.2 7.2 16.4
weight Whi-2 LG2 95.2–98.6 98.2 3.77 3.5 7.2 17.3

Whi-3 LG18 29.4 29.4 3.70 3.4 7.2 37.6
Purple
mantle scar
length

P-1 LG9 26.4–30.2 28.4 3.62 3.1 5.5 17.1
P-2 LG9 36.6–42.6 39.6 3.58 3.1 5.5 16.7
P-3 LG17 0–28.3 19.4 6.83⁎ 3.0 5.5 28.4

AL AL-1 LG17 16.9–31.0 18.9 4.6 3.0 5.7 21.1
Aa Aa-1 LG17 0–27.3 18.9 6.67⁎ 3.0 5.7 28.3
Ab Ab-1 LG6 10.7–12.4 11.4 3.35 3.2 5.6 15.1

Ab-2 LG14 35.3 35.3 3.81 3.4 5.6 26.5
Ab-3 LG14 48.1–49.1 49.1 4.25 3.4 5.6 29.5
Ab-4 LG17 14.0–39.4 29.3 6.64⁎ 3.0 5.6 28.9

AdE AdE-1 LG17 7.0–32.0 18.9 5.87⁎ 3.0 5.5 26.0

Linkage group-wide LOD significance thresholds (LG, p = 0.05) and genome-wide LOD
significance thresholds (GW, p = 0.01) were present. * indicates a significant QTL effect
at genome-wide (p b 0.01). PVE, the proportion of phenotypic variance explained. AL, av-
erage lightness; Aa, average redness; Ab, average yellowness; AdE, Average total color
change.
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explained by the segregation of a few major QTL (Wang et al., 2008).
There are many similarities between shell formation and pearl forma-
tion. Though shell weight is highly genetically correlated to shell
width and body weight (Wang et al., 2014), we are expected to find
QTL related to shell weight, independent of QTL related other growth
traits, to explain shell or pearl formation. In this study, three QTL (SW-
1, SW-2 and SW-3) related to shell weight were identified. SW-2 and
SW-3share the same region with We-1 and We-2, two QTL related to
body weight, respectively. SW-1 is one QTL independent of QTL related
to shell width and bodyweight. It is worth to further study for discover-
ing the gene controlling shell or pearl formation. We first consider two
new traits related to shell or pearl formation,marginmantleweight and
inner mantle weight, for QTL mapping in this study. Two QTL related to
marginmantle weight,Who-1 andWho-3, and oneQTL related to inner
mantle weight, whi-2, were identified independence of QTL related to
shell width and body weight. These three QTL may be related to shell
formation. Especially Who-1 was very near SW-1, they may be one
same QTL related to shell formation.

Pearls are available in just about every color that you can imagine.
Jewelers call the range of colors that pearls offer, a “palette of colors”.
For freshwater pearl, these can be white, orange, reddish, and purple
and just about any color you can think of in between (Fiske and
Shepherd, 2007). Though the color of the pearl has very little impact
on the actual quality of the pearl, the perceived beauty of it has an effect
on its value. Trends and rarity of color play on the “beauty is in the eye of
the beholder” rule, and change the cost of a given pearl based on its
color, rather than its quality. Purple freshwater pearls, just 3% of all
freshwater pearls, are the most popular. Variations in shell and pearl
colors have often been related to environmental effects, but they have
also been demonstrated to be genetically controlled (Jerry et al., 2012;
Wang et al., 2014). In this study, 10 QTL related to shell nacre color
were identified. Among them, four significant QTL (P-3, Aa-1, Ab-4,
and AdE-1) and one suggestive QTL (AL-1) associated with shell nacre
color, which explained 21.1% to 28.9% of the trait variation respectively,
were detected in similar region on LG17. The region at 0-29.3 cM on
LG17 is the most prominent QTL location for pearl color. The factors af-
fecting pearl coloring includemetal ion coloring (Ji et al., 2013), organic
pigment coloring (Karampelas et al., 2009) and structural coloring
(Snow et al., 2004). The variety of body colors exhibited by South Sea
pearls is due, in part, to a newly recognized nacre structure, the edge-
band structure, which gives rise to the interference colors characteristic
of its width. These colors are first-order Newton's colors, which, when
mixedwith the specular reflection of the nacre andmodified by any pig-
mentation present, give rise to the body color of pearls (Snow et al.,
2004). In the marine pearl oyster Pinctada margaritifera, the rapid
nacre deposition rate may increase the production of grade A pearls
with few surface defects and a dominant black tone (Blay et al., 2014).
Structural coloring should the first-order factor affecting shell nacre or
pearl color. Here, we can make one bold hypothesis that the genes de-
termining shell nacre or pearl structural coloring located in the QTL re-
gion on LG17 for future verification. Further three suggestive QTL (Ab-1,
Ab-2 and Ab-3) for yellowness were identified, providing evidence that
pearl yellow pattern color is under the control of at least the four QTL
detected here and is indeed polygenic. Differential carotenoid contents
and hcApo gene (one genemediates the intracellular uptake of caroten-
oid) expression in purple and white inner-shell color H. cumingii sug-
gested that the presence of carotenoid was related to pearl color (Bai
et al., 2013; Li et al., 2014). The carotenoid color is yellowness color, so
some of the QTL for yellowness may determine shell or pearl color by
controlling carotenoid metabolism. Two additional suggestive QTL (P-
1and P-2) for Purple mantle scar length were identified on LG9, provid-
ing evidence that there are different mechanisms between controlling
color style and controlling color coverage rate of inner shell.

This study is preliminary mapping of QTL related to pearl quality
traits. Besides further constructing high density linkagemap, the precise
measurement of trait phenotypes is crucial for fine QTLmapping. In this
study, the first application for quantifying shell color phenotypes by
CIE1976 LAB model was verified to be successful. The method would
have important implications in futureQTLmapping and selective breed-
ing aiming to improve pearl color (Gu et al., 2014). Due to limit of mea-
sure method, we don't take lustre traits, which affected mutually with
color traits, for mapping QTL in this study. UV-Vis spectroscope is non-
destructive and can be used as a quantitative measure method of shell
or pearl luster (Mamangkey et al., 2010). We may try to apply UV–Vis



Fig. 3. Mapping significant QTL for shell nacre color. a, QTL for purple mantle scar length on LG17; b, QTL for Aa on LG17; c, QTL for Ab on LG17; d, QTL for AdE on LG17. The QTL were
detected with genome-wide threshold (P b 0.01).
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spectroscope in QTLmapping and selective breeding aiming to improve
pearl lustre. In this study, all the traits are indirect pearl quality traits or
mussel traits, mapping QTL for pearl quality traits, pearl size, weight,
color, lustre, and surface complexionwill bemore important to improve
pearl quality in future. It should be notified that the pearl quality pheno-
type measurement and dissecting the contribution of host and donor
mussels are the two most obstacles for mapping QTL for pearl quality
traits. It is luck that we can get some experiences from the first prelim-
inary QTL and genetic associations to pearl quality traits in P. maxima
(Jones et al., 2014).
5. Conclusion

In this study, a consensus genetic linkage map was constructed for
the freshwater pearlmusselH. cumingiiusing 506microsatellites, there-
by providing an important tool for genetics and breeding studies in this
important aquaculture species. QTL analysis for pearl quality-related
traits was performed, and 23 QTL were detected on nine LGs. These re-
sults provide a good starting point for fine-mapping of the identified
QTL for future marker-assisted selection and for eventually identifying
candidate genes responsible for pearl quality-related traits for gene-
assisted selection in freshwater pearl mussel.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.aquaculture.2014.11.008.
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