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result in poor growth and lower survival compared with pure
crosses in oyster aquaculture. h the previous century, almost
all oyster interspecific hybrids with genetic confirmation
wete nonviable, with little gtowth (Allen et al. 1993 ; Allen
and Gaffney 1993). hiecent decades, the genetic materials
for hybridization have been focused on newly described o1
classified species such as C. hongkongensis and C. sikamea
(Allen and Gaffney 19935 ; Wang et al. 2004). Similatly,
breeding depiession or hybrid breakdown has been docu-
mented because of gamete incompatibility in most interspe-
cific hybridization cases (Xu et al. 2009; Zhang et al. 2012,
2017). However, positive gtowth performance was produced
in the following crosses, C. hongkongensis C. angulate
(Zhang et al. 2016b), C. hongkongensis C. sikamea (Zhang
et al. 2017) and C. hongkongensis C. ariakensis (Huo
etal. 2013). " oteover, the gtowth and survival superiotity
of backcross progeny was observed between C. hongkon-
gensis C. gigas fertile hybrids and their parental species
mentioned above (Zhang et al. 2016c), which indicates that
interspecific hybridization also has a potential use in genetic
improvement in oyster aquaculture.

he Q:l amoto oyster C. sikamea is widely distributed
in China, Eoma and hpan (Hamaguchi et al. 2013), and it
is well-known that C. sikamea is a sympatric species of C.
gigas in a few regions (Hedgecock et al. 1999; Hong et al.
2012). he distinguishing morphological characteristics
between the two species ate the more deeply cupped left
valve and a highly wiinkled or ridged shell in C. sikamea
(Wang et al. 2013 ). Howevet, shell morphology is irregulat
and highly variable; thus the use of morphological char-
acteristics often leads to ertors in oyster identification and
clagsification (Wang et al. 2004). o improve oyster resource
management, genetic matkers have been used to solve this
problem, and subsequently a small number of hybrid prog-
enies were detected in the wild by genetic analysis (Banks
et al. 1994; Camara et al. 200%; Hong et al. 2012). he pres-
ence of naturally occurring hybrids between C. gigas and
C. sikamea is interesting and 1aises the question of whether
hybridization between the two species is improvable for
aquaculture. C. sikamea, known for its smooth texture and
sweet fruity flavor despite its small size and slow growth,
has been cultivated and bred artificially on a large scale in
America.¢®n the other hand, C. gigas, characterized by rapid
growth, large size and wide distribution around the wotld,
especially the new Pacific oyster strain selected by Li et al.
(2011), has been developed as a principal cultivated oyster
species in north China. tis apparent that the commercially
important traits of each species would be a useful trait for
the other species. Consequently, hybridization between C.
sikamea and C. gigas may be useful for the genetic improve-
ment of the two species.

h this study, a two-by-two factorial cross between
C. gigas and C. sikamea was carried out under common

@ Springer

hatchery and nuisery conditions, and a detailed compari-
son of the fertilization, survival and growth performance of
the progeny wetre catried out among experimental groups to
determine whether heterosis exists in growth and survival
traits at different stages. he purpose of the study was to
obtain a new potential oyster stock combining the desirable
commercially important traits of each species.

Material and methods
Brood stocks and rearing conditions

C. sikamea wete collected from cultured stock in the area
of Rushan, Shandng Province, China. wo-year-old C. gigas
(successively selected since 2007) with rapid growth perfor-
mance were collected from Rongcheng, Shandong Province,
China. h the summer of 2017, both brood stocks wetre ini-
tially identified by shell morphology and separately condi-
tioned with a mixed algal diet in the hatchery as desctibed by
Lietal. (2011). o achieve the synchronization of spermia-
tion and ovulation of brood stocks, sexually matute C. gigas
weire 1eared at low temperatures ranging from 16.9 to 12 °C,
with temperature maintained by a chiller vessel circulation
system, while the C. sikamea were conditioned in a 1000-L
polyethylene bucket with the water temperature kept at
27.2 302 °C and salinity from 22 to 30 psu.

Fertilization and embryo hatching

After C. sikamea reached the partially spawned stage in Inly
2017, four males and four females from each species were
selected for the experiment. Gametes from the two species
were obtained by dissecting mature gonads, and eggs of each
female were divided equally into two 5-L buckets. Before
fertilization, gametes were examined under a microscope to
engure no sperm contamination or self-fertilization. After
gamete collection, the adductor muscle of each animal was
fixed in 95% ethanol for subsequent genetic identification.
ertilization was carried out3 0 min later after egg collec-
tion; eggs of each individual were fertilized with sperm from
C. gigas (G) and C. sikamea (S) ( able 1). FOI interspecific
crosses, approximately 30 50 sperm surrounded an egg to
enhance the fertilization success, according to Zhang et al.
(2017). " our different combinations were produced, C. gigas
Q@ C.gigas &(GG), C. gigas ¢ C. sikamea J(GS), C.
sikamea @ C. gigas J(SG), and C. sikamea @ C. sikamea
4(SS). he experiment was carried out four times using
different sets of parents. After most of the fertilized eggs
developed into eight-cell stages, the fertilized eggs of each
combination were placed into a ~0-L bucket with a den-
sity of 30 40 eggs mL ! for incubation. he temperature
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Table 1 Experimental design Parents Gl S1 G2 $2 s 3
for the hybridization between C. arens ? ? ¢ ? ? ¢
gigas and C. sikamea G1& GGl SG1

S18 GS1 SS1

G238 GG2 SG2

S28 GS2 SS2

Q3 GGs SGs

Ssd GSs SSs

GG and SS indicate the intraspecific crosses C. gigas @ C. gigas & and C. sikamea @ C. sikamea &,
respectively; GS and SG indicate the interspecific crosses C. gigas @ C. sikamea & and C. sikamea
Q@ C.gigas J, respectively. he subscript numbers 1, 2,3 denote 4 replicates; each replicate was carried
out by one female mating with one male

of rearing seawater was maintained at 29 30 *C and the
salinity was 30 psu.

Rearing, nursery and grow-out

After 24 h incubation, the D-larvae from each combination
were collected on a 42-um sieve and stocked into a larval
rearing bucket (T0-L). he larval dengity of each culture ves-
sel was maintained at four larvae mL ! by adjusting water
volume. he rearing of larvae and spat followed 1outine
culture procedures, as described by Wang et al. (2012). h
brief, larvae were maintained on Isochrysis galbana for the
first*'® days, and added on Platymonas sp. in the later stage.

hirty percent of the seawater was exchanged once a day and
100% every 5 days. Water temperature was kept at 2~ 30°C
and the salinity was 22 30 psu. When 50% of the progeny
reached eyed stage, string of scallop shells were placed in
the buckets. About 10 days after metamorphosis, all spat
were transported to an outdoor nursery pond for 1 month to
adapt to the ocean environment. Subsequently, 60-day-old
juveniles were cultivated, carefully employing a lantern net
hanging culture system to avoid contamination from other
spat in Sanggou Bay, China. During the grow-out period, the
density was 1andomly adjusted monthly and similar levels
were maintained among various groups; the seawater tem-
perature varied from 1.9 to 29 °C.

Geneticcon rmation

he parental species and their hybrids were identified using
different molecular techniques. he parental species were
confirmed using the multiplex polymerase chain reaction
(PCR) assay of mitochondrial cytochrome oxidase T((g® )
marker as described by Wang and Guo (200%2a) (photo not
shown here). ~ o1 every experimental group, 120 individu-
als (4 1eplicates  30) were examined during larval and spat
periods. Samples wete collected and fixed with ethanol for
genetic confirmation, and genomic DNA from larvae sam-
ples was extracted employing Chelex 100. he hybrid sta-
tus of individuals in the experimental hybrid families was

confirmed by PCR 1estriction fragment length polymor-
phism (R” LP), using the internal transcribed spacer 1 (1 S1)
matker as described by Wang and Guo (2002b). he primer
sequences for T S1 were 5'-G CCG AGG GAACC
GC (22S forward) and 5'-ACACGAGCCGAG GA CCA
C 1\;5'28 fmward) Each Icacnon contained 1 uL. PCR buffer
g2%), 0.2 p "dN P, 1pu " of each primer, 0.25 U Taq
DNA polymerase ( a 4aRa) and 15 30 ng template DNA.
hirty cycles were completed, each consisting of 95 *C for
1 min, 55 °C for 1 min, and ~2 °*C for 1 min, with a final
elongation at ~2 *C for 5 min to complete the tun.  he T S-1
PCR product was digested with Hind 1Tto display species-
specific R” LP patteins. Available sequence data for C. gigas
(GenBank A P43743) predicted Hind Mldigestion fragments
of 175 bp and 221 bp, wheteas no Hind Tllcut site was pre-
dicted for the C. sikamea amplicon (partial sequence data,
GenBank AB™35523). Digestion was carried out with 1.5 U
of the enzyme for 10 h using the conditions recommended
by the manufacturer. PCR and digestion products were ana-
lyzed by 1.5% agatose gel electiophoresis and visualized on
a UV trangilluminator to confirm amplification and digestion
of the target amplicon.

Sample collection

he egg diameters of the two species were calculated before
fertilization. Sixty minutes after fertilization, a 2-mL sample
was collected from each bucket, and fertilization success was
measured as the percentage of fertilized eggs (cells divided)
against the total number of eggs. he hatching rate wag cal-
culated as the percentage of D-larvae among fertilized eggs
according to the same procedure (the data for the cross GS
wetre collected in an additional study), considering differ-
ences in fertilization success, and the percentage of eggs that
developed to D-stage was calculated ( able 2).
ot the larval stage, the larvae of each group were sam-
pled every S days after the D-stage, and larva survival was
calculated based on the total number of live larvae on dif-
ferent days post-fertilization. Subsequently, latvae were
photographed using ang®lympus BX53 microscope, the
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Table 2 Hatching index, cumulative survival 1ate of C. gigas (GG), C. sikamea (SS), and theit hybrids (GS and SG), heterosis (H,) and single-

patent heterosis (Igg)

Hatching index

Cumulative survival rate (%)

PCI tilization

tems Egg diameter Hatching rate Eggs to Day 12 Day 21 Day 120 Day 210 Day 320
(um) 1ate (%) (%) D-larvae (%)
GGl 5092 2413 2.3 el.re 20.6” 5.67 4.99 2:21 1.02
GG2 509 9236 ‘2571 “o.17 24 1133 ‘216 035 1.59
GGs 51.19 90 '26.9¢ 226 1e 3.6 3.32 3.2 0.95
GG4  51.62 93.15 'eTiee ‘2]:26 re 433 3.15 3.02 0.e1
Mcan 51.17 032% °209]1 4.02* -°g332 ~.12* 7512 9.41* 21.17 5¢ 025 3.49° 497 227 325 1.67% 1.04 0.41°
SG1 04.29 90.57 ‘2539 315 - 532 4.08 2
SG2 91 25 T35 26 10 ‘24" 53 233
SGs 20 "3.14 3251 30 5 5.05 3.4 2.05
SG4 ‘2333 636 .64 35 0.5 [(RA} 5.17 1.07
Mcan 2715 e.€2* 2127 797 7122 1235% 30.@ 3.73% 75 1.55% €29 1.55% 447 0.92¢ I'%¢ 0.55°
GS1 132 0.73
GS2 0.2
GSs 0.02
GS4 0.43 0.072
SS1 43 .82 9 9l.e” ‘22 35 75 397 3.5 1.7~
SS2 435 4" 96.51 95.56 92.22 20 75 5.52 4.15 0.~2
SSs 44.02 '21.54 73 .42 59.91 15 4.5 2.1e 1.24 0.41
SS 43 04.44 275 '22.04 40 12 T 3124 134
Mcan 4354 043° 0212 “.11* 2705 9.63% 2069 144% 275 11.9% 2 502 4:22 232% s.r2 132% 1.02 0.6*
H, (%) 4.24 4.6 ‘2.6 2520 i 2252 27.1e 0
lgg (%) 539 0.64 11356 113e 3. 30.58 40.45 322

F .
or egg diameter, N

120 (4 1eplicates 30 individuals); for fertilization, hatching and cumulative survival 1ates, N 4 (1eplicates) in each com-

bination. As the GS hybrids wee nonviable, the cumulative survival data for GS are absent. Different superscript letters in each column indicate

significant differences (p4 0.05)

shell height of 30 larvae were measured by nage-Pro Plus
6.0 image analysis software. During nursery and grow-out,
30 spat were randomly selected and the shell height at spat
stage was measured to the nearest 0.01 mm with an elec-
tronic Vernier caliper.

Statistical analysis

As hybrids of the GS group were nonviable and died at the
D-stage, data for the GS cross ate absent here. Differences
in hatching index, growth and survival data between groups
and replicates were analyzed by multiple comparisons using
a two-way analysis of variance (AN®VA). he differences
in growth and survival among the thiee experimental groups
were analyzed with one-way AN®VA. he growth param-
eters were transformed to a natural logarithm to obtain not-
mality and homoscedasticity, and the hatching and survival
1ates were arcsine-transformed prior to analysis. Statistical
analyses were conducted using SPSS 19.0 sof}walc, and the
significance level for all analyses was settop 0.05.
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Heterosis was calculated to evaluate the production traits.
he equation to determine mid-parent heterosis (H,) was taken
from Cruz and barra (1997),

H,(%) = (2SG — GG — SS)/(GG + SS) x 100,

where GG and SS are the average phenotypic value of the
two purebred offspring, and SG indicates the mean value of
hybrid offspring. o estimate the increase in survival and
growth of the hybrids compared with that of the C. sikamea,
the increase in production (lgg) was calculated using the
following equation,

Is6(%) = (Xp; — Xp) X 100/X 5,
where XF, is the mean phenotypic value for the hybrid

progeny, and X,; is the mean phenotypic value for the C.
sikamea.
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Results
Fertilization

A remarkable distinction between C. gigas and C.
sikamea is the size of their eggs, with average egg size
of 51.17 pm for C. gigas and 43.54 um for C. sikamea
( able 2). With 1espect to fertilization rates, the GS cross
had the pootest 1ate of fertilization and hatching, despite
the presence of additional sperm. he average fertiliza-
tion rate was 0.51%, and the fertilized eggs had a signifi-
cant delay to the cleavage stage compared with the other
three crosses. he mean rates of fertilization success
were'29.91%,°27.15% and 92.12% for the GG, SG and SS
crosses, respectively (- able 2); embryonic development
in the SG group was good and comparable to that of the
pure crosses, with no obvious delays or abnormality.

Survival

he hybrids of the GS cross died during the D-stage because
of poor gamete compatibility, so data from the other three
crosses are presented here. Similar to fertilization success,
the proportion of fertilized eggs developing into normal lat-
vae in the SG cross was not significantly different from that
of intraspecific crosses ( able 2). he survival of fertilized
eggs to the D-stage was*®3 32% for the GG cross,'21.2” % for
the SG cross, and*®™.05% for the SS cross ( able 2). Consid-
ering differences in fertilization, the percentage of eggs that
were fertilized and developed to the D-stage was ~1.13 % for
the GG cross, ~0°23 % for the SG cross, and*20.19% for the
SS cross ( able 2). he variation in survival was attributable
to genetic differences among groups, 1eplicates and their
interaction in the larval stage ( able$).
he survival rates for the SG cross and inbied crosses did
not differ significantly during the larval stage, but followed
the order SG SS GG ( able 2). " or example, at days 12
and 21, the mid-parental heterosis values for the SG cohort
were 25'26% and*2.”~ %, 1espectively. During the grow-out

Table3  wo-way analyses of

. N . tem Source  Survival Growth
variance for the effect of genetic
group and replicate set on df MS F value  Sig df MS F value  Sig
performance traits .
ertilization rate G 2 0.004 2,002 0.002%%*
R 3 0.00e 11905 1 0.001%#
G R e 0.00s =195 " 0.001%5
Hatching 1ate G 2 0.00s 10822 1 0.001%%
R 3 0.005 20079 0.001%*
G R 0.006 250290  0.001%*x
Day 9 G 2 0.142 159211 * 0.001%%% 2 0206 17.120 1 0.001%#*
R 3 0.06s 62060 * 0.001%F* 3 0.006 0.502 0.65~
G R e 0.105 111361 * 0.001%%* ¢ 0.005 0.403 027"
Day 12 G 2 0.024 12476~ © 0.001%%% 2 0569 66.659  0.001%#%
R 3 0.020 120071 * 0.001%%* 3 0.006 0.753 0.521
G R e 0.041 61325 " 00017 6 0.009 1.072 0375
Day 21 G 2 006~ 45671 © 0.001%F 2 0.549 @5.669  0.001%%x
R 3 0.122 25309 * 0.001%* 3 0.002  0.92~ 0.403
G R e 0.066 441246 00017 6 0.00s 02~ 022~
Day 120 G 2 0.072 2401 0.002%* 2 2755 142422 " 0.001%%
R s 0.173 20221 0.001%F 3 0.025 4.324 0.004%*
G R e 0.05~ 6615 1 0.001%FF ¢ 0.13 ~.027 *0.001 %%
Day 210 G 2 0.107 4302 0.025* 2 2.149 105925 1 0.001%#%
R 3 0.190 ~.e9 0.001*** 3 0.055 2.713 0.045*
G R e 0.06~ 2702 0.052* e 0.059 2129 0.009%*
Day 320 G 2 041 4240  0.02¢* 2 0202 s4rge  0.0017
R 3 0.02~ 0222 0.461 3 0.00" 0.795 0.49"
G R 0.212 2.15 0.024 e 0.017 2.004 0.004
FOI fertilization, hatching and survival rates, N 3@ (3 samples 12 groups); for growth data, n 3600 S0
larvae 12 groups)

<« < ~
*p 0.05:**p 0.01;***p 0.001
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stage, the SG cohortt survived better than the SS cohort; the
heterosis value of Iy was 30.53 % at day 120 and 40.45% at
day 210. However, there was no significant difference among
the thiee crosses (5 0.05) ( able 2); the variation in su1-
vival was attributable to genetic differences among groups
during the entire spat stage ( able $).

Growth

he data for shell height during the larval and spat stages
are shown in able 4. he mean shell height of the GG cross
was significantly greater than that of the SG and SS crosses
(p 0.05; abless,4). he shell height of the hybrid larvae
was less than that of the SS cross at the larval stage, although
the difference was not statistically significant (F\) 0.05).
However, the shell height of the SG cross was significantly

greater than that of the SS cross at the spat stage ( able 4),
while the Iy value was 23 32% at day 120 and 24.43 % at
day 210. AN®VA demonstrated that the group (experimental
combinations) had a significant impact on shell size during
the entire grow-out stage (p 0.001) ( ables).

Geneticcon rmation

he amplificd bands of T S1 produced by C. gigas_ and C.
sikamea were similar in size, approximately 550 bp (" ig. 1a),
which made it difficult to distinguish the hybrid from the
parental species by standard agarose gels. However, Hind TTE
digested PCR-amplified T S1 products of C. gigas obtained
two fragments (200 and 300 bp), while no fragments were
obtained from C. sikamea, enabling identification of both the
parental species and the ~ 1 hybrids (Fig. 1b).

Table 4 Shell height of C. gigas (GG), C. sikamea (SS), and their hybrids (SG) at different days, as well as heterosis (H,) and single-parent het-

erosis (lgg)

tems Day 9 (um) Day 12 (um) Day 21 (um) Day 120 (mm) Day 210 (mm) Day 320 (mm)
GGl 122.40 141.56 291.51 12.6 14.43 3117

GG2 139.42 133.22 202 ¢S 12.9¢ 1534 32.01

GGS 121.13 14233 226.94 14.44 15.22 Kt

GG4 12575 140.29 22523 14.2° 15.0° 32.32
Mean 12717 29.47* 1393~ 37309° 20032 4727% 13.57 0.9 1502 0.41° 32.16 €.52°
SG1 10239 11639 213.58 9.99 11.01 30.20

SG2 99.03 115.90 21637 1032 9.99 2201

SGS 102.72 119.73 216.2¢ ~1 10.91 2214

SG4 0223 11533 210.32 6124 10.42 2775

Mean 100.59 19.77® 11624 29:29° 214.19 42:24¢ 272 170 1059 0.47° 2252 1.1s°
SS1 105.91 12531 232120 225 2124 2213

SS2 104.95 11570 254 42 652 9.43 26.23

SSs 104.63 11234 262.64 662 925 2522

SS4 *29.90 119.41 2399~ (3 652 24 64

Mean 10025 22.5° 112,19 30.95° 25397 59:21b 07 0ee 251 135¢ 262 472
H, (%) 11.77 92~ 2134 15.56 10.00 225

Isg (%) 0.25 1.14 15.6~ 2332 24 43 2125

For shell height, n 120 in each cross. Different superscript letters in each column indicate significant differences ([; 0.05). he GS hybrids

wetre nonviable after the D-stage, so there are no GS data in this table

Fig.1 Agarose gel images of C. gigas, C. sikamea and their hybrids. a T S1 amplicons. b T S1 amplicons after Hind TTdigestion.

M .
, size stand-

ard (100 bp); lanes 1 2, C. gigas parent; lanes 3 5, hybrid spats from C. sikamea female C. gigas male cross: lanes  ~, C. sikamea parent
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Discussion

b this study, we inttoduced C. sikamea into northern
China and hybridized them successfully with C. gigas.

he aquaculture performance traits of hybrid crosses were
firstly compared with two pure crosses under laboratory
conditions. High asymmetry in fertilization was 1evealed,
C. sikamea eggs were 1eadily fertilized by C. gigas sperm,
while eggs from C. gigas were hairdly fertilized with C.
sikamea sperm. h fact, asymmetric gamete compatibility
is commonly found in oyster interspecific hybridization;
the lack of gamete recognition proteins between C. gigas
eggs and C. sikamea sperm may account for the asymme-
try (Zhang et al. 2012).

Successful embryo development is critical for 1eliable
spat production (Le et al. 20T®). h our research, the mean
fertilization success of the SG cross was*®”.15%, which
was lower than that of the GG and SS crosses. ~ urther-
mote, no abnormal fertilized eggs were documented in the
early embryonic development of zygotes. Generally, ferti-
lization success of interspecific hybrids is lower than par-
ent species among the Crassostrea oyster spcciis (Allen
et al. 1993; Xu et al. 2009; Yurchenko and 4alachev
2016). Gamete 1ecognition barriers were considered to be
the strongest predictor of fertilization success in previous
reports (Rawson et al. 2003 ; Slaughter et al. 2002). How-
ever, it is hard to make accurate analysis as fertilization
1ate can be influenced by water temperature, salinity, and
gamete longevity (Banks et al. 1994; Bushek et al. 200%;
Xu et al. 2009). h our study, high fertilization success
and hatching level were observed among four SG crosses,
suggesting that there was no sperm egg recognition bart-
tier between the C. gigas males and C. sikamea females.
¢®n the contrary, C. gigas eggs are hardly fertilized by
C. sikamea sperm, indicating that bindin divergence
might develop with the combination (" oy and Vacquier
200%; Wu et al. 2011).¢®verall, since fertilization is a key
parameter to assess commercial production of interspe-
cies hybrids (You et al. 2015), the incubation index of
the SG cross was acceptable for large-scale production in
aquaculture.

Survival weakness has been observed in most interspe-
cific hybrids among the Crassostrea genus (Allen et al.
1993 Allen and Gaffney 1993 Soletchnik et al. 2002).
However, in the present study, there were no significant
differences in the survival of the SG cross throughout the
entire life cycle, and the hybrids showed positive survival
advantages in larval and spat stages. his suggests that
the adaptability of the SG hybrid might be stronger than
that of intraspecific progeny under certain environmental
conditions. hdeed, the viability of an aquaculture animal
is known to be affected by the envitonment (Dégremont

et al. 2010; Rawson and Fcindcl 2012). Similar results
wete observed for the hybrids of C. hongkongensis C.
angulate (Zhang et al. 201ea) and C. hongkongensis C.
sikamea (Zhang et al. 2017), for which survival advantages
were maintained throughout the entire lifetime.

he interspecific hybrids exhibited hybrid inferiority in
growth performance at the larval stage, though there was
no significant difference in average shell size between the
SG and SS cross larvae. Similar 1esults were observed in
the crosses of C. ariakensis C. sikamea, C. virginica C.
gigas and C. gigas C. angulata (Allen et al. 1993 ; Soletch-
nik et al. 2002; Xu et al. 2009). hterspecific mating may
hinder genetic exchange between the normally developed
parents and result in genetic incompatibility in the ~ 1 gen-
eration, ultimately causing a set of weakness symptoms (Sun
et al. 2017). hterestingly, notable heterosis (in terms of C.
sikamea) was also found in the spat stage compared to the
SS cross, and the growth 1ate incieased by 23 32% for the
SG cross at day 120 and 24.43% at day 210. he results
demonstrated that genome compatibility between the two
species was acceptable. Zhang et al. (2017) attributed a por-
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