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Abstract

This studydeveloped and characterize®B nowel polymorphic microsatellite markers

from black Amur bream Megalobrama termina$i by nextgeneration sequencing.
Variability was tested on 36 individuals collected from Qiantang River, Zhe
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Province, ChinaThe rumber of alleles per locus ranged from 2 18. Observed
heterozygosity ranged from 0.028 to 0.944, whereas the expebi@rozygosity
ranged from 0.028 to 0.887. Polymorphism Information Content ranged from 0.02

0.862. Moreover, 53 microsatellites were in agreement with Haqly/einberg
equilibrium. Twenty-eight pairwise tests in 33 microsatellite Idaidicated linkage
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this species.

Introduction

Black Amur bream Megalobrama terminalis
(Richardson, 1846R Cyprinidae family membeiis a
benthopelagicfreshwater omnivorous fish (Froesg
Pauly 2019). It is endemic to Asia and widely distribute
from the Amurbasinbetween the Russian Far East at
Northeastern Chinéo Southern China's rivers (Froe%e
Pauly 2019). Megalobrama terminaliss a delicios and
nutritious fish Therefore, it is regarded as a higjuality
fish and deeply favored by consumers. However,
recent years, this fish's wild resources have declined «
to overfishing, water pollutionand growing market
demand(Hu& Shj 2020. Atpresent, the Qiantang Rive
in East China has a certain amount of resources dut
developing a protective plan for local. terminalis
germplasm resourceand has the only national origina
breeding farm oM. terminalisin ChingHu& Shj 2020).

disequilibrium.These microsatellitearea valuable tool for further genetics studies ¢

Nevertheless, the conservation of the natur
populations of this species is an urgent need.
Genetic data for thimrganismis scarceientific
studies arealsonecessary for the conservation of thi
speciesResearchebased on molecular markers are a
essential method for estimating polymorphism anc
structures in wild populations. Microsatellitese often
referred to assimple sequence repest(SSRs). SSRe
highly polymorphic codominant markers andare
suitable for genetic diversity assessments inshf
(Chistiakowet al.,, 2006; Maet al,, 2011; Liwet al, 2011;
Songet al,, 2016; Songet al, 2017). Althoughwenty-
four microsatellite loci exceptel from markers
developed by usf M. terminalishave been registered
in GenBankjyelevant information on thesemarkers
such as primer sequences and level of polymorphisi
has not yet been published. Thus, thélity of these
microsatellite loci as genetic markeemains uncertain
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Besides, most of the microsatellite loci registered
GenBank aralinucleotide or mononucleotide repeats
The polymorphism of mon8SRs ishallenging to
interpret (Lopez et al, 2015), diSSRs are more
challengingto score accurately because of substanti
strand slippage during PCR (Webtal,, 2001),same as
tri-SSRsHowever, tetra-SSRs reduced strand slippas
during PCR compared to dinucleotide repee
(Ghebranioust al, 2003). Moreover, pentaeSSRs may
have lower stutter proportionghan tetranucleotides
(De Barbat al,, 2017).Meanwhile, a few ricrosatellite
markers developed from M. amblycephala M.
hoffmanni and M. pellegriniare typically used oM.
terminalisfor genetic diversity evaluation (Zhaeg al.,
2014; Duet al, 2016; Songet al, 2016; Songet al,,
2017). Zhanget al. (2014) reported 18 out of 60
polymorphicmicrosatellite markers fronmthe genomic
DNA andtranscriptome of M. amblycephalacould be
successfullamplifiedon M. terminalis Duet al. (2016
found that 13 out of 30nicrosatellite markers fronthe
M. amblycephalatranscriptome databasecould be
successfullamplifiedon M. terminalis and 11 out of 13
loci are polymorphic Five out of 29 polymorphic
microsatellite markers fromthe genomic DNA oM.
pellegrini could be successfullyamplified on M.
terminalis (Song et al., 2016). Thirty out of 37
microsatellite markers fromhe genomic DNA oM.
hoffmanni could be successfullyamplified on M.
terminalis but only 4 out of 30 loci arpolymorphic
(Song et al, 2017). In addition, most of the
microsatellite markergdentified (Zhanget al,, 2014; Du
et al, 2016)are dinucleotide repeats, whicare more
difficult to score specifically because of significa
strand slippage during the PCR (Welgtral., 2001)
Thence, in this study, microsatellite loci were targett
to tetra-, penta, or hexaSSRs.

Compared with traditional microsatellite marke
development methods, nexgeneration sequencing
(NGS) is more cosfficient (Zhenget al,, 2013; Lilet al,,
2017). Microsatellite markers derived from express:
sequence tags (ESTs) have achieved high efficienc
gene mapping by ESimple sequence repeats (ES
SSRS)ESTSSRs arassociatedwith the recognized
feature genes and a useful tool for studying iahf
population's genetic structure @ et al, 2012;
Hasselmaret al, 2013). Twentyfour microsatellite loci
excepted from markers developed by usvbfterminalis
have beenregistered in GenBankdowever,molecular
markers forM. terminalisare still na enough, which
cannot fully evaluate the germplasm genetics ai
molecularassisted breeding system of thépecies. For
example,Bouzaet al. (2012) constructeda consensus
geneenriched genetic map of the turbdtased orn463
SNP and microsatellite marlserin nine reference
families and fenget al.(2018) used 7,820 SNPs and 2¢
SSRs to construct theommon carp's highdensity
linkage map. Therefore, more molecular markers for tl
fish urgently need to be developed.

Materials and Methods
SampleCollection and Genomic DNA Extraction

M. terminalisutilized in this study were randomly
harvested from the national original breeding farm «
black Amur bream from QiantangRver, Zhejiang
province China Fin clips samples were used, obtaine
and stor@ A Y I Yy K& R NP dza°C beforORNA 2
was extracted. Genomic DN@Aerived by M. terminalis
was achieved following a standard phembloroform
extraction method (Gree& Sambrook2012).

RNA Extraction and Sequencing

Transcriptomes of liver tissueene sequenced to
access many diverse transcripts because the liver
highly complex organ with a complex transcripton
(Shackeét al.,2002; Shackadt al.,2006). The livers of €
M. terminalis were collected and mixed, used as
sequence sample to build a cDNA librafjne sample
tissues were frozen in liquid nitrogen and stored
1E80°C until use The PCR products were sent to Perso
Gene Technology CO., Ltd (Shanghai, China) for i<
2000 sequencing.

ESTSSR Detection and Primer Development

Microsatellites within the unigersassembly were
detected using a Perl script MISA (httpgrc.ipk
gatersleben.démisa/misa.html). The SSR loci we
considered to target microsatellites with at kafive
tandem repeats for tetrg penta-, and hexaSSRs. EST
SSRs primers were designed using Primen3 2.3.6
(http://sourceforge.net/projects/primer3) under the
following criteria, primers' length is approximately 2
bp. The melting temperature was around €D

PCR Conditions and Amplification of Microsatellites

Genomic DNAs from 81. terminalis individuals
were used to initially screening primers that TouchDo\
PCR can amplify. According to the manufacture
instructions, PCR amplifications were conducted us
AmpliTag GoltM Fast PCR Master Mix (Applie
Biosystems, Foster City, CA, USA). PCR amplifica
were conducted at the following conditions: initie
denaturation for 3 min at 9%C followed by ten cycles
for 30 s at 94C 30 s at the annealing temperature, an
20 s at 72C the initial annealing temperature was €%
which reduced by °Cin each cycle, followed by 2(
cycles for 30 s at 9€, 30 s at 55C and 20 s at 7Z;, that
was followed by a final extension at “@for 5 min.
Amplification products were analyzed by 3% agarose
electrophoresis. The loci which cannot be amplified in
samplesvere excluded from further testing. All primer
showed stable PCR results were labeled with
fluorescent dg (FAM) on each forward primer.
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Genotyping

Microsatellite loci were characterizedy 36
individuals ofM. terminalisrandomly harvested from
the national original breeding farm of black Amur brea
from Qiantang River, Zhejiang province, China. F
amplifications were conducted as same as tl
procedure described above. PCR amplifications w
alsocarried outwith the related parametersdescribed
above while the final extension for PCR wamducted
at 72°Cfor 30 min. The PCR products were sequenc
on an ABI3730xI automated sequencer (Appli
Biosystems, Foster City, CA, USA). The fragment si.
alleles was determined against the standard size of
500 using GeneMapper software (Applied Biosyster
Foster City, CA, USA).

Microsatellite Data Analysis

The program Cervus ver. 3.0.7 assessedhe
number of alleles per locybserved heterozygosity,
expected heterozygosity,and the polymorphism
information content PIC Kalinowskiet al,, 2007) The
program PopGene ver. 1.32 assessed confirmation
HardycWeinberg equilibrium with the likelihood ratic
test (Yehet al, 1999) The programArlequinver.3.5.2.2
carried out m@irwise tests for linkage disequilibriun
(Excoffier& Lischey2010) performed using a likelihood
ratio test whose empirical distribution was obtained

75

a permutation procedure(Slatkin & Excoffier 1996).
Meanwhile, Bonferroni corrections were used t
evaluate the significance (Ric&989). Theprogram
Micro-Checkerver. 2.2.3(VanOosterhoutet al, 2004)
was used to calculate thaull allele frequency.

Results and Bcussion

The Gene Ontology (GO) is a controlled vocabul
composed of >38 000 precise defined phrases called
terms that describe the molecular actions gkene
products, the biological processes in which those actic
occur, and the cellular locations where they are prese
(Balakrishnanet al, 2013). GO annotation is the
statement of a connection between type of gene
product and the types designated byerins in an
ontology (Hill et al, 2008). In this study, 68
microsatellitecontaining unigeneswere classified by
their biological process, molecular function, and cellul
component  using the  Blast2GO program
(https://www.blast2go.com/) and visualized byhe
WEGO program (http://wego.genomics.org.cn/
Among the 68 unigenes, 20 were successfully mapj
with GO annotations and classified into three ontologi
that contained 23 G@rms(Figure 1)At the cellular GO
level, there were nine total GO terms, corresponding
3 unigenes in the cell part (GO: 0044464), thr
unigenes in the cell (GO: 0005623), and three unigel
in the membrane (GO: 0016020); Regarding t
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Figurel. Gene ontology classification of 68 unigewentaining microsatellites iNMegalobrama terminalis
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molecular function ontology, far total GO terms were
assigned, and the primary functions were bindii
functions (GO: 0005488) with 14 unigenes, and catal
activity (GO: 0003824) with three unigenes. In tl
biological process category, 10 GO terms were assigt
most of the unigeneswere involved in the cellular
process (GO: 0009987), biological regulation (C
0065007), and regulation of biological process (C
0050789).

Sixtyeight unigenes produced by RMAg data
contaired 72 microsatellites with at least five tander
repeats fortetra-, penta, and hexaSSRsThere are four
unigenes, and each unigenes contains two microsatel
loci. Four loci of the four unigenes were not capable @
designing primerdn the 72 microsatellite§,wenty-four
motifs were obtained, of which the mostequent was
AAAC/GTTT (11, 15.28%), followed by AAAG/CTTT
13.89%), AGAT/ATCT (10, 13.89%), AAAT/ATT
8.33%), AATC/ATTG (6, 8.33%), AAAAG/CTTTT (4, ¢
and AAAAT/ATTTT (4, 4%y (Figure 2).Detailed
analysis showed that tetr8SRs were the mbfrequent
(79.17%), followed by pemt8SRs (15.28%) and hex
SSRs (5.55%). SSRs with five tandem repeats
37.50%) were the most common, followed by ¢
tandem repeats (18, 25.00%) and seven tandem repe
(9, 12.50%).

All 68 microsatellite loci had@olymorphic pattern
(Table 1). The numbef alleles per locus ranged from
(Mt01650, Mt02653, Mt03365, Mt05046) to 31
(Mt01191, Mt07858). The observed heterozygosi
ranged from 0.028 (Mt01650, Mt02088) to 0.94
(Mt06235), whereas the expected heteropgity
ranged from 0.028 (Mt01650) to 0.887 (Mt01218)C
ranged from 0.027 (Mt01650) to 0.862 (Mt0121aith
42 out of which being highly informativé®(C> 0.5) and
20 moderately informative (0.25RIC< 0.5) (Botsteirmt
al., 1980). Analysis with theprogram MicreChecker
showed in a pool of sampled individugldow-to-
moderate frequencies of null alleles in these loci, whi
is not surprising. Null alleles are commonly observec
various species fiaoet al,, 2011; Ywet al, 2019).Null
frequencies below 0.2 are acceptable in mos
microsatellite datasets (Daki& Avisg 2004). In 14ut
of 68 microsatellite loci, this estimate was higher th:
0.2. According to the analyzed result of MigCbecker,
in nine out of the 14 microsatellite loci, this estiate
was higher due to the stutter peak's existence. In tl
other five out of 14 loci, the most probable reason fc
this phenomenon being scoring errors may be tl
heterozygote genotype's lossFifteen out of 68
microsatellite loci exhibited significant gvabilities of
departure  from  HardgWeinberg  equilibrium
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Table 1.Characteristics and genetic diversity of 68 microsatellite loci develope@galobrama terminalis

ID wS LIS i ForwardPrimer(5-3') ReversePrimer(5-3") SizerangeNa Ho He PIC PHW Fuui1 ! O0Saais
Mt00453 (TAGTA)5 CCACCAGTGTGAACGCTAAA TGCTATCCCAAAGAAAACCG 185195 3 0.361 0.567 0.488 0.0083 0.126¢ MT182737
Mt00943 (TGTT)6 ATCCTCATCAGGGACATTGC AGGTAGAGCAGATGGGCAAA 171187 4 0.472 0.46 0.391 0.5824 -0.013C MT182738
Mt00998 (CTTTCT)6 AGGGGGATCGAGAGACAGAT CACAACACCCTGACAACCAC 226250 5 0.514 0.636 0.567 0.0396 0.098¢ MT182739
Mt01091 (AAAC)6 TGCCATATAGAACAATACATGAAC ACCTTATGGACAATGCAGCC 114130 4 0.306 0.398 0.364 0.0004 0.062: MT182740
Mt01146 (TATC)5 AGGAATCCAACCGTCACATC ATTGTGCTGCTGCATTGAAC 183207 7 0.629 0.765 0.718 0.6800 0.090¢ MT182741
Mt01148 (GAAA)5 CCTAAGGGTGAGGGCTTTTC TCTTGTCAGGAGTGTGGGTG 130178 6 0.278 0.647 0.584 0.000¢ 0.220C MT182742
Mt01153 (ATAG)8 TGATCCCCTTTGGTTTTCAG CACCCCAAGTACCCTAGCAA 263315 10 0.528 0.751 0.700 0.6176  0.1221 MT182743
Mt01191 (AGAT)7 GTTTCACCAAAACGGGAAAA GGAGCGAAGTGAAGACCAAG 259383 13 0.382 0.796 0.763 0.4516  0.344t MT182744
Mt01210 (TCCA)9 GACTCCTTCACCTGCGTCTC CTCACTACAGGCCCCCAATA 204288 12 0.667 0.887 0.862 0.1412  0.110¢ MT182745
Mt01650 (TCCACC)5 ACATCAGGTACGGGCTCAAC CACTCCCACCAGTCAAGGTT 268274 2 0.028 0.028 0.027 1.0000 -0.000¢ MT182746
Mt01770 (AAAG)5 TGGGCTTTTGAGGGTACAAA ATGCGTTTCTTGGCTTGACT 189281 7 0.444 0.720 0.665 0.0207 0.155z MT182747
Mt02032 (ATCA)12 GGCCCAGTGACCTTCAACTA CCCCTTTAAAATCCTTGGGA 79115 7 0.686 0.700 0.651 0.5949 0.003C MT182748
Mt02088 (ATTTT)5 GATGCCGCCAAGAACTAAAA ATTCCAAGCAAGGCAAAGAG 263278 4 0.028 0.184 0.176 0.000F 0.130: MT182749
Mt02229 (TATT)6(TGTT)! AAATTGGCGATGAGAACTGG CAGCTGCTAGTAATTTTAAGCTC 212276 8 0.361 0.783 0.736 0.000F 0.232C MT182750
Mt02292 (CTTT)16 TGGTTTATTGCCTGCTTGGT GAGCTAAAGATCAAAAACATGC 213261 10 0.500 0.646 0.612 0.7871  0.083¢ MT182751
Mt02417 (TATT)6(TGTT)! CGATGAGAACTGGGCAAGA TGGACCAGAGAGAAATGATGC 235351 12 0.343 0.719 0.682 0.2466  0.3481 MT182752
Mt02610 (AAGA)6 AATTTAACCAACACTTTATTACCAA TCCAGACCTTCATGTGTCCA 211-223 4 0.194 0.182 0.171 0.9956 -0.012¢ MT182753
Mt02653 (GATG)6 GCCATTACTGCTGGATGGTT ATGAGATATTGGCGTCCGTC 270278 2 0.472 0.504 0.373 0.7053 0.016z MT182754
Mt02681 (AAGAC)5 TGGGGTCCATTTAATTCCAA TGATGGCATGAGAACGGTAA 189264 4 0.389 0.534 0.415 0.4005 0.090z MT182755
Mt02770 (TTCA)6 ACATTTGTATCGCTCGGAGG CTGTCGATGCCAGCTCAATA 248272 5 0.528 0.464 0.416 0.0659 -0.048t MT182756
Mt03071 (AAAG)7 GGACAATTTTGATTTCAAAGGC CCTGTAGATGGCAAGGTGGT 202258 6 0.389 0.477 0.425 0.5713 0.055€¢ MT182757
Mt03327 (TGAT)6 CTGCAGTGTTCCTCACATGG TCATTCACAGTAACTGCCTTTC 251-259 3 0.472 0.548 0.465 0.0920 0.044: MT182758
Mt03365 (ATGT)8 TTTTCTGAGGTGGGATGGAC GATCAGAAAATCCTGCTCCG 221-225 2 0.444 0.501 0.372 0.4936 0.0331 MT182759
Mt03456 (GAAA)13 AGATGCCGAAAGCTTGTGAT CAAAGATCGGAAGGCTGGTA 239271 9 0.528 0.772 0.733 0.0695 0.132¢ MT182760
Mt03576 (TTTG)5 TTGCCGCCTTAAGTCAAAGT ATCTAGACGGCATTTCGGTG 177205 6 0.917 0.711 0.644 0.0111 -0.126¢ MT182761
Mt03643 (GAGT)5 GGCGTGTCCTGAGTTTTGAT ACGTACATTCAGGGCGTCTC 89101 4 0.833 0.632 0.578 0.000F -0.129t¢ MT182762
Mt03873 (TGACT)5 GGCTGCTTTGACACAATCTG ATCGCATATCGTTACAGCCC 197262 8 0.361 0.642 0.589 0.1485 0.1667 MT182763
Mt04004 (AAAC)5 GCTTGCTTATGTCCACACCA TGAATTTTGTGAGGGGTCAA 251-267 3 0.222 0.286 0.249 0.5038 0.046€ MT182764
Mt04221 (TTTTC)12 TGGCTGCAGATGAAATTAAGG GGTTTGCACAAGTTGGTGTG 218278 10 0.306 0.838 0.805 0.000% 0.285z MT182765
Mt04243 (AAAT)5 TACAATGCGATAGTGCTGCC GCCGCCAGATATTCTTCAAA 213225 4 0.306 0.435 0.396 0.0122 0.0861 MT182766
Mt04398 (TTTTC)7 AGATTCTGGCTGCAGATGAAA GGTTTGCACAAGTTGGTGTG 224289 8 0.194 0.747 0.698 0.000G 0.312: MT182767
Mt04429 (TAGA)6 GCACTGGCAGAAATCCAAGT ATTCTGAGCACCAGATGGGT 179195 5 0.694 0.684 0.616 0.0204 -0.012C MT182768
Mt04680 (CAAA)7 GCGTCAGAAGAGAAGGACTGA TCAGACGCTTGTGAGGAATG 207275 8 0.7 0.789 0.744 0.0638 0.015¢ MT182769
Mt04878 (ACGC)5 TTACTCCAGAGCACACGCAC GGCAGTCATGCACTTTCTGA 100108 3 0.333 0.502 0.397 0.0041 0.108¢ MT182770
Mt04992 (TAGA)6 GCAGCCTTGGTGAGCATAAG GCAGTGGATACATCAGACAGG 188220 6 0.417 0.668 0.621 0.000G 0.145¢ MT182771
Mt05046 (TCAA)5 AGCTGTAGCCGAGATCCTCA CTCTCACATGTTTGTGCGGT 192200 2 0.500 0.505 0.374 0.9474 -0.001C MT182772
Mt05103 (CCTC)5 TGTTATCGGTTCTCCTCAGCA CTTTGAACGTGTCTGCGGTA 202246 6 0.611 0.696 0.623 0.8766 0.044¢ MT182773
Mt05108 (TTTC)5 GCAGGTATGCACCCCTGATA CTCAATAAGCAGCCCAAAGG 187203 5 0.444 0.554 0.449 0.1837 0.0661 MT182774

80€-66¢ '(9)13S "renby®-ysid " MInL

€0€



Table 1.Continued

ID wSLISI i ForwardPrimer(5:3') Reverse Primer(8') SizerangeNa Ho He PIC PHW Fuurl ! OO0Saarx
Mt05212 (GATT)7 AAACCATCTTCATCAACCGC CGAGCCAAACTTACCTGTCC 112132 5 0.722 0.584 0.525 0.0012 -0.093C MT182775
Mt05488 (GTGA)6 CGAAGACTCGTTCTGGTTGC GAAAAACTGCCAGGGAAACA 219243 7 0.639 0.737 0.683 0.7312 0.051z MT182776
Mt05531 (CTTC)5 ACTACAGTACCTGCCGCTCC CTGAGCATCATATACAGAGGC 266298 7 0.611 0.664 0.631 0.5160 0.026: MT182777
Mt05575 (TTTC)10 TGGTCCCCAGGACATAATTT CCTGCTGGTCAACAGAAAGA 254278 5 0.917 0.777 0.726 0.0753 -0.085C MT182778
Mt05612 (TATT)7 AAATTGGCGATGAGAACTGG TGCAAAATGTGATAATTCACG/ 248280 9 0.389 0.805 0.768 0.0013 0.225¢ MT182779
Mt05670 (AAAG)12 TTGGTAGTAAACTGCCATTTATTC CCTGTAGATGGCAAGGTGGT 139175 4 0.361 0.466 0.403 0.4236 0.067¢ MT182780
Mt05830 (TAGA)8 GCATTTCCCAAAGAAGAGCA AGTGTTTATGGCCGTTTTCG 112152 11 0.806 0.828 0.793 0.3704 0.006z MT182781
Mt06059 (TTTG)5 GCAGGTCCAAATCTGTCCAT CGCTTTGACACCACTTTTTG 153169 5 0.806 0.685 0.616 0.0171 -0.077¢ MT182782
Mt06205 (TTCA)S CTGCAGCGTTGTAATGGAGA CAAGCTTAGCCCACAGACCT 127135 3 0.889 0.598 0.517 0.000¢ -0.1881 MT182783
Mt06235 (AGAAG)24 CTTCAACATGAAGCACGCAT GCAGGAGAGGCAGAAACAAC 174229 10 0.944 0.806 0.768 0.5499 -0.083¢ MT182784
Mt06290 (GTCT)5 CAATCACGCCTCTCTTCTCC ATGCTCTTCTTGGGACGAAA 232240 3 0.611 0.579 0.478 0.0152 -0.025:¢ MT182785
Mt06545 (AAAAT)5 CCTGAAACTACTTGACCGGC AATTTACAAAAAGCGCCGAG 224234 3 0.278 0.246 0.219 0.6919 -0.028: MT182786
Mt07071 (ATTTT)5 AAAGTCTGCCCTAACTATCCTC( GATACATATGCAGGGTGGGG 217232 3 0.056 0.055 0.054 0.9987 -0.0011 MT182787
Mt07184 (GTTT)5 TGGCAGGAAGTTGGTTCTTT GTTGTTGAAGCCCCCAAGTA 225245 4 0.278 0.446 0.365 0.1043 0.112¢ MT182788
Mt07497 (TTTTC)11 TCCTTTGGGGAGAGAGGAGT TGCAAGGATAGGGGTGCTAT 179236 10 0.528 0.814 0.776 0.0037 0.152¢ MT182789
Mt07649 (TAGA)25 AACACGAGCAGAGCATCAGA TTTTGGCAGATTGATTTCCAC 171-227 8 0.389 0.806 0.767 0.0004 0.226C MT182790
Mt07858 (AGAT)9 TGCAGCCTTTACATGCTAGTG CAAGCTGCTCCTTCTTGTGA 170238 13 0.444 0.835 0.805 0.1819 0.208C MT182791
Mt08470 (TTTA)S GACCTGGATGCTGAACACCT GGGGTGACTGAACTAATGTAG( 210246 5 0.444 0.723 0.665 0.000G 0.156€ MT182792
Mt08751 (TTGT)7 TGTCCATCCATACATCCCCT ATAACACATCGCTTCCCTGG 150174 4 0.556 0.531 0.413 0.8570 -0.021C MT182793
Mt08967 (TTAA)7 TTGAGCAGAGTTTCAGTCTGTTT TTTCCCTGACCCTGTCAATC 150238 7 0.278 0.642 0.594 0.0006 0.217¢ MT182794
Mt08993 (TATG)5 TGCCTGTTCTTCAGGTTTCA GGAAATAATGCACTTGGACAC, 140168 7 0.167 0.423 0.395 0.0077 0.176€¢ MT182795
Mt09110 (CAAA)6 ATGGCACCCACTTTGACATT ACCCTGCACATTTTGACACA 221249 7 0.222 0.685 0.621 0.000%F 0.270€ MT182796
Mt09258 (ACGC)5 TCAGATTCTTGGGCGTTTTC CCCATTTCTGTGTGCAAATG 241281 7 0.500 0.790 0.748 0.0008 0.157C MT182797
Mt09745 (GGTGGA)6 GGCCGTCTTTGGTATGTGTT ACATCAGGTACGGGCTCAAC 163223 6 0.361 0.665 0.596 0.0032 0.178C MT182798
Mt09943 (AAAG)16 CTTTGAAGCTGGTATGGCGT ATTAGCAATGCCTCCTCCCT 216256 8 0.29 0.766 0.728 0.000( 0.2881 MT182799
Mt09962 (AATAG)10 CAAACGACGTATTTGTACTGCG TGGGTGCGAAGTGTTATTATAC 130275 8 0.444 0.523 0.495 0.4547 0.046€ MT182800
Mt10251 (TATC)17 CAAGCAATGCTCTCACAACC TCTGTGTGGATGCTAGGGTG 188248 6 0.139 0.301 0.284 0.0311 0.1217 MT182801
Mt10425 (CGTTCA)18 TAACCTGCTGTCGGTGAGTG AATGCGGGACATTTTCTCAA 185239 7 0.139 0.741 0.698 0.000G 0.341¢ MT182802
Mt10537 (AATA)5 TGACATCTTCACCCATCCAA GCCTCCATTTCATATTTCAAG; 233265 7 0.806 0.693 0.630 0.0329 -0.072¢ MT182803
Mt10953 (AGAT)7 CGACATGAGCCTCAATTGTTT CTTTGGAATAACGGCTTGGA 229285 10 0.417 0.820 0.786 0.0050 0.216€ MT182804

Note: Naindicates the number of alleles per loci$p indicates observed heterozygosityle indicates expected heterozygosityHWindicates probabilities derived from Hardfyeinberg equilibrium,*indicates a

significant deviation after Bonferroni correctiof € 0.0007)PlGndicates polymorphism informatiocontent, v indicates null allele frequency.

(AY)

80€-66¢ '(9)13S "renby®-ysid " MInL

v0€
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expectations after Bonferroni correction, adjuste
critical P < 0.0007. The deviations occurred, perha
resulting from the presence of null alleles or smi
sample size, or considering the potentfal extensive
gene flow in this species, the Wahlund effect (Johns
& Black 1984).Of the 2278 pairwise testson the 68
microsatellites, 28 pairwise tests indicatedlinkage
disequilibrium, adjusted criticaP < 00007 (Figure 3).
Thelinkagedisequilibrium patternsnay affectgenome
wide association studies' success and the genol
selection and provide key information about
demographic historyYoshideet al., 2019. In this study,
28 pairwise testsin 33 microsatellite loci(Mt01148,
Mt01210, Mt01770, Mt02088, Mt02229, Mt02292
Mt02610, Mt02681, Mt03071, Mt03327, Mt0345€
Mt04221, Mt04398, Mt04680, Mt04878, Mt0499Z
Mt05575, Mt05612, Mt06059, Mt07184, Mt07497
Mt07649, Mt07858, Mt08470, Mt08751, Mt0911C
Mt09745, Mt09943, Mt09962, Mt10251, NI0425,
Mt10537, Mt10953) indicated linkage disequilibriui
among loci, which might be due to natural selection.
Using the fast isolation by AFLP of sequent
containing repeats (FIASCO) method, we he
developed 15 microsatellite markefilom the genomic
DNA ofM. terminalis(Liuet al., 2020. However, most of
the markersdeveloped bythe FIASCnethod are di

SSRBesides, most dhe polymorphicSSReeported by
Zhanget al.(2014) aredi-SSRgoo0. Furthermore,11 out
of 30polymorphicSSRseported byDuet al. (2016 are
almost di-SSRsdi-SSRs are morehallengingto score
accurately because of substantial strand slippage dur
PCR (Webeet al, 2001).Songet al. (2016,2017) had
developedb out of 29and 4 out of 3polymorphictetra-
, penta, and hexaSSR¢$rom the genomic DNA d¥l.
pellegriniand M. hoffmanni,respectivelythat could be
successfully amplified av. terminalis However,only 9
SSRs aresufficientto evaluate germplasm genetics
especially constructing a microsatellitbasedlinkage
map. In contrast, 68 polymorphic microsatellite markel
have been developed in this researcthe$e markers
significantly increased the number of microsatelli
markersof M. terminalis

The SSR marketan beclassified into two groups,
ESTSSRs and the genomic SSRs (gSSRs). In gener
frequency of ESBSRs can be confirmed to be decreas
because SSRs have a high degree of mutation and
influence gene expressidiieiraet al,, 2016). However,
some sudies indicate a predominance of the-B5Rs
and hexaSSRsin coding regions, resulting fron
selection pressure against mutations that alter tt
reading frame(Zhanget al., 2004; Xwet al, 2013) In
humans,tandem repeats have been documented to

1.00

0.80

0.60

0.40

0.20

0.00

AR

Figure3. the probabilitiesfrom pairwise tests for linkage disequilibriuofi68 microsatellite locin Megalobrama terminalisBlue
squaresndicate a significant deviation after Bonferroni correcti®(0.0007)
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expected in many proteins, and the mechanisn
involved in their genesis may contribute to the rap
evolution of proteingVieiraet al., 2016). Different SSRs
have different usesgSSRs are resulting in better me
coverage and dilization in comparative mappg and

evolution studies is advantageous to ESISR

(Parthibanet al., 2018. The SSR# this researchare

isolated within the unigenes. Therefore, such SSRs
not neutral. ESBSRs are treated as noputral

markers but useful for studying adaptive geneti
diversity (Ellis% Burke 2007).Athough the developed
68 SSRare a valuable tool for further genetics studie
of this species, they should be treated with caution di
to the significant HardyVeinberg and linkage
disequilibrium tests. New studies with differen
populations should be employed to evaluate tr
potential of the developedSRdt is expected that the
reduction of the NG8ost will increase the diffusion o
this approach for nommodel organisms. NGS wi
uncover DNA polymorphisms at an unprecedented sc
by making available extensive data on both gSSRs
ESTSSR&Mancoet al., 2020.
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