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Abstract

Background: Sika deer is one of the most popular and valued animals in China. However, few studies have been
conducted on the microsatellite of Sika deer, which has hampered the progress of genetic selection breeding. To
develop and characterize a set of microsatellites for Sika deer which provide helpful information for protection of
Sika deer natural resources and effectively increase the yield and quantity of velvet antler.

Results: We conducted a transcriptome survey of Sika deer using next-generation sequencing technology. One
hundred eighty-two thousand two hundred ninety-five microsatellite markers were identified in the transcriptome,
170 of 200 loci were successfully amplified across panels of 140 individuals from Shuangyang Sika deer population.
And 29 loci were found to be obvious polymorphic. Number of alleles is from 3 to 14. The expected heterozygosity
ranged from 0.3087 to 0.7644. The observed heterozygosity ranged from 0 to 0.7698. The polymorphism
information content values of those microsatellites varied ranged from 0.2602 to 0.7507. The marker-trait association
was tested for 6 important and kernel characteristics of two-branched velvet antler in Shuangyang Sika deer
through one-way analysis of variance. The results showed that marker-trait associations were identified with 8
different markers, especially M009 and M027.

Conclusions: This study not only provided a large scale of microsatellites which were valuable for future genetic
mapping and trait association in Sika deer, but also offers available information for molecular breeding in Sika deer.
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Background

Molecular markers are commonly used to test the gen-
etic characteristics of species within or among popula-
tions [1]. These molecular markers mainly include
microsatellite, single nucleotide polymorphisms (SNPs),
random amplified polymorphic DNA (RAPD), amplified
fragment length polymorphisms (AFLPs), sequence-
related amplified polymorphisms (SRAPs) and so on [2].
Microsatellite markers are tandem repeats of 1-6bp,
usually associated with copy slippage and DNA repair,
and are distributed in the genome of all organisms [3].
Microsatellite markers are characterized by high poly-
morphism, high information content, specificity, domin-
ance, and reproducibility [4]. They can be classified into
genomic microsatellite and expressed sequence tag
microsatellite (EST microsatellite) based on their loca-
tions [5]. EST microsatellite was found in selectively
more constrained regions of the genome [6]. Although
compared with genomic microsatellite, EST microsatel-
lite has some disadvantages: (1) The polymorphism level
of EST microsatellite was lower than that of genomic
microsatellite; (2) Due to a consequence of the un-
detected presence of introns in flanking regions, the
amplicon size may be different from expected [7]. How-
ever, this was balanced by the following advantages over
genomic microsatellite: (1) EST microsatellite was used
to detect the variation in the expressed portion of the
genome, which may give the concerned marker-trait as-
sociations; (2) EST microsatellite could be developed at
no cost from the EST databases which become a fast, ef-
ficient and low-cost choice; (3) Unlike genomic micro-
satellite, once developed, EST microsatellite may be
highly conserved among a number of related species,
resulting in a high level of transferability [6, 8].

Due to the lack of available genomic information, it is
difficult to develop ideal microsatellite. Transcriptome
sequencing is an alternative to whole-genome sequen-
cing for obtaining microsatellite, which are essential for
developing abundant EST microsatellite and identifying
target genomic regions for important characteristics [9].
In the last decade, deep transcriptome sequencing has
been generated in model and non-model organisms,
which have greatly accelerated the collection of genetic
resources and the understanding of the interest of gene
expression, regulation and networks [10—12]. Because on
these advantages, transcriptome sequencing has been
widely used in non-model animals for EST microsatellite
development, including the Siberian tiger, the ridgetail
white prawn Exopalaemon carinicauda, the Yellow cat-
fish and so on [13-15].

Sika deer is one of the most popular and valued ani-
mals in China [16]. The velvet antler has long been a
traditional tonic or alternative medicine, according to
ancient Chinese pharmaceutical monographs [17]. It is
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also a useful model for the study of the mechanisms of
organ regeneration, rapid growth and mineralization in
mammals [18]. At present, the key problem of raising
economic benefits of deer breeding is to improve the
yield and quality of velvet antler in China. The growth
characteristics of velvet antler are closely related to gen-
etic factors. Despite substantial age- and environment-
related variation, velvet antler size was also heritable
[19]. Conventional breeding cycles are long, and it is dif-
ficult to make early selection. The research on the velvet
antler growth characteristics by using molecular genetic
markers can effectively overcome the shortcomings of
traditional methods and improve the velvet antler yield
of Sika deer. Due to the lack of sufficient molecular
markers, Sika deer breeding technology is relatively
backward. Although Zu et al. (2001) developed 200
microsatellite markers in Sika deer, most microsatellite
markers were borrowed from cattle and the polymorph-
ism was relatively low [20]. Until recently, 22,479 micro-
satellite markers were obtained from 125 M bp genomic
data of Sika deer by using IlluminaHiSeq™2500 sequen-
cing technology. Among them, 29 microsatellite markers
were identified to be polymorphic, of which 10 loci
could be used for paternity testing of Sika deer [21]. So
far, only genomic microsatellite markers have been de-
veloped and EST microsatellite markers have not been
reported. In addition, microsatellite markers have been
mainly applied to genetic diversity, genetic structure
analysis and paternity testing in Sika deer [22—24]. Only
a few microsatellite markers related to the production
performance of the velvet antler have been reported. Li
et al. (2011) found that BE, CE genotype at BM1225 and
AA genotype at T172 could be regarded as linkage gen-
etic marker of velvet antler weight of Xingkaihu Sika
deer [25]. Yang et al. (2014) found that the second exon
C629G of melatonin receptor 1A gene showed signifi-
cant association with velvet antler yield, and the velvet
antler weight of CC genotype was higher than that of
GC genotype in Wusan Sika deer [26]. However, com-
plex characteristics could not be completely controlled
by a single gene, and it required a series of genes.

To solve this problem, through Illumina sequencing
and bioinformatics analysis, approximately 289 gigabytes
(289G) high-quality reads were obtained and were as-
sembled into 1,348,618 unigenes. In our study, the fre-
quency and distribution of 182,295 potential EST
microsatellite markers in the Sika deer transcriptome
were analyzed. Two hundred EST microsatellite markers
loci which expressed in antler were selected for primer
design, of these, 170 loci were successfully amplified
across panels of 140 individuals from Shuangyang Sika
deer population. And 29 loci were found to be obvious
polymorphic. Finally, the marker-trait association was
tested for important and kernel characteristics of velvet
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antler in Shuangyang Sika deer. We found 8 EST micro-
satellites, especially M009 and M027, which can be used
as molecular markers in the breeding process of weight
of the two-branched velvet antler. The development of
tremendous Sika deer molecular markers could help to
protect germplasm resources. At the same time, it can
effectively increase the yield and quantity of velvet ant-
ler. The present study thus represents the first compre-
hensive application of transcriptome sequencing in the
development of Sika deer EST microsatellite markers.

Results

Characterization of EST microsatellites in the Sika deer
Transcriptome

A total of 1,348,618 unigenes covering 0.74 GB and 182,
295 EST microsatellite loci were identified from 182,295
sequences of unigenes. The average density of EST micro-
satellite was 9.53 kb. In total, 22,261 unigenes (12.21%)
contained more than one EST microsatellite loci.

We analyzed the distribution of EST microsatellite that
has 1-6bp repeat motif. The mono-nucleotide was the
most common type of repeat (70.15%), followed by di-
nucleotide and tri-nucleotide (21.54, 7.4%), thirdly tetra-
nucleotide, penta-nucleotide and hexa-nucleotide was
only 0.91% of total EST microsatellite. In addition, the
highest number of repeat motifs per locus was 11-36 (82,
042, 45.01%). This was followed by 10 (47,829, 26.24%), 6
(23,194, 12.72%), 5 (10,764, 5.9%), 7 (10,132, 5.56%), 8
(4952, 2.72%) and 9 (3382, 1.86%) repeats (Table 1).

After the removal of the mono-nucleotide motifs, the
di-nucleotide motifs were the main type in transcrip-
tome of Sika deer (39,258, 72.15%) (Additional file 1).
Among the di-nucleotide motifs, the most dominant
type was AC/GT (26,522, 67.56%) (Fig. 1la). Two most
frequent repeats in the tri-nucleotide were AGC/CTG
(3420, 25.36%) and CCG/CGG (3296, 24.44%) (Fig. 1b).
Among the tetra-nucleotide motifs, AATG/ATTC (250,
15.60%) was the most dominant motif (Fig. 1c).

In this study, the length of less than 12 bp microsatellite
was removed. The total number of EST microsatellites
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screened from Sika deer was 72,316 (ranging in length from
12 bp to 313 bp). Among them, the lengths of 56,632 EST
microsatellites (90.76%) were 12—20 bp, and the lengths of
6684 EST microsatellites (9.24%) were longer than 20 bp.

Genetic diversity analysis
To verify the identified microsatellite markers, 18,692 pri-
mer pairs, which removed the length of less than 12 bp
and the mono-nucleotide duplication microsatellites, were
designed from 58,503 microsatellites expressed in velvet
antler. Then, a total of 200 EST microsatellites of velvet
antler were selected for validation. In this study, TP-M13
microsatellite PCR method was used to screen for primer.
One hundred seventy of two hundred primer pairs suc-
cessfully PCR-amplified, producing products of the ex-
pected size. Of the 170 primer pairs, 29 pairs showed
polymorphisms among 140 shuangyang Sika deer samples
(N, = 2). In total, 153 alleles were detected across the col-
lected individuals, with the number of alleles per locus
varying from 3 to 14. The average N, was 5.6 and the
average N, was 2.6. The number of N, of microsatellite
MO082 and M027 were 14 and 12 respectively. The number
of N, of microsatellite M005, M084, M099, M121, M131
and M132 were the least, all of which were 3 (Table 2).
Among the 29 EST microsatellite loci, the H. varied
from 0.3087 to 0.7644, with an average of 0.6018 + 0.1190,
while the H,, varied from 0 to 0.7698, with an average of
0.5127 £ 0.2010. The PIC values ranged from 0.2602 to
0.7507, with an average of 0.5450 +0.1262 (Table 2).
These 29 microsatellites exhibited medium and high levels
of PIC (PIC > 0.25). The effective candidate microsatellite
markers developed in this study would greatly promote
the genetic diversity studies of varieties in Sika deer.

Analysis of correlation between EST microsatellite and
velvet antler characteristics

Characteristics of the model and coefficients that re-
sulted from the multiple linear regressions were detailed
in Table 3. The model suggested that main beam circle,
main beam length, mouth circle, first tine circle, mouth

Table 1 Frequency of different repeat motifs among the EST microsatellite of Sika deer

Repeats Mo Di Tri Tetra Penta Hexa Total Percentage (%)
5 - - 9244 1472 47 1 10,764 59

6 - 19,632 3438 118 5 1 23,194 12.72

7 - 9367 759 5 1 0 10,132 5.56

8 - 4904 42 4 1 1 4952 2.72

9 - 3375 3 1 2 1 3382 1.86

10 46,133 1696 0 0 0 0 47,829 26.24

11-36 81,754 284 0 3 0 1 82,042 45.01

Total 127,887 39,258 13,486 1603 56 5 182,295 100
Percentage (%) 70.15 21.54 74 0.88 0.03 2.74E-03 100 -
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length explain 86.9% of the normalized velvet antler
weight (R*=0.869). Main beam circle (8=0.071, P<
0.001), main beam length (8 =0.027, P<0.001), mouth
circle (3 =0.043, P <0.001), mouth length (8 = 0.016, P <
0.05), first tine circle (8 = 0.019, P < 0.05) were positively
correlated with velvet antler weight. The correlation be-
tween EST microsatellite markers and the above growth
characteristics of velvet antler of Shuangyang Sika deer
was analyzed by one-way analysis of variance. The re-
sults showed that 8 EST microsatellite loci (MO001,
MO009, M027, M084, M093, M113, M136, and M159)
were significantly correlated with the above characteris-
tics (Table 4).

Of particular concern was M009, which screened 9 ge-
notypes of Sika deer (Fig. 2). Among them, genotype
357/363 had the highest mean value of velvet antler
weight and main beam length. On the contrary, geno-
type 361/361 had the lowest mean values of velvet antler
weight and main beam length (Table 5, Fig. 3a, b). The
correlation between M009 alleles and velvet antler traits

of Sika deer were further analyzed. The result showed
that locus 363 and 357 had the highest mean value of
velvet antler weight and main beam length, and there
was no significant difference in contribution between
them. However, locus 361 was the opposite (Table 6).
Combined with other genotype individuals, it could be
speculated that both the locus 357 and 363 of genotype
357/363 had a positive effect, while the locus 361 of
genotype 361/361 had a negative impact on velvet antler
weight and main beam length of two-branched velvet
antler of shuangyang Sika deer.

Another concern was M027, which screened 19 geno-
types of Sika deer (Fig. 4). Among them, genotype 289/
321 had the highest mean value of velvet antler weight
and main beam circle. On the contrary, genotype 263/
263 had the lowest mean values of velvet antler weight
and main beam circle (Table 7, Fig. 3c, d). The correl-
ation between MO027 alleles and velvet antler traits of
Sika deer were further analyzed. The result showed that
locus 295 and 321 had the highest mean value of velvet



Page 5 of 14

(2020) 157:24

Jia et al. Hereditas

2uab uyngo|boAyy 67T DIDL
£6090 S/¥90 S0/90 € 14 juosbpoy sdojoyiund  —€z¢ 09 VYDLIDLIDDIDIIDDDLI-ELIA o OlyD) 680N
D91
109VOOIDIYIVYILOVD
1447 RINLIND)
20920 2670 /80€0 vl 14 yorew uedyiubis oN - —gey 09 19VDDDDLIDIODV-ELN o °l1o) 80N
19
ODVIOVILIDVYOVIDLYOOLOVY
80v 9019
9v90 [¥550 80/90 € 14! yolew JuediubIs ON - ~pZ€ 09 LI999LIVIDIIIOIVID-ELA Olly)  Z80W
eydje DODVYYYIDILIDDIDVYLIYIDD
-dv 10108} uondudsuesn 691 ab\
£8090 €90 6790 8¢ S e|Hob pjjuob pjjuon  ~/SL 09 OLLIYDLIVIOVVYVYYLLDD-ELA o °l1D) 60N
VD
1999VVYVYLLLIDYDIOVYYYID
0lz Awejius @duanbas €Ll DI
L£09°0 6850 9590 6C 8 UM Ajiwey snoay pidp) =601 09 DIDOVYVOVYOLYVYILL-ELN 4 OLUY)  €L0W
1OVIVID
1VDOOLLIDVOVOLIDID H
MI-1ZIT 0Std /81 DL
£0S2°0 [¥590 S¥820 9f 6 SWOIYD0ID sNDY S0g =591 09 YVYIOVODLDOVIDIDDDL-ELIN 4 8(vD)222°00Y)  LE0W
DOVDLIDIDOVIIOVIDLIDLY o
1zs BIBILA) 6()|)ebredbnebibioeieeiele
62050 S/E0 S1ZS0 1'C i yorew uedyiubis ON - —1SZ 09 VLVDLODLLIDVDIODLI-ELA 4 1ojeibesenbeeeindoioonieebné(ly) /oW
RINORIN
VIOVDIDVLLIOOIVOVY
€9¢ pb)
8/150 €€€50 £085°0 ¥'C 4 Uolew uedyiubls o —/S€ 09 1DDDIDDIDIDVVIOVOD-ELN o OL(yD)6e3 (YD) 600
1VYDOVIDDIOVOVYLIDDIDID Y
88¢ D
YL¥0 8150 €860 C ¢ yorew Juedyiubis ON - =¢8Z 09 HODVIOVIVILYIODLIVY-ELA °l1D)  SoOW
991YVYOVIIOVIDLYIIVID Y
¥G€ o1
85/C0 16420 TLLED 'L 14 yorew Juedyiubis ON - -9¥€ 09 D1I9DIDIODOVVYOLYL-ELA o °lOY)  ZOOW
1DLIDID
OVY.ID19DVYILDIDVOID Y
44 pIb]]
w190 9690 15/90 e 14 Ay jil-y1dON -9bZ 09 YVDLDLIDOIDLIDIDLLI-ELA °'OD  LoOW
(dg)
Jld °H °H °N N uoldUN4 aAlRINg 9715 W] (,6-,5) S9dULaNbaS Jawig Jnopy 1eaday W

199p eyIS bueAbuenyg o} sisAjeue AlsiaAlp diusb uonendod pue sisyiew 911||93eSODIUW |ST 67 Y3 JO SDISLSIORIRYD T djgel



Page 6 of 14

(2020) 157:24

Jia et al. Hereditas

1OVD1DDVVIDIDDVLYO o

61 uoid /51 1091

62810 12850 85/50 €T ¢ Bupeaoe ased|o oYy ssle IO 671 09 DLVYOLLIYDIDOIDIIOVO-ELIA ol1D)  ZELW
210DV
LVYDIDVYDIDVOIOIDDL
61 uR0id 74 9191VOL

62870 17850 85/50 € ¢ Buneande ased|D oyy saup SN0 —¥9L 09 LYDID9IDLIDYOD-ELIN 4 °loy)  LElwW
V11D
DVO1DOVYDIDDDLIDVIV Y
§S¢ DLYIDDL

21620 S9LE0 €1re0 Sl ¢ Uolew wwedyiubls oN - -157 09 D1DD9VIDDIDLYD-ELN o) LT
912102921V IIOLIDVLLL Y
¢ Jebuyy duiz L0¢ 1OD1L

- - - 1T 14 Ajiwey jreus 1uosbpoy sdojoyiued €61 09 DDLIDDLYIDIOVI-ELN o oY) LLLN
D119V
VVYOLYVYOLOOVYYOVYOL Y
0Lz Aequs 9/L DIVIDDL

29650 /8190 £1¥90 8T S oduanbas yum Ajiuse) snoaiy exded 991 09 OVYVYYIVOLODDIDD-ELIN oY) pLLN
ODOLYVYYOLOVIDIIOVLIIDVY Y
6CE 910D

5090 7590 67590 6T 9 yorew uedyiubis oN - —€1€ 09 DLIDDLYDDLLODV-ELIA Olyo)  ELLN
110VD
DIDLIVOVIDIDDIDDLY
8LNOl¥Z-alD suop § LLL 1vVY910D

5990 67790 (2120 143 6 SWIOSOWOIYD suaidps OWoH =SS 09 D19911D1D99LD-ELN ol1o) oLl
Y
6z OVYVYDLLYOVYDLYODLYDDD Y

81590 €9/90 €€020 %3 9 yorew ediubIs ON - -6 09 1D1191D199D10DD1D99-€ LA o oly)  ZoLW
2N DVIODLIDDIVIOVLIDDLIOD
asefi| uiioid-uninbign 80¢ 20D

S/¥S0 0 18290 LT ¢ €3 9|gegoud sninersog =0 09 VDOLDVVYVVYOLODLYVYYOV-ELIA 4 OHLY) 660N
oL OVVYIOVIDLYYLIDDIDOOLO

£C9%0 268170 14390} 1'C 9 Uolew wedyiubls oN - —6¥L 09 DOOLOIDDDOLIIDLIDI-ELN o Olo) €60
DOLDDLIDVOIDDVOIDDL Y
SeC D19YD

8950 1£€90 €5290 LT S yoew Juedyiubls oN - -61Z 09 VVYOIDODLYIIVID-ELIN 5 oY) 60w
BINAIBIBIAIBLITLILIDIBE!

(dg)
Jld °H °H °N N uoldUN4 aAlRINg 975 W] (,6-,5) sodULaNbas Jawig Jnopy 1eaday W

(panunuo)) Jaap IS bueAbuenys 1oy sisAjeue A1isIsAIp d11auab uoleindod pue sisyeul aM|[91eSOIDIU [ST 67 Y1 JO SDIsIaIdeleyD T dlqel



Page 7 of 14

(2020) 157:24

Jia et al. Hereditas

9¢l0 0L0c0 06110 80 8¢
+0S¥S0 F/LC150 F8L090 F9C  F9G - - - - obesany
95VOV
1D1D1911DVIIOVVYLLY Y
16T 1VYVDL10D
Y690 [4740) L6€L°0 8¢ 0l e12q ‘g Ulwely snuiney sog - —6/¢ 09 SLIDIIDVIDVOVO-ELN oov) LI
99V
VVOVLIOIOVYOVOOVYIDL o
1V1S peieAnoe 43 11991V
vL6¥70 €8950 9€95°0 €¢ ¥ Jo Joyquyur uioid snuney sog -0zl 09 SLVOOVOOLIOLID-ELN o oOV) LW
095V
DOLVIVOOVYYOLLIOVIDD Y
Vel Sle oV
65090 €9/90 6990 € S utewop jeadas uuAyue sninw sog - /07 09 Y1DDYOYIIDDIVYVYIDLL-ELN 4 o4(vD) 651N
DVLIDOOVLIOVOLYIDD199 o
69096-1 LdY {uo|> 0¢ 2D
S9CL0 86920 ¥¥92°0 [474 9 '/ SWOSOWOIYD sudides OWOH  —#8L 09 1DDDVYDIOYDIDVOIDLL-ELI o °{oD LSIN
D92DOHVIDVIDLIDIOOLIVY Y
9l G8¢ bR
89%0 0 86150 1'c ¥ urR104d SuBIqUIBWISURI SOy BIdeD  —€8€ 09 WDIDIDIDDIIDDDLYOL-ELN 5 o) 8rLN
199519VDIOVIOLIDLIVYOD o
-1 Bupnpul /81 S1VOVYD
SEYS0 S/¥90 9€090 S¢ 9 uonenuasayip asdeuds snineysog  —//1 09 OOVVVOLOVOOVIO-ELN o oov) 6ELN
1VODOL1099VIVOVIOIDLIOV
Lee OVOL
- - - €c S g1 Buuieuod urewop |35 snineysog  —/07 09 DVYIOVIVILODLIDIDVO-ELI o \®) 9ELN
529V
(da)
Jld °H °H °N N uoldUNS dAIRING 9715 W (,6-,5) sodULaNbas Jawig JNOW 1eaday W

(panupuo)) Jaap IS bueAbuenys 1oy sisAjeue A1isIsAIp d11auab uoleindod pue sisyJeul aM|[91eSOIDIU [ST 67 U1 JO SDIsIaIdeleyD) T dlqel



Jia et al. Hereditas (2020) 157:24

Page 8 of 14

Table 3 Multiple linear regression analysis of influencing factors and velvet antler weight

Independent Variable 8 value Standard error t value P value Model Parameters
Constant —1.745 0.094 -18.659 0.000 R’=0874

Main Beam Circle 0071 0009 7.964 0000 Eia%‘ged =089
Main Beam Length 0.027 0.006 4414 0.000 P=0014

Mouth Circle 0.043 0.007 6.069 0.000

Mouth Length 0.016 0.007 2.503 0.014

First Tine Circle 0.019 0.007 2.753 0.007

antler weight and main beam circle. However, the con-
tribution of locus 289 that we concerned was not signifi-
cant. On the contrary, locus 263 and 279 had the lowest
mean value of velvet antler weight and main beam circle
(Table 8). Combined with other genotype individuals, it
could be speculated that the locus 321 of genotype 289/
321 had a positive effect, while the locus 263 of genotype
263/263 had a negative impact on velvet antler weight
and main beam circle of two-branched velvet antler of
shuangyang Sika deer.

Discussion

EST microsatellite were powerful molecular markers for
analyzing population genetic diversity, molecular breed-
ing and functions [27]. However, to date, few studies
about EST microsatellite markers had been reported
from Sika deer. Development of EST microsatellite
markers based on transcriptome data was still an eco-
nomic and efficient development strategy of DNA mo-
lecular markers. Our study was the first attempt to
obtain transcriptional information of Sika deer for the
EST microsatellite and to further examine the diversity
and velvet antler yield characters. We successfully and
efficiently isolated 182,295 EST microsatellite markers
by IlluminaHiSeq™2500 sequencing technology. So far,

Table 4 Correlation analysis between microsatellite loci
polymorphism and velvet antler traits of Sika deer

Velvet Antler Trait EST microsatellite P-Value R

Velvet Antler Weight MO009 0.0403 0.147849
Velvet Antler Weight MO027 0.002742 0.338763
Main Beam Length M009 0.021365 0.163189
Main Beam length M084 0.008272 0.087284
Main Beam Length M159 0.030037 0.165064
Main Beam Circle M027 0.004684 0.326376
Main Beam Circle MO093 0.013715 0.183563
Mouth Length M084 0.017309 0.074358
Mouth Circle MO001 0.031749 0.152333
Mouth Circle M027 0.001891 0.347053
Mouth Circle M113 0.004284 0.252471
Mouth Circle M136 0.000159 0.272411

Bonferroni correction for multiple testing was applied to the P-value

we have obtained the largest number of Sika deer micro-
satellite databases to facilitate future research. The dis-
tribution of EST microsatellites with 1-6 bp repeat motif
showed that, mono-nucleotide is the most abundant
motif type, followed by di-nucleotide, tri-nucleotide,
tetra-nucleotide, penta-nucleotide and hexa-nucleotide
repeats. This was similar to the previous study on the
development  of  microsatellites by  reduced-
representation genome sequencing in Sika deer [21].
The difference was that the number of microsatellites
obtained by transcriptome sequencing was far more than
that obtained by genome sequencing. However, the
number of microsatellites highly repetitive motifs (>10)
from tri-nucleotide to hexa-nucleotide obtained by gen-
ome sequencing was more than that obtained by tran-
scriptome sequencing. In this study, both mono-
nucleotide and di-nucleotide repeats have been found to
be the predominant repeat types. A/T, AC/GT, AGC/
CTG were the most abundant repeat among mono, di
and tri-nucleotide types, which were similar to previous
studies by reduced-representation genome sequencing
[21]. However, AATG/ATTC was the most frequent re-
peat among tetra-nucleotide types, unlike AAAC previ-
ously reported in Sika deer [21]. Thus, the EST
microsatellite types obtained by transcriptome sequen-
cing and reduced-representation genome sequencing
without reference genomes were different. The microsat-
ellite loci obtained from transcriptome showed lower
polymorphism compared with genome but were more
likely to be related to functional loci.

As we all know, Shuangyang Sika deer was the first
breed that had been identified by the state in China. It
had excellent traits such as high yield, strong adaptabil-
ity, early maturity and so on. Among all the breeds, the
breeding scale and social benefits of Shuangyang Sika
deer were the largest. In order to further study the gen-
etics of Shuangyang Sika deer and to screen microsatel-
lites related to velvet antler growth characteristics, 29
highly polymorphic EST microsatellites were developed
from 170 microsatellites expressed in velvet antler,
which showed that transcriptome sequencing technology
could be used to efficiently develop microsatellites. The
indicators reflecting the genetic diversity of the popula-
tion mainly include He, Ho, PIC, Ne and so on. Firstly,
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the Ho (Ho =0.5127) of 29 loci developed from Shuan-
gyang Sika deer was lower than He (He =0.6018). The
result showed that there was a certain degree of inbreed-
ing in the Shuangyang Sika deer population, which was
supposed to be caused by geographical isolation. Sec-
ondly, compared with previous studies, the PIC values of
Shuangyang Sika deer (PIC = 0.545) was lower than Linyi
Sika deer (PIC=0.662), Yangzhou Sika deer (PIC=
0.570) and Jilin Sika deer (PIC =0.680, Shuangyang was
a city in Jilin Province). The result was mainly due to
the relatively conservative coding region, the polymorph-
ism of the EST microsatellite derived from the transcrip-
tome was lower than that of the G microsatellite derived
from the genome. Then it was caused by the difference
in geographical location and breeding degree. Finally,
the Na of some EST microsatellites, such as M027 (Na =
12, Ne = 2.1), M082 (Na = 14, Ne = 3.0) and M176 (Na =
10, Ne =3.8), was much larger than the Ne. However,

Table 5 Correlation analysis between M009 and velvet antler
traits of Sika deer

MO009 Velvet Antler Weight (kg) Main Beam Length (cm)
357363 1379 + 0.028° 28000 + 0.583°

359363 1.049 + 0033%° 22.803 + 0.760%
357:359 0991 + 0.041%° 21.026 + 0.956°

359:359 0.866 + 0.027%° 20543 + 0.708°

361363 0.848 + 0.045% 20825 + 1.225°

357357 0828 + 0.041% 21333 + 1.185°

359361 0818 + 0.045% 21500 + 1.344°

357361 0784 + 0034* 24000 + 1.143%
361361 0523 + 0.015° 15.954 + 0.469"

In the same column, those with the same letters indicate that there was no
significant difference between the two genotypes and those with different
letters indicate that there was significant difference between the

two genotypes

the average Na of 29 EST microsatellites was close to Ne
(Na=5.6, Ne=2.6). This indicated that some of the
microsatellite alleles were unevenly distributed in the
population, but the overall distribution remains uniform.
The reason for this phenomenon may be that during the
long-term breeding process of Shuangyang Sika deer,
some loci were subject to strong selection pressures as-
sociated with velvet antler growth characteristics, result-
ing in uneven distribution of alleles.

Multiple linear regression analysis identified that velvet
antler weight was positively correlated with main beam
circle, main beam length, mouth circle, mouth length,
first tine circle. Main beam circle, main beam length,
mouth circle, mouth length and first tine circle have the
potential to predict 86.9% of the variability of velvet ant-
ler weight. Surprisingly, there was no linear relationship
between first tine length and velvet antler weight. There-
fore, the data of first tine length have not been further
analyzed. One of most important implications of this
study was that 8 EST microsatellites were found can be
used in correlation analysis of velvet antler growth char-
acteristics. In particular, M009 and M027 can be used as
molecular markers in the breeding process of weight of
the two-branched velvet antler. Velvet antler weight was
very important for the production performance of Chin-
ese Sika deer [28]. Therefore, it was necessary to develop
large-scale molecular markers associated with velvet ant-
ler weight by sequencing. Hu et al. (2019) found that 94
SNP genetic variations were related to the three-
branched velvet antler weight [28]. There were two sig-
nificant differences between our study and that of Hu
et al. (2019). First, Hu et al. (2019) chose the three-
branched velvet antler (growth period of 75 days) as the
research object, while we chose the two-branched velvet
antler (growth period of 45 days) as the research object.
Compared with the three-branched velvet antler, the
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two-branched velvet antler had lowered the rate of ossi-
fication, more organic components and greater medi-
cinal value [29]. Secondly, most of the SNP sites
developed by Hu et al. (2019) were in the intron region
of the gene. However, the microsatellites we developed
were in the exon region of the gene, which may obtain
the concerned functional genes possibly associated with
the growth and development of velvet antler. As we all
know, complex characteristics could not be completely
controlled by a single gene, and it required a series of
genes. So far, screening weight related molecular
markers of velvet antlers were still very limited. Molecu-
lar markers must be developed by using high-
throughput omics data. In this study, microsatellite data-
bases of Sika deer were developed by using transcrip-
tome sequences. We investigated candidate EST
microsatellite related to the characteristics in two-
branched velvet antler. The result would facilitate fur-
ther studies breeding of Sika deer and genetic mechan-
ism of velvet antler weight difference.

Table 6 Correlation analysis between M009 alleles and velvet
antler traits of Sika deer

MO009 Alleles Velvet Antler Weight (kg) Main Beam Length (cm)
363 1.073 + 0.031° 23.288 + 0.728°

357 1.000 + 0.034°° 22653 + 0.839%°

359 0.924 + 0.020° 21183 + 0481°

361 0652 +0.021° 18.140 + 0.626¢

In the same column, those with the same letters indicate that there was no
significant difference between the two genotypes and those with different
letters indicate that there was significant difference between the

two genotypes

Conclusion

In this study, we conducted a transcriptome survey of
sika deer using next-generation sequencing technology.
We obtained useful data of EST microsatellite, such as
the frequency and distribution. Secondly, EST microsa-
tellites were selected and further characterized for poly-
morphism analysis. Finally, the marker-trait association
was tested for important and kernel characteristics of
velvet antler in sika deer. The development of a large
number of sika deer molecular markers could help to
breeding and culture.

Materials

Sample collection

Twelve male Sika deer (three for each of the four devel-
opmental stages) were exsanguinated after general
anesthesia. Ten types of tissue (adrenal, velvet antler,
brain, heart, kidney, lung, liver, skeletal muscle, spleen
and testes) from one-year-old (juvenile), 3 years old
(adolescence), 5 years old (adult), and 10 years old (aged)
Sika deer were then collected. Fresh samples of these tis-
sues were immediately frozen in liquid nitrogen, and
then stored at — 80 °C for RNA extraction.

One hundred forty healthy 2-year-old male Shuan-
gyang Sika deer were randomly selected. All Sika deer
came from the commercial farm under the same living
conditions (Jilin Province). The samples were blooded
from jugular vein of Sika deer after general anesthesia.
Anticoagulant blood was stored in —20°C until DNA
extraction. The price of two-branched velvet antler was
higher than that of three-branched velvet antler in Asian
market. It took about 45 days for velvet antler to grow



Jia et al. Hereditas (2020) 157:24

Page 11 of 14

@) ——(b) (D .
= e
180 20 20 300 L . ] ] L] . 180 20 260 300 3
. = o
1e000 0 8000
o | .
262.24 I\
251 291 263 289
o) s ® A
Cl _ . &) . -
B — 027 021
N N ——— " . - = e - o - = e
- o )
- w i
| N L ,
s s &
@z —(h) (1) .
— =
. . EEEE— . - - - - - - - - w
- . e
. - e
200 1.
I L
m 317 285
219.69 31762 288,63
Mg B— () —)) .
(712 A L A
., . = = . o - - - o - - - - .
- s -
- -
o
w
EM
289 291 293
s B
(m) — ) S () N — N
 —— A—
oz (71 190 220 260 300 340
L 2 2 L L 180 20 260 30 30 =
- - - Nd
o 1000 AL, )
et [ N | O N
288,61 311.47) A
289 317
288.65 317.60
() B— ) (=
- 2 — | 7 A 7 A—
. o - - w . o - - w - o - -
. " JJ A
Bacd il

()=

Fig. 4 Typical fluorescence signals of the M027 microsatellite loci by capillary electrophoresis fragment analysis. The numbers above the sharp
peaks represent length scales based on the internal size standard (bp). The numbers below the sharp peaks represent fragment lengths of PCR
amplifications (bp). a 251/291, b 263/263, ¢ 263/289, d 263/295, e 277/291, f 279/289, g 279/317, h 287/287, i 287/289, j 289/289, k 289/291, |
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into two-branched velvet antler. Therefore, after individ-
ual anesthesia, velvet antlers were harvested for measur-
ing (velvet antler weight, main beam length, main beam
circle, first tine length, first tine circle, mouth length,
mouth circle) and sample collection at 50days of
growth.

Development of EST microsatellite markers derived from
transcriptome of Sika deer

We have carried out Illumina Hiseq 2500 technology to
perform high-throughput deep sequencing of the Sika
deer transcriptome, with a cDNA library constructed by
one RNA pool which had an equal quantity of total
RNA extracted from adrenal, velvet antler, brain, heart,
kidney, lung, liver, skeletal muscle, spleen and testes of
Sika deer (Specific methods referred to the articles
which we have published [3]. By comparing the profes-
sional software such as picard-tools and samtools, the

duplicate reads were removed, and the original results
were filtered. All types of microsatellite from mono-
nucleotides to hexa-nucleotides were identified from the
unigenes using MISA software under default parameter
settings: a minimum of ten repeats for mono-nucleotide,
six repeats for di-nucleotide microsatellites, five repeats
for tri-nucleotide, tetra-nucleotide, penta-nucleotide and
hexa-nucleotide microsatellites. Finally, in order to verify
the identified microsatellite markers, all the microsatel-
lites data need to be further screened. Polymorphism
was one of the important criteria for judging the usabil-
ity of microsatellite markers. The length of microsatellite
fragment was one of the important factors which affect-
ing its polymorphism. The polymorphism was high
when the length of microsatellite was more than 20 bp,
medium when the length of microsatellite was between
12 and 20 bp, and very low when the length of microsat-
ellite was less than 12bp [30]. Therefore, in this study,
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Table 7 Correlation analysis between M027 and velvet antler

traits of Sika deer

(2020) 157:24

Mo27

Velvet Antler Weight (kg)

Main Beam Circle (cm)

289:321
289:293
263:295
289:291
289:317
289:311
263:289
321:321
287:289
251:291
289:289
291:317
317:317
277:291
279:289
291:291
287:287
279317
263:263

2200 + 0.041°

1237 + 0.063°

1176 + 0,045
1.147 + 0038
1073 + 00375
0926 + 0.032°
0915 + 0.027°
0.906 + 0.048>
0.904 + 0032°
0903 + 0019>
0.883 + 0021
0.864 + 0024>
0.838 + 0.047°
0.805 + 0.024°
0.767 + 0.022°
0715 + 0.034>
0.714 + 0022
0570 + 0.024>
0485 + 0014°

19.000 + 0.345°
14667 + 0.772°
19500 + 0.813°
14.273 + 0492
13.375 + 0.495P
12,500 + 0.446°
13.071 + 0.396"
13.000 + 0.722°
13.300 + 0.512°
13.750 + 0.275P
13333 + 0.267°
13.000 + 0.351°
13.500 + 0.794°
13.000 + 0.394°
11,500 + 0.338>
12.250 + 0.613°
12,500 + 0.403°%
10500 + 0457
10,000 + 0.294°

In the same column, those with the same letters indicate that there was no
significant difference between the two genotypes and those with different

letters indicate that there was significant difference between the

two genotypes

Table 8 Correlation analysis between M027 alleles and velvet

antler traits of Sika deer

MO027 Alleles Velvet Antler Weight (kg) Main Beam Circle (cm)
321 1.338 + 0.065° 15.000 + 0.789°
293 1237 + 0.069%° 14625 + 0.860°°
295 1.176 + 0.054°5 19.500 + 0951¢
289 0966 + 0022 13.520 + 0.314%
291 0962 + 0032 13.509 + 0.466™
31 0926 + 0.039° 12,500 + 0532
251 0903 + 0023 13.750 + 0.335%
317 0.869 + 0034 12,977 + 0540
277 0.805 + 0029 13.000 + 04914
287 0.800 + 0.028° 12,864 + 0463
263 0789 + 00319 12,819 + 0534
279 0669 + 0.028° 11.000 + 0478°

In the same column, those with the same letters indicate that there was no
significant difference between the two genotypes and those with different

letters indicate that there was significant difference between the

two genotypes
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the length of less than 12 bp microsatellite was removed.
Among the mono-nucleotide motifs, the most common
motif was A/T. It should be noted that mono-nucleotide
duplication was prone to mismatches, leading to sequen-
cing failure, so this study was not an option. A total of
200 EST microsatellites expressed in velvet antler were
selected as candidate molecular markers.

EST microsatellites primer pair design

In this study, TP-M13- microsatellite PCR method was
used to screen for primer [31]. Three primers were de-
signed for PCR amplification: the first primer was F +
M13, i.e. the 5’end of the EST microsatellite forward pri-
mer and M13 (5'-TGTAAAACGACGCCAGT-3’) to be
linked together. The second primer was the EST micro-
satellite reverse primer, and the third primer was M13
primer fluorescently labeled at the 5’end with Cy5.

DNA extraction, EST microsatellite markers validation and
polymorphism examination

The total blood genomic DNA was extracted from 140
Sika deer following the traditional proteinase K and
phenol-chloroform extraction method and verified by
electrophoresis on 1% agarose gel. DNA was stored at —
20 °C until used for PCR amplification.

Fluorescence PCR amplification was carried out in a
20 pL volume containing 8 uL 10x Buffer I, 0.4 uL TP
-M13(5 M), 2 uL specific primer(5 M), 0.2 uL. Tag DNA
Polymerase, 2 pL. DNA, 7.6 uL ddH,O. Taq DNA Poly-
merase was purchased from Takara Co.,Ltd. The primers
were synthesized from Beijing Microread Genetics Co.,
Ltd. The PCR program consisted of an initial step of
95°C for 5 min, followed by 30 cycles of 94°C for 30s,
56 °C for 45s, and 72 °C for 45 s, followed by 10 cycles of
94.°C for 30s, 53°C for 455, 72°C for 455, and a final
extension at 72°C for 12 min. The amplified products
were evaluated on the ABI 3730XL DNA capillary se-
quencer with GeneScan 500 ROX Size Standard (Ap-
plied Biosystems, USA). The criterion for accepting a
peak as polymorphic was that one peak was greater than
or equal to one tenth of the other.

Data analysis

GenAlEx version 6.5 was employed for the allele data
processing, which included the number of expected het-
erozygosity (H.), observed heterozygosity (H,), poly-
morphism information content (PIC), number of alleles
(N,), effective number of alleles (N.) [32]. GENEPOP
software was used to investigate linkage disequilibrium
and to determine deviation from Hardy—Weinberg equi-
librium [33]. The correlation between velvet antler
weight and main beam length, main beam circle, first
tine length, first tine circle, mouth length, mouth circle
of velvet antler of Shuangyang Sika deer was analyzed by
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multiple linear regressions. One-way analysis of variance
(one-way ANOVA)and post hoc Bonferroni tests were
performed on significant analysis of EST microsatellite
markers with growth characteristics (velvet antler
weight, main beam length, main beam circle, first tine
length, first tine circle, mouth length, mouth circle) of
140 individuals in velvet antler. A p value<0.05 was con-
sidered statistically significant difference.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/541065-020-00137-x.

Additional file 1. Distribution of EST microsatellite type in transcriptome
of Sika deer.
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