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Abstract Manchurian walnut (Juglans mandshurica
Maxim.) is a vulnerable, temperate deciduous tree valued
for its wood and nut, but transcriptomic and genomic data
for the species are very limited. Next generation sequenc-
ing (NGS) has made it possible to develop molecular mark-
ers for this species rapidly and efficiently. Our goal is to
use transcriptome information from RNA-Seq to under-
stand development in J. mandshurica and develop poly-
morphic simple sequence repeats (SSRs, microsatellites)
to understand the species’ population genetics. In this
study, more than 47.7 million clean reads were generated
using Illumina sequencing technology. De novo assembly
yielded 99,869 unigenes with an average length of 747 bp.
Based on sequence similarity search with known proteins,
a total of 39,708 (42.32 %) genes were identified. Search-
ing against the Kyoto Encyclopedia of Genes and Genomes
Pathway database (KEGG) identified 15,903 (16.9 %)
unigenes. Further, we identified and characterized 63 new
transcriptome-derived microsatellite markers. By testing
the markers on 4 to 14 individuals from four populations,
we found that 20 were polymorphic and easily amplified.

Communicated by S. Hohmann.

Electronic supplementary material The online version of this
article (doi:10.1007/s00438-015-1147-y) contains supplementary
material, which is available to authorized users.

P4 Peng Zhao
pengzhao@nwu.edu.cn

College of Life Sciences, Northwest University,
Xi’an 710069, Shaanxi, China

Department of Forestry and Natural Resources, USDA Forest
Service Hardwood Tree Improvement and Regeneration
Center (HTIRC), Purdue University, 715 West State Street,
West Lafayette 47907, IN, USA

The number of alleles per locus ranged from 2 to 8. The
observed and expected heterozygosity per locus ranged
from 0.209 to 0.813 and 0.335 to 0.842, respectively. These
twenty microsatellite markers will be useful for studies of
population genetics, diversity, and genetic structure, and
they will undoubtedly benefit future breeding studies of
this walnut species. Moreover, the information uncovered
in this research will also serve as a useful genetic resource
for understanding the transcriptome and development of J.
mandshurica and other Juglans species.
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Introduction

The Manchurian walnut (Juglans mandshurica), a mem-
ber of Juglandaceae, grows in northern and northeastern
China, Korea, Japan, and the far eastern section of Russia
(Lu 1982; Bai et al. 2010). Manchurian walnut is a multi-
use species. It is one of the most desirable and economi-
cally valuable hardwood timber tree species in northern
and northeastern China, and its leaves, fruits, roots, bark,
and seeds have been used in traditional medicine and are
of interest for cancer treatment in Asia and Europe (Kim
et al. 1998; Xu et al. 2010). Unfortunately, many popula-
tions of Manchurian walnut are endangered by over exploi-
tation and deforestation (Ma et al. 2007; Lin et al. 2008).
Despite this species’ value, existing genomic resources for
J. mandshurica include only 102 nucleotide sequences and
27 proteins in GenBank (as October 2015). There are a few
microsatellites for J. mandshurica developed from genomic
DNA (Chen et al. 2013) and related species (Woeste et al.
2002), but genetic studies of J. mandshurica (Bai et al.
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2010) have been limited by the relatively small number
of polymorphic markers available, and there are no ESTs
(expressed sequence tags) available in GenBank for J.
mandshurica.

Due to the large effort required to sequence eukaryotic
genomes, only a few plant genomes were fully sequenced
before 2014 (Wei et al. 2015). Next generation sequencing
(NGS) technologies have enhanced our ability to obtain sig-
nificant and robust sequencing depth and coverage in a rapid
and low cost manner (Shendure and Ji 2008; Zhou et al.
2014), permitting the discovery of genomic information in
previously uncharacterized species (Grabherr et al. 2011).
Similarly, high-throughput RNA sequencing (RNA-Seq) has
emerged as a powerful and cost-efficient tool. Compared
with traditional methods for SSR marker development,
high-throughput sequencing is more cost-efficient, timesav-
ing, and powerful (Jiang et al. 2015). The transcriptome data
generated by high-throughput sequencing has been an excel-
lent resource for SSR marker development (Zhang et al.
2012; Fu et al. 2013; Jiang et al. 2013). EST-SSRs have a
variety of uses; some sequences contain polymorphisms that
are transferable to related taxa. These can facilitate popula-
tion genetic studies in those species and comparative map-
ping (Ellis and Burke 2007; Bodénes et al. 2012). They can
also be used for genetic analysis (Zhang et al. 2015; Wei
et al. 2015;Yan et al. 2015; Jiang et al. 2015), novel gene
discovery, molecular marker development, and compara-
tive genomics (Fu et al. 2013; Wang et al. 2015; Jiang et al.
2015). Aside from the development of EST-SSRs, RNA-Seq
also allows the potential recovery of rare transcripts, splic-
ing variants, and the determination of gene expression levels
in cells or tissues of interest (Kaur et al. 2011; Zhou et al.
2014; Poczai et al. 2013; Lesur et al. 2015).

The goals of this study were to (1) Sequence RNA from
J. mandshurica using Illumina HiSeq 2000, then assemble
de novo, annotate, and characterize a complete transcrip-
tome for the species. (2) Use the resulting transcriptome
data to identify a suite of polymorphic EST-SSRs for popu-
lation genetic analysis. (3) Demonstrate the utility of the
derived EST-SSRS by characterizing four populations of J.
mandshurica.

Materials and methods

Sample collections, DNA extraction, and RNA
extraction

For transcriptomic research, fresh leaves, buds, and imma-
ture fruits were collected on July 12, 2014 from a single,
mature, healthy-appearing J. mandshurica tree growing
in the Xiaolongmen National Forest Park and immedi-
ately frozen in liquid nitrogen prior to storage at —80 °C.
Leaves, buds, and (entire) immature fruits were ground to
a powder in liquid nitrogen and total RNA was extracted
using a Plant RNA Kit (OMEGA Bio-Tek, Norcross, GA,
USA). RNA degradation and contamination was monitored
on 1 % agarose gels. RNA purity was assayed using the
Nano Photometer spectrophotometer (IMPLEN, Westlake
Village, CA, USA) and RNA concentration was measured
using the Qubit RNA Assay Kit and a Qubit 2.0 Fluorom-
eter (Life Technologies, Carlsbad, CA, USA). RNA integ-
rity was assessed using the RNA Nano 6000 Assay Kit
and Agilent Bioanalyzer 2100 system (Agilent Technolo-
gies, Santa Clara, CA, USA). To verify the polymorphism
of EST-SSRs and for subsequent population genetic stud-
ies, we extracted DNA from 48 leaf samples collected in
2013 from J. mandshurica trees in natural populations in
four locations in China (Table 1). The fresh leaves had been
previously dried with silica gel. DNA was extracted follow-
ing the methods described by Doyle and Doyle (1987) and
Zhao and Woeste (2011) and stored at —20 °C.

RNA-seq library preparation for transcriptome
sequencing

RNA-seq libraries were generated using NEBNext Ultra
RNA Library Prep Kit from Illumina (NEB, Beverly, MA,
USA) following manufacturer’s recommendations, and
index codes were added to attribute sequences to each
sample (leaf, bud, and fruit). Briefly, mRNA was puri-
fied from 3 pg total RNA using poly-T oligo-attached
magnetic beads. Fragmentation was carried out using
divalent cations under elevated temperature in NEBNext

Table 1 Forty-eight individuals from four locations of Juglans mandshurica used in this study

Collection site Population code Species Sample size Longitude (E) Latitude (N) Elevation/m
Xiakoucun, Beijing XK J. mandshurica 14 115°91’ 40°18’ 311
Changbaishan, Jilin CB J. mandshurica 6 127°70/ 41°56/ ND
Xinglongxian, Hebei XL J. mandshurica 118°08' 40°50 ND
Xiaolongmen, Beijing LM J. mandshurica 24 115°85’ 39°97 1267

Total 48

ND data was not available
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first strand synthesis reaction buffer (5x). First strand
cDNA was synthesized using random hexamer primer
and M-MuLV reverse transcriptase (RNase H™). Second
strand cDNA synthesis was subsequently performed using
DNA Polymerase I and RNase H. In the reaction buffer,
dNTPs with dTTP were replaced by dUTP. Remaining
overhangs were converted to blunt ends via the exonu-
clease/polymerase activity of the enzyme. After adenyla-
tion of 3’ ends of DNA fragments, an NEBNext Adaptor
with hairpin loop structure were ligated on to prepare
the cDNA for hybridization. To enrich for ~150-200 bp
cDNA fragments, the library was first purified using the
AMPure XP system (Beckman Coulter, Beverly, MA,
USA). The size-selected, adaptor-ligated cDNA was
treated with USER Enzyme (NEB, Beverly, MA, USA)
and held at 37 °C for 15 min followed by 5 min at 95 °C.
Next, PCR was performed using Phusion High-Fidelity
DNA polymerase, universal PCR primers and index (X)
primer. Finally, PCR products were purified (AMPure XP
system) and library quality was assessed using the Agilent
Bioanalyzer 2100 system.

Transcriptome assembly and gene annotation

Paired-end Illumina HiSeq 2000 sequencing was per-
formed by Novogene Bioinformatics Technology Co.,
Ltd., Beijing, China (www.novogene.cn). De novo tran-
scriptomes assembly was accomplished using Trinity
(Grabherr et al. 2011) using the default setting. Uni-
genes of the transcriptome were annotated based on data
from the NCBI non-redundant protein sequences (Nr)
database, NCBI non-redundant nucleotide sequences
(Nt) database, Clusters of Orthologous Group of pro-
teins (KOG/COG) database, KEGG ortholog (KO)
database, a manually annotated and reviewed protein
sequence (Swiss-Prot protein) database, Gene Ontology
(GO) database, and protein family (Pfam) database. The
COGs protein database phylogenetically classifies the
complete complement of proteins encoded in a genome.
Each COG is a group of three or more proteins that are
inferred to be orthologs or direct evolutionary counter-
parts. To further analyze the transcriptome of J. mand-
shurica, all of the unigenes were submitted to the KEGG
pathway database. The KEGG pathway database is a
knowledge base for the systematic analysis of gene func-
tions (Long et al. 2014). KOG, Nr, Nt, and Swiss-Prot
database used NCBI Blast 2.2.284 (Boeckmann et al.
2003). All BLAST searches were performed with an
e-value of le-5. Pfam protein domain prediction using
software HMMER 3 package hmmscan (Farrar 2007).
GO annotations using Blast2GO v2.5 were performed
using the cutoff e-value was le-6 (Conesa et al. 2005;
Gotz et al. 2008).

Discovery of EST-SSRs, primer design

Microsatellites within the assembled unigenes were identified
using MISA (http:/pgrc.ipk-gatersleben.de/misa/misa.html).
Sequences with >5 uninterrupted motifs (from 2 to 6 repeat
motifs) were randomly selected for primer design by Primer3
(http://primer3.sourceforge.net/releases.php). Primer design
parameters were set as follows: length range from 18 to 23
nucleotides with 21 bp as optimum, PCR product size range
from 100 to 400 bp, optimum annealing temperature from
55 °C, and GC content 40—60 % with 50 % as optimum.

Amplification conditions and validation of primers

DNA was resuspended in 50 pL of water and dilutions
were performed to obtain a final concentration of 10 ng/
KL and stored at —20 °C until use. PCR amplification was
carried out on an ABI Veriti96 with the following method:
3 min at 94 °C followed by 35 cycles of 15 s at 93 °C,
1 min at annealing temperature (Tm) (Table 2), 30 s at
72 °C, and extension of 10 min at 72 °C. PCR reactions
contained 5 pL 2 x PCR Master Mix including 0.1 U Taq
polymerase/pL; 500 uM each dNTP; 20 mM Tris—HCI
(pHS8.3); 100 mM KCI; 3.0 mM MgCl, (Tiangen, Beijing,
China), 0.2 wM each primer (Shagon Biotech, Shanghai,
China), 0.1 mg/mL bovine serum albumin, (Sigma, USA,
I ng/nL DNA, and 2.6 pL ddH,O to produce a total reac-
tion volume of 10 pwL. For primer design, 63 unigenes
were randomly selected from 16,699 sequences contain-
ing microsatellites that were not single nucleotide repeats,
contained greater than five motif repeats, and that would
amplify a PCR product size of 150-280 bp from genomic
DNA. Genomic DNA from 48 samples of J. mandshurica
were used for PCR amplification and analysis of poly-
morphism. All 48 genotypes were tested at all 63 loci for
polymorphisms. PCR products were resolved on 8 % pol-
yacrylamide gels and visualized by silver staining. Frag-
ment sizes of each locus were estimated using Quantity
One Software (Bio-Rad Laboratories, Drive Hercules, CA,
USA) and compared to a 50 bp ladders size standard.

Microsatellites data analysis

Genetic diversity per locus and population were evaluated
based on the following descriptive summary statistics: num-
ber of alleles (V,), observed (H,), and expected (Hj) het-
erozygosity using the program GenAlEx6.5 (Peakall and
Smouse 2012). GENEPOP version 4.2 (Rousset 2008) was
used to test the Hardy—Weinberg equilibrium (HWE) and
linkage disequilibrium (LD) for all loci. Their significance
was assessed with 1500 permutations. CERVUS version 3.0
(Kalinowski et al. 2007) was used to calculate the polymor-
phic information content (PIC) and null alleles were found
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using MICRO-CHECKER 2.2.3 (Van Oosterhout et al. % O . g
2004). An analysis to detect genetic structure was performed § Z 2z %) sa g CER-A%)
by using the software STRUCTURE (version 2.3.4) with a < 42 58 538 8 28
burn-in of 100,000 Markov Chain Monte Carlo iterations, R A~ N = ~ =
a duration of 1000,000 iterations, ten replicates per run for
K from 2 to 4 clusters, and the admixture model (Pritchard g - - -
et al. 2000; Evanno et al. 2005). The program STRUCTURE 9 2 % E
HARVESTER was used to calculate the optimal value of K
using the deltaK criterion (Earl and vonHoldt 2012). The
inferred clusters were drawn as colored box-plots using pro- g -
gram DISTRUCT (Rosenberg 2004). § ;
Results S
S |l 8 <o 2 8
. . o & &5 & & 3
INlumina sequencing and De novo assembly
To obtain an overview of the J. mandshurica transcriptome, g
RNA was isolated from three plant organs: fresh leaves, 5 . « — < ©
. K . = =] =) o S S
vegetative buds, and immature fruits. RNA-Seq was per- &) s s S S S
formed using the Illumina HiSeq 2000 platform (100 bp T ~
paired end). In total, 5.04 GB sequence quality reads were gn g
generated, resulting in a total of 4.77 GB of clean data i’ g -
for assembly (Table 2). The maximum read counts were 31832y m L 2
268,844, and RPKM (Reads Per Kilobase of exon model g =R °° « e
per Million mapped reads) was 10,814 (Fig. S1). The g
mean Q20 percentage (sequencing error rate <0.05 %) was 1 ué 2 -
97.22, mean Q30 percentage was 91.17, and GC percent- ;5‘3 —é’ §D § § A §
age was 45.27 (Table 2). Using the software Trinity, de ; ZElg @ g =]
novo assemblies generated 205,305 transcripts including Tlesa
99,869 unigenes. The length of the transcripts varied from g | = %
201 to 13, 402 bp, with an average of 1140 bp, and N50 § E%
value and N90 value of 1863 and 487 bp, respectively. The 3 % Zl g S =
length of the unigenes varied from 201 to 13,402 bp, with I|=E| = oo
an average of 747 bp, and N50 value and N90 value of "§
1309 and 288 bp, respectively (Fig. 1). The transcripts with S B @
the length over 500 bp accounted for about 62.03 % while § 3 g 3 = = 9 «
the number of the length between 200 and 500 bp was 77, 2IEElg X S ¢ 2
964. The unigenes with length of over 500 bp accounted for R ikt R
about 41 % compared to lengths between 200 and 500 bp kS
(Fig. 2; Fig. S2; Fig. S3). g E z 3 2
Microsatellites (SSR) enrichment &9 G P
2|10 < wn Vel
on
In total, 22,019 sequences contained SSRs, that was 22 % § o -
of all unigenes, and the distribution density was 227 per % g 238
MB. In these loci, mononucleotide repeats were the most :Cf’ § § §
frequent (7208; 43.2 %), followed by dinucleotide repeats ; = g < <
(6180; 37.0 %) and trinucleotide repeats (2288; 13.7 %) g < = %
(Fig. 3). SSRs with ten tandem repeats 5023 (22.81 %) U%) § = §° 5
were the most common, followed by six tandem repeats | o = 3 "?g 2 § g
2896 (13.15 %), 11 tandem repeats (9.7 %), seven tandem = § § § £ § § § £
repeats (9.08 %), five tandem repeats (8.07 %), nine tandem gl& <~ 3 £ & 37 T
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repeats (7.44 %), and >11 tandem repeats (22.78 %). The
dominant repeat motif in EST-SSRs was A/T (46.64 %),
followed by AG/CT (30.10 %), AT/AT (4.51 %), AAG/CTT
(4.26 %), AC/GT (2.43 %), and AGG/CTT (1.83 %) (Table
S1).

Gene annotation of J. mandshurica transcriptomes

In this study, 39,868 of 99,869 unigene sequences (39.
92 %) were annotated to GO classes (Fig. 4). All unigenes

1
2000

1 1 1 1 1 : -
4000 6000 8000 10000 12000 14000 16000
Unigene Length

were annotated to three major GO classes: the largest class
was biological processes (105,684; 46.13 %), followed
by a cellular component class (73,129; 31.92 %), and
molecular function class (50,273; 21.95 %). Cellular pro-
cesses (24,200; 22.90 %) and metabolic processes (22,699;
21.48 %) were the largest and second largest of 22 cat-
egories of biological processes, while the least abundant
were rhythmic processes (45; 0.04 %) and cell death (34;
0.03 %), respectively. Within the cellular component class,
cell (14,911; 20.39 %), cell part (14,822; 20. 35 %), and
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organelle (10,322; 14.40 %) were the most abundant among
the 19 categories (five categories not shown in Fig. 4),
while the least abundant were synapse part (8; 0.01 %) and
synapse (8; 0.01 %). Within the molecular function class,
binding (23,264; 46. 28 %) and catalytic activity (19,752;
39.29 %) were the most abundant among the 13 categories
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(two categories not shown in Fig. 4), while the least abun-
dant were receptor regulator activity (13; 0.03 %) and met-
allochaperone activity (9; 0.02 %) (Fig. 4).

Functional classification by orthologous groups (COG)

All unigenes were aligned to the COG database to pre-
dict and classify their possible functions. Out of 20,087
Nr hits, 17,806 sequences were assigned to COG clas-
sifications (Fig. 5). Among the 25 COG -categories,
the cluster for general function prediction only (3135;
17.61 %) represented the largest group, followed by post-
translational modification, protein turnover, chaperones
(2390; 13.42 %), signal transduction mechanisms (1676;
9.41 %), translation, ribosomal structure and biogenesis
(1128; 6.33 %), intracellular trafficking, secretion, and
vesicular transport (1200; 6.29 %), transcription(1137;
6.31 %), translation (1119; 6.28 %), and RNA processing
and modification (1060; 5.95 %), whereas only a few uni-
genes were assigned to cell motility and unnamed protein
(Fig. 5).
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Fig. 5 Histogram presentation of clusters of orthologous groups
(COQG) classification. All unigenes were aligned to COG database to
predict and classify possible functions. Out of 27,435 Nr hits, 18,001
sequences were assigned to 26 COG classifications. RNA processing
and modification (A), chromatin structure and dynamics (B),energy
production and conversion (C), cell cycle control, cell division, chro-
mosome partitioning (D), amino acid transport and metabolism (E),
nucleotide transport and metabolism (F), carbohydrate transport
and metabolism (G), coenzyme transport and metabolism (H), lipid
transport and metabolism (/), transition, ribosomal structure and bio-
genesis (J), transcription (K), replication, recombination and repair
(L), cell wall/membrane/envelope biogenesis (M), cell motility (N),
posttranslational modification, protein turnover, chaperones (O),
inorganic ion transport and metabolism (P), secondary metabolites
biosynthesis, transport and catabolism (Q), general function predic-
tion only (R), function unknown (S), signal transduction mechanisms
(T), intracellular trafficking, secretion, and vesicular transport (U),
defense mechanisms (V), extracellular structures (W), unnamed pro-
tein (X), nuclear structure (Y), and cytoskeleton (Z)

Functional classification by the KEGG pathway

Out of the 15,903 unigenes, 6013 (40.3 %) with signifi-
cant matches were assigned to five main categories divided
into 32 KEGG pathways (Fig. 6). Among the 32 pathways,
most represented were carbohydrate metabolism (134,1;
8.99 %), and translation (133,2; 8.93 %), followed by sig-
nal transduction (1177; 7.89 %), folding, sorting, and deg-
radation (116,9; 7.84 %), and overview processing (994;
6.77 %).

SSR primer screening and verification

Among the 63 microsatellite loci evaluated, only 20
(30.8 %) successfully amplified and also were polymorphic
among the four J. mandshurica populations tested (Table 2;
Fig. 7; Table S2). The polymorphic EST-SSRs ranged from
dinucleotide repeats to hexanucleotide repeats, although tri-
nucleotide repeats were not represented, which was surpris-
ing because they were relatively common overall (Fig. 3).
The number of alleles (V,) for each locus ranged from 2
to 8 and the mean number of alleles per locus was 4.95.
We observed no obvious association between repeat unit
size (di- versus penta-nucleotide repeats, for example) and
polymorphism or allele number. The observed heterozy-
gosity (H,) and expected heterozygosity (Hy) varied from
0.309 to 0.813 and from 0.335 to 0.842, with an average
of 0.516 and 0.639, respectively (Table 3). The 20 poly-
morphic SSR-containing unigenes were assigned putative
biological function based on BLAST search in the NCBI
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Fig. 6 Pathway assignment based on the Kyoto Encyclopedia of
Genes and Genomes (KEGG). A Classification based on cellular pro-
cess categories, B classification based on environmental information

protein databases (Table 3; Table S3). Eight of the unigenes
had no identifiable function, as they matched to “hypotheti-
cal protein” or “PREDICTED” results, and five unigenes
(IM68820, IM77590, IM9158, JM5446, IM1672) had no
significant match to any protein in the database (Table 3).

Four loci out of the 20 polymorphic EST-SSRs,
IM59276, IM75325, JIM2039, and IM5272, showed signifi-
cant departures from Hardy—Weinberg equilibrium (HWE)
across all samples (Table 3). The Bayesian clustering of
48 individuals was from 4 natural populations where the
deltaK spectrum identified K = 3 as the most likely num-
ber of populations for the sampled genotypes (Fig. 8). The
Bayesian clustering approach revealed that samples from
XK belonged to a distinct population (red in Fig. 8), as did
samples from CB (green in Fig. 8). Samples from sources
XL and LM were either from population II (similar to CB
samples) or population III (blue in Fig. 8), and samples
from LM were admixed (containing elements of population
II and III) or assigned to populations II or III exclusively
(Fig. 8).
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processing categories, C classification based on genetic information
processing categories, D classification based on metabolism catego-
ries, and F classification based on organismal systems categories

Discussion

The current demographic decline of natural populations
of Manchurian walnut is attributed to human activities,
including deforestation and global climate change (Ma
et al. 2007; Lin et al. 2008; Zhu et al. 2011). As a conse-
quence, there is a need for genetic information to inform
management and conservation decisions. Investigation of
the genetic diversity of this walnut species has been lim-
ited to population genetics and characterization of phenol-
ogy and gene flow in natural populations (Bai et al. 2007,
2010). Prior to our work, there was little DNA sequence
data for J. mandshurica in public databases, and our study
is the first to produce and characterize transcriptome data
of any kind for the species. In the absence of an assem-
bled reference genome, the unigenes described here are the
most complete genomic resources for Manchurian walnut.
We sequenced expressed sequences (RNA) from three rep-
resentative organ types (leaves, vegetative buds, and fruit)
since the aim of this study was to gain as broad an insight
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Fig.7 PCR products and polymorphic patterns of three EST-SSR
markers across 48 individuals of J. mandshurica. M indicates size
ladders. “a”, “b”, “c” represent panels of PCR products for indi-

into the transcriptome of Manchurian walnut as possible. In
our case, pooling RNA samples was a cost-effective strat-
egy based on statistical and practical considerations (Sloan
et al. 2012; Xu et al. 2012). We examined a total of 5.04 GB
of raw reads that corresponded to 4.77 GB of nucleotide
sequence. The quality of the resulting transcriptome was
high (Table 2). Q20 percentage for our transcriptome data
was 97.22, which compares favorably to other recent stud-
ies (Wei et al. 2015; Yan et al.2015; Jiang et al. 2015), and
the average transcript length of 747 bp was comparable to
those observed in other species (Zhang et al. 2015; Jiang
et al. 2015; Adal et al. 2015).

Microsatellites are widely distributed in eukaryotic
genomes (Li et al. 2002, 2004), although the functions of
SSRs in transcribed regions in plants are not well known
(He et al. 2015). In this study, we found that Illumina
paired-end transcriptome sequencing was an efficient, low-
cost, reliable, and rapid tool for transcriptome analysis and
EST-SSR marker development in a non-model organism.
Dinucleotide repeats were the most frequent SSR motif
type (71.41 %) aside from single nucleotide repeats. This
finding was consistent with results reported for common
walnut (Juglans regia) (Zhang et al. 2010), and numerous
other species (Kumpatla and Mukhopadhyay 2005; Du

viduals genotyped using primers for the loci JM8820, JM8331, and
IM3882, respectively. Lanes 1-36, refer to the different individuals of
J. mandshurica from four populations (see Table 1)

et al. 2012), but it is not observed in all species (Adal et al.
2015; Zhang et al. 2015; Wei et al. 2015). Trinucleotide
repeats were the most abundant EST-SSR marker for cab-
bage, red clover, and other plants (Izzah et al. 2014; Yate
et al. 2014). Among the dinucleotide repeats (DNRs), AG/
CT repeats were the most common in Manchurian walnut,
accounting for 58.1 % of the total DNRs. The results were
similar to findings reported for J. regia (Zhang et al. 2010)
and Ipomoea nil = 50.32 % (Wei et al. 2015) but not Lilium
‘Sorbonne’ = 23.86 %, (Zhang et al. 2015) and Vaccinium
macrocarpon = 25.8 % (Schlautman et al. 2015).

From a random sample of 63 unigenes containing
microsatellites, we found 20 (30.8 %) that could be eas-
ily and consistently amplified and were polymorphic
(Table 3). There were at least three reasons the other 43
SSRs did not amplify or appeared monomorphic. First,
some of the designed primers may have failed to amplify
PCR products because of the presence of introns in the
unigenes. Second, SSRs that had no detectable polymor-
phism may be monomorphic within Manchurian wal-
nut or they may be polymorphic among populations
we did not sample. Third, there may have been errors in
base calls or assembly that resulted in incorrect flank-
ing sequences from which primers were designed. The

@ Springer
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Table 3 continued

=
=

Hg

0.684 0.595 0.739 NS

N, Sizerange (bp) Tm (°C) PIC H,

6

Repeat motif(s) Primer sequence (5'-3')

Locus name Putative function of Unigene

JM3882

F: CCTGTGGGCGTAACTTTCCA 169-185 50

R: AATCCCCAATCCCCCATTTT

(TTTC)5

Hypothetical protein PRUPE_ppa023884 mg [Prunus

persica] (Query length, 562 bp; query cover, 50 %; E

value, 1e-32; ident, 79 %)
Ubiquitin carboxyl-terminal hydrolase isoform 1 [Theo-

0.585 0.389 0.659 NS

50

314-330

5

F: CGGATGGCTTATGCGGGTAT

(CTCC)5

IM9040

R: TCCTGGCTGAGAGAGGAGAC

broma cacao] (query length, 4910 bp; query cover,

66 %:; E value, 0.0; ident, 74 %)
PREDICTED: uncharacterized protein LOC103341189

0.585 0.439 0.648 NS

48

215-227

4

F: GATCAATCGCTCCTACCCCG

(TGTO)5

IM3976

R: TCAATGAAACCCCAACACCCA

[Prunusmume] (query length, 1103 bp; query cover,

32 %; E value, 2e-31; Ident, 63 %)
PREDICTED: uncharacterized protein LOC103341189 (ACAG)5

0.396 0.22 0.437 NS

50

217-229

4

F: TCAATGAAACCCCAACACCC
R: GATCAATCGCTCCTACCCCG

IM7109

[Prunus mume] (query length, 1107 bp; query cover,

34 %; E value, 8e-32; ident, 63 %)
PREDICTED: vacuolar cation/proton exchanger 5 [Pru- (CT)10

nusmume] (query length, 2957 bp; query cover, 45 %; E

0.691 0.209 0.743 ***

50

168-186

6

F: GAGCGAGGGAGTTTGGAACT
R: TGACGGGTTTTTGCGAGTTG

IM5272

value, 0.0; ident, 82 %)

1.00
0.80
0.60
0.40
0.20

Fig. 8 Results of STRUCTURE analysis (Pritchard et al. 2000) and
color-coded grouping at the most likely K = 3 as determined using
the deltaK method of Evanno et al. (2005). The proportions of clus-
ter memberships for each individual are represented by a vertical
bar, samples were grouped according to their population of origin as
described in Table 1

number of alleles ranged from 2 to 8 (mean = 5), the
expected and observed of heterozygosity ranged from
0.209 to 0.813 and 0.335 to 0.842 (mean = 0.455 and
0.639), respectively. The number of alleles ranged from
1 to 17 (mean = 6), whereas the expected heterozygosity
and observed heterozygosity were from 0 to 0.925 and 0
to 1.000 (mean = 0.358 and 0.627), respectively (nr-SSRs)
(Chen et al. 2013) or the number of alleles ranged from 14
to 49 (mean = 27.5), whereas the observed heterozygosity
were 0.578 to 0.916 (mean = 0.734, nr-SSRs) (Bai et al.
2010). The polymorphic information content (PIC) values
of these EST-SSR markers ranged from 0.298 to 0.813
(mean = 0.584 =+ 0.12). Departures from HWE that we
identified for four loci may have been caused by several
factors, the most likely include the presence of null alleles,
selection, immigration of alleles, and sampling from small
populations.

Not all predicted unigenes could be matched to known
proteins using BLASTX. Some of the shorter unigenes may
have been truncated, lacked a characterized protein domain,
or contained a known protein domain that was highly
diverged from those in the database, leading to a false-
negative result. Some sequence may have been the result
of contaminating nuclear DNA. In other cases, non-match-
ing unigenes may have been chimeric reads. In a small
number of cases, unigenes from Manchurian walnut were
matched to animal proteins, either because of the types of
errors described above, or because certain plant proteins
are highly similar to proteins associated with the nervous
system, proteins used for cell-to-cell communication, or
immune system proteins (BaluSka et al. 2005; Kwon et al.
2008a, b). If a high-quality reference sequence for Man-
churian walnut becomes available it should improve our
ability to identify and use EST-SSRs from this species.

There are several advantages to using EST-derived SSRs
for genetic studies. They are generally more transferrable
to other related species than are genomic-SSRs. Unigenes
containing validated SSRs can often be shown to have
a function related to development or metabolism, mak-
ing polymorphisms in these genes useful for identifying
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genetic variation in adaptation or physiology, and making
them important tools for studying speciation and popula-
tion genetic differentiation of Manchurian walnut. Iden-
tification of SSRs based on expressed sequences from
the NCBI databases has been demonstrated (Zhang et al.
2010), but the putative gene function of polymorphism in
these SSRs was not described (Chen et al. 2013).

Our analysis of the genetic structure of J. mandshurica
showed that most of the genetic variation was within popu-
lations (87.5 %); the different results reported in this spe-
cies were based on 22 populations (Bai et al. 2010). The
microsatellites we developed were polymorphic enough to
distinguish among the 48 individuals and to reveal affini-
ties and differences among the four sampled populations
(Fgt = 0.091, P < 0.001). Surprisingly, populations XK
and LM, which were sampled from locations relatively
close to one another, and showed considerable divergence.
The results are not similar with population genetic study
using genomic-SSRs (Bai et al. 2010). It is possible that
the EST-SSRs we used to analyze the population genetics
of J. mandshurica produced results that reflect selection
pressure on the genetic regions in which the SSRs reside.
Despite the differentiation among populations that were
observed, there was clear evidence for admixture, probably
due to pollen flow, especially in population LM. The basis
for genetic divergence among J. mandshurica populations
is most likely isolation by distance combined with regional
adaptation. The heavy seeds of Juglans species are typically
not dispersed far, but geographic isolation in Juglans can be
overcome by long-distance pollen flow (Victory et al. 2006),
which effectively minimize genetic divergence among wild
populations in the Juglandaceae (Bai et al. 2010; Hoban
et al. 2010; Pollegioni et al. 2014). A full understanding of
the genetic structure and diversity of Manchurian walnut
will require additional sampling and the establishment of
common gardens. The EST-SSRs described here and other
EST-SSRs found within the transcriptome data we gener-
ated should prove useful for understanding local adaption,
gene flow, and genetic structure in Manchurian walnut and
other members of the Juglandaceae.

This study presents the first transcriptome for J. mand-
shurica. It should serve as a foundation and a resource for
understanding walnut development and for future genetic
and genomic studies of walnut species. Most of the novel
set of polymorphic microsatellite loci developed here were
within transcribed genes and, as such, may be particu-
larly useful for determining if population differentiation is
related to local adaptation. In addition to population genetic
studies, the loci may be useful for identifying population
units for walnut conservation and management.
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