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Abstract
Iron walnut (Juglans sigillata Dode) is a temperate deciduous tree indigenous to China. It is distributed mainly in southwestern
China, where it is valued for its wood and nuts. Transcriptomic and genomic data for the species are limited. Our goal was to
assemble the whole chloroplast genome of J. sigillata, to use transcriptome information from RNA-Seq to understand the gene
space in J. sigillata, and to develop polymorphic simple sequence repeats (SSRs, microsatellites) useful for understanding the
species’ population genetics. The chloroplast genome consisted of a large single copy (LSC) of 89,872 bp, an inverted region (IR)
of 52,072 bp, and a short single copy (SSC) of 18,406 bp. The chloroplast genome consisted of 137 annotated genes, with 71
unique coding regions and eight coding regions that were repeated in the inverted region. De novo assembly of the transcriptome
yielded 83,112 unigenes with an average length of 686.9 bp. A search against the Gene Ontology (GO) database identified 19,718
unigenes. We evaluated transcriptome-derived microsatellite markers and chloroplast sequence polymorphisms in 48 J. sigillata
individuals from three populations and 66 individuals from five other Chinese walnut (Juglans) species. We found 20 expressed
sequence tag-SSRs and four loci in the chloroplast that were polymorphic in J. sigillata. The number of alleles per locus ranged
from 3 to 10. The whole chloroplast genome and these 24 informative loci will be useful for studies of population genetics,
diversity, and genetic structure, and they will undoubtedly benefit future breeding studies of this walnut species.
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Introduction
Walnuts (Juglans) have high economic value due to their
high-quality wood, nutritious nuts, and ecological
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importance (Manning 1978; Han et al. 2016; Pollegioni
et al. 2014; Wang et al. 2015). The iron walnut (Juglans
sigillata) is a thick-shelled walnut that grows in southwestern China. It is closely related to (and possibly an
ecotype of) the widely cultivated Juglans regia
(Pollegioni et al. 2014; Wang et al. 2015; Lu 1982;
Gunn et al. 2010). Iron walnut is one of the most desirable and economically valuable hardwood timber tree species in southwestern China, and its fruits, which are edible, have religious and cultural importance (Gunn et al.
2010; Weckerle et al. 2005). To date, most studies of J.
sigillata focused on its genetic diversity and the nutritional value and chemical composition of its nut and other
tissues (Wang et al. 2015; Aradhya et al. 2004; Gu et al.
2015). Despite this species’ value, existing genomic resources for J. sigillata include only 17 nucleotide sequences and 181 proteins in GenBank (as of April
2017). There are no microsatellites developed from J.
sigillata genomic DNA, so genetic studies of J. sigillata
(Wang et al. 2015; Gunn et al. 2010) have been limited by
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extracted following the methods of Doyle and Doyle (1987)
and stored at − 20 °C at the Evolutionary Botany Lab,
Northwest University, Xi’an, China. All DNA sequences were
obtained using Sanger sequencing technology and an ABI
3730. Methods of RNA extraction, quantification, and processing for sequencing were essentially as described previously (Hu et al. 2016). To obtain an overview of the J. sigillata
transcriptome, the RNA from different tissues (fresh leaves,
vegetative buds, and immature fruits) was extracted separately. Total RNA was extracted using a Plant RNA Kit (OMEGA
Bio-Tek, Norcross, GA, USA). RNA degradation and contamination were monitored on 1% agarose gels. RNA purity
was assayed using the NanoPhotometer spectrophotometer
(IMPLEN, Westlake Village, CA, USA), and RNA concentration was measured using the Qubit RNA Assay Kit and a
Qubit 2.0 Flurometer (Life Technologies, Carlsbad, CA,
USA). RNA integrity was assessed using the RNA Nano
6000 Assay Kit and Agilent Bioanalyzer 2100 system
(Agilent Technologies, Santa Clara, CA, USA). After RNA
quantification, we pooled equivalent amounts of all RNA
from fresh leaves, vegetative buds, and immature fruits for
sequencing.

the relatively small number of polymorphic markers available, and there are no ESTs (expressed sequence tags)
available in GenBank for J. sigillata.
Due to the large effort required to sequence eukaryotic
genomes, only a few plant genomes were fully sequenced
before 2014 (Wei et al. 2015). Since then, however, genomic
information for a large number of non-model plants has become available, mostly because of rapid changes in sequencing technology (Yuan et al. 2017). A draft genome for common walnut (J. regia) is significant because Juglans regia is
closely related to iron walnut, as previously mentioned
(Martínez-García et al. 2016). There are five complete chloroplast genomes of Juglans species sequenced to date; these
are also important genetic resources (Hu et al. 2017). In angiosperms, chloroplast genomes are predominantly maternally inherited and thus can reveal maternal lineages (Birky
1995; Greiner et al. 2015). Chloroplast polymorphisms
[indels, single nucleotide polymorphisms (SNPs) and
microsatellites] are frequently targeted because they are more
easily isolated than nuclear microsatellites and highly efficient
markers for population genetics and studies of evolutionary
history (Provana et al. 2001; Wheeler et al. 2014).
Transcriptomic data has often been used for gene discovery
and simple sequence repeat (SSR) marker development
(Zhang et al. 2012; Jiang et al. 2013). Because some ESTSSRs can be transferred to related taxa, they have value for
understanding evolution, for population genetic studies, and
comparative mapping (Ellis and Burke. 2007; Bodénès et al.
2012). Aside from the development of EST-SSRs, RNA-Seq
also allows the potential recovery of rare transcripts, splicing
variants, and the determination of gene expression levels in
cells or tissues of interest (Kaur et al. 2011; Zhou et al. 2014).
The goals of this study were to determine the complete
sequence of the chloroplast genome of J. sigillata, prepare a
preliminary characterization of the transcriptome of J.
sigillata, and use the complete chloroplast genome and preliminary transcriptome to identify a suite of chloroplast polymorphisms and EST-SSRs for population genetic analysis. A
further goal was to demonstrate the utility of the polymorphisms by characterizing three populations of J. sigillata.

Libraries for RNA-Seq were produced using an NEBNext
Ultra RNA Library Prep Kit (NEB, Beverly, MA, USA).
Paired end sequencing was performed on Illumina
HiSeq2500 platform to generate 100 bp reads with default
parameters by Novogene Bioinformatics Technology Co.,
Ltd., Beijing, China (www.novogene.cn). The de novo
transcriptome was assembled using default settings in Trinity
(Grabherr et al. 2011). Unigenes were annotated using data
from the NCBI Gene Ontology (GO) and protein family
(Pfam) databases. GO annotations were performed in
Blast2GO v2.5 with the cutoff e-value 1e−6 (Conesa et al.
2005). The transcriptome assembly was deposited at NCBI
under the BioProject accession no. PRJNA393481 (Short
Read Archive, SRR6902320).

Materials and methods

Chloroplast genome sequencing, assembly and gene
annotation

Sample collections, DNA extraction, and RNA
extraction
Fresh leaves, buds, and immature fruits of J. sigillata were
collected in June 2015 from a single, mature, healthyappearing tree growing in Yunnan province and immediately
frozen in liquid nitrogen prior to storage at − 80 °C. Tissues
from this tree were used for RNA extraction. Leaves used for
DNA extraction were dried with silica gel, and the DNA was

RNA-Seq library preparation for transcriptome
sequencing and gene annotation

Raw reads with sequences shorter than 50 bp or with more
than 2% ambiguous bases were removed from the total NGS
PE reads using the NGSQC toolkit v2.3.3 (Patel and Jain.
2012) trim tool. After trimming, high-quality PE reads were
assembled using aMIRA (Chevreux et al. 2004). Functional
genes were annotated by alignment with genes of their closest
relative (J. regia, NCBI accession KT963008; Hu et al. 2016).
Genome annotation was performed using Geneious v10.2.2
software (Kearse et al. 2012). The GC content of coding and
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non-coding regions was determined based on annotation. The
annotated cp genomic sequence was deposited into GenBank
(KX424843).

Discovery of SSRs and primer design
We identified microsatellites within assembled unigenes using
MISA (http://pgrc.ipk-gatersleben.de/misa/misa.html). A
sample of unigenes (N = 70) was selected for primer design
out of 7118 sequences containing microsatellites that were not
single nucleotide repeats but contained greater than five motif
repeats. Primers were designed to amplify the 70 selected loci
to produce a range of PCR product sizes from 140 to 280 bp
(five from 142 to 150 bp, five 160 bp, five 170 bp, five 180 bp,
five 190 bp, five 200 bp, five 210 bp, five 220 bp, five 230 bp,
five 240 bp, five 250 bp, five 260 bp, and five 280 bp) from
genomic DNA (Table S1).
Nine loci (Table 3) were selected from 67 SSR-containing
loci identified in the J. sigillata chloroplast genome, and
primers were designed to amplify sequences in those regions
(Table S2; Table 1). Genomic DNA from 48 samples of J.
sigillata was used for PCR amplification and analysis of polymorphism. Primers were designed using Primer3 (http://
primer3.sourceforge.net/releases.php). Primer design
parameters were as follows: 18 to 23 nucleotides in length
with 21 bp as optimum. Amplicon product size ranges from
142 to 280 bp, optimum annealing temperature of 58 °C, and
GC content 50–60% with 50% as optimum (Table 2).

Amplification conditions and validation of primers
To verify the polymorphism of EST-SSRs and for subsequent
population genetic studies, we extracted DNA from 48 leaf
samples collected in 2015 from J. sigillata trees in three natural populations in three locations (Weixixian, Yunnan
Province, TZ; Nanhuaxian, Yunnan Province, NH;
Shuichenxian, Guizhou Province, BN) in China (Table 1).
DNA was extracted and handled as described above. After
drying, DNA was re-suspended in water, diluted with water
to 10 ng/μL, and stored at − 20 °C until use. PCR amplification conditions and allele scoring were essentially as described
in Hu et al. (2016). All 48 genotypes were examined for polymorphism at all 70 EST-SSR loci and nine cp-SSR loci (Table
3).
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Lischer. 2010) was used to test Hardy-Weinberg equilibrium
(HWE). The linkage disequilibrium (LD) for all loci was tested using FSTAT (Goudet 2001). Null alleles were found using
MICRO-CHECKER 2.2.3 (Van Oosterhout et al. 2004). To
detect and understand genetic structure, we used
STRUCTURE software (version 2.3.4) and STRUCTURE
HARVESTER. Results were drawn as bar-plots using
DISTRUCT (Rosenberg 2004) software. Analysis of molecular variance (AMOVA) was performed in GenAlEx6.5
(Peakall and Smouse. 2012), and AMOVA results were used
to estimate population genetic differentiation (F ST )
(Dupanloup et al. 2002).

Chloroplast DNA sequence analysis
To characterize the cp-SSR loci, we used a total of 66 individuals of five Chinese walnut (Juglans) species (18 individuals
from three J. sigillata populations, 7 individuals of J. regia, 12
individuals of J. hopeiensis, 12 individuals of J. mandshurica,
and 12 individuals of J. cathayensis, for details see Table S3).
Polymorphism at each locus within and among species was
determined by sequencing (Table 3). PCR amplification was
carried out on a SimpliAmp Thermal Cycler (Applied
Biosystem, USA) in 20 μL reaction volumes (10 μL 2×
PCR Master Mix including 0.1 U Taq polymerase/μL,
500 μM each dNTP, 20 mM Tris-HCl (pH 8.3), 100 mM
KCl, 3.0 mM MgCl2 (Tiangen, Beijing, China), 0.5 μL each
primer, 2 μL BSA (100 mg/mL), 2 μL of 10 ng/μL DNA).
The PCR was programmed for 3 min at 94 °C followed by
35 cycles of 15 s at 93 °C, 1 min at annealing temperature
(55 °C), 30 s at 72 °C, and extension of 10 min at 72 °C. After
PCR amplification, fragments were sequenced by Sangon
Biotech (Shanghai, China). The DNA sequence data were
edited and aligned using Bioedit v7.0.9 (Hall 1999). DnaSP
v5.0 (Librado and Rozas 2009) was used to calculate the
number of segregating sites, number of haplotype/mitotypes,
mean number of pairwise differences (K), nucleotide diversity
(pi), gene diversity within populations (hS), total gene diversity (hT), and parsimony informative sites. AMOVA based on
pairwise differences was performed in Arlequin v. 3.5
(Excoffier and Lischer. 2010).

Results

Microsatellites data analysis

Characterization of the complete chloroplast genome

Per locus genetic diversity and population-level diversity were
evaluated using the program GenAlEx6.5 (Peakall and
Smouse. 2012) to determine number of alleles (NA) and observed (HO) and expected (HE) heterozygosity. Genetic differentiation of populations (FST) was tested using the program
GENEPOP (Raymon 1995). ARLEQUIN (Excoffier and

The J. sigillata chloroplast genome is 160,350 bp in length; its
organization and gene contents were typical of angiosperms.
Overall GC content was 36.1%. The GC content in LSC, SSC,
and IR regions was 35.9, 32.1, and 42.7%, respectively. The J.
sigillata chloroplast consisted of large single copy (LSC) region of 898 72 bp, a small single copy region (SSC) of 18,
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sigillata Dode sampled for this
study
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Collection site

Population code

Species

Sample size

Longitude (E)

Latitude (N)

Weixixian, Yunnan
Nanhuaxian, Yunnan

TZ
NH

J. sigillata
J. sigillata

16
16

99°24′
101°16′

27°36′
25°11′

Shuichenxian, Guizhou

BN

J. sigillata

16

105°09′

26°13′

Total

406 bp, and a pair of inverted repeat (IRa and IRb) of
26,036 bp. The chloroplast genome contained 129 functional
genes, including 88 protein-coding genes, 8 rRNA genes (two
4.5S rRNA, two 5S rRNA, two 16S rRNA, and two 23S
rRNA), and 40 tRNA (Table 4). ycf1 was found in the junction
of the IR regions.

Illumina sequencing and De novo assembly
In total, 4.29 GB sequence quality reads were generated,
resulting in a total of 4.2 GB of clean data for assembly.
The mean Q30 percentage (sequencing error rate <
0.05%) was 90.99, and GC percentage was 45.16.
Using the software Trinity, de novo assemblies generated
170,811 transcripts including 83,112 unigenes. The
length of the transcripts varied from 201 to 15,705 bp,
with an average of 1294 bp and N50 value of 2171 bp.
The length of the unigenes varied from 201 to 12,402 bp,
with an average of 687 bp and N50 value of 1147 bp
(Table S4). The transcripts with the length over 500 bp
accounted for about 64.7% of all transcripts; the number
between 200 and 500 bp in length was 53, 574. Unigenes
with length of over 2000 bp accounted for about 7.2%
(Fig. 1).

Microsatellites (SSR) enrichment
In total, 7118 transcriptome unigenes (sequences) contained
SSRs, which were 8.6% of all unigenes (83,112). In these loci,
mononucleotide repeats were the most frequent (3425;
48.11%), followed by dinucleotide repeats (2649; 37.21%)
and trinucleotide repeats (948; 13.32%), while only 96 ESTs
contained tetranucleotide, pentanucleotide, or hexanucleotide
repeats (Fig. 2; Table S5). The dominant repeat motif in ESTSSRs was A/T (46.82%), followed by AG/CT (14.26%), GA/
TC (14.03%), AT/TA (6.71%), GAA/TTC (1.44%), and
AGA/TCT (1.38%) (Fig. 2; Table S6). In total, 66 chloroplast
sequence fragments from the whole chloroplast genome
contained SSRs. Within these 66, mononucleotide repeats
were the most frequent (n = 49; 74.2%), followed by complex
nucleotide repeats (n = 8; 12.1%) and dinucleotide repeats
(n = 5; 7.6%), while only four sequences contained trinucleotide, tetranucleotide, or pentanucleotide repeats (Table S2).
SSRs with ten tandem repeats (n = 24; 35.3%) were the most
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common, followed by 11 tandem repeats (n = 11; 16.2%). The
dominant repeat motif in cp-SSRs was A/T (53, 77.9%) (Table
S2).

Gene annotation of J. sigillata transcriptome
Based on transcriptome sequence data, we annotated
19,718 of 83,112 unigene sequences (23.72%) to GO
classes (Fig. 3). All unigenes were annotated to three major GO classes: the largest class was biological processes
(46, 625; 49.5%), followed by a molecular function class
(25,260; 26. 8%), and cellular component class (22,259;
23.6%). Metabolic process (11,613; 24.9%) and protein
phosphorylation (10,932; 23.4%) were the largest and second largest of 20 categories of biological processes. The
least abundant were locomotion (5; 0.01%) and cell killing (3; 0.004%). Within the cellular component class, cell
part (7803; 35.0%), organelle (4164; 18.7%), and membrane (2787; 12.5%) were the most abundant among the
14 categories (Fig. 3), and the least abundant were extracellular region part (5; 0.02%), virion part (5; 0.02%), and
extracellular matrix part (4; 0.01%). Within the molecular
function class, catalytic activity (10,900; 43. 5%) and
binding (10,750; 42.6%) were the most abundant among
the 16 categories, and the least abundant were protein tag
(13; 0.008%) and translation regulator activity (9;
0.003%) (Fig. 3).

Functional classification by COG
All unigenes were aligned to the clusters of orthologous
groups (COG) database to predict and classify their possible functions. A total of 11,909 sequences were assigned
to COG classifications (Fig. 4). Among the 25 COG categories, the cluster for general function (2230; 18.7%)
represented the largest group, followed by replication, recombination, and repair (1272; 10.7%); transcription
(1153; 9.7%); signal transduction mechanisms (977;
8.2%); posttranslational modification, protein turnover,
and chaperones (793; 6.6%); and translation, ribosomal
structure, and biogenesis (743; 6.2%), whereas only a
few unigenes were assigned to cell motility and nuclear
structure (Fig. 4).

Protein phosphatase 2C NADPH-dependent
FMN reductase flavodoxin-like
Protein kinase domain; protein tyrosine
kinase
PREDICTED: uncharacterized protein
LOC104607906 [Nelumbo nucifera]
Integral component of mitochondrial outer
membrane (GO:0031307)
Pollen allergen

JS0354

Binding (GO:0005488)

Brf1-like TBP-binding domain

Taurine catabolism dioxygenase TauD, TfdA
family
PB1 domain

JS1225

JS1294

JS1752

JS2009

Chitinase class I

Reverse transcriptase (RNA-dependent DNA
polymerase)
K12129|2.4769e-145|tcc:TCM_
043038|Pseudo response regulator isoform
11; K12129 pseudo-response regulator 7
(A)
Reverse transcriptase-like

Myb/SANT-like DNA-binding domain

Pyridoxal-phosphate dependent enzyme

Hydroxymethylglutaryl-coenzyme A
reductase

JS5720

JS7868

JS8101

JS9377

JS9948

JS9772

JS8980

JS8349

ATP binding (GO:0005524); signal
transduction (GO:0007165);
nucleoside-triphosphatase activity
(GO:0017111)
Domain of unknown function (DUF588)

JS5369

JS4710

Transferase activity, transferring
phosphorus-containing groups
(GO:0016772)
Domain of unknown function (DUF4283)

JS0927

JS0632

JS0569

JS0470

JS0357

Putative function of unigene

(TCC)7

(CTTC)8

(AT)10

(TTC)7

(C)10g(TC)8

(AGAC)5

(A)10c(AT)7

(AAAG)5

(CAT)5caccattt(TCA)5

(TGC)7

(T)12(A)12

(CT)7ccccctttctatatatc(TA)6

(TGCA)5

(AT)10

(AT)10

(A)10(AT)6

(GAGAG)5

(T)11(A)10

(GCA)7

(A)10tagagac(AG)8

Repeat motif(s)

Characterization of 20 transcriptome-derived microsatellites of Juglans sigillata

Locus name

Table 2

F:AGAACCCAATCCCATCTCAA
R:TCGGTGGAAGGTAATCTTGG
F:TGGTATGACTCTGGGCTCAA
R:TCTTGTCAACGGCATTCAAG
F:GTTACTGGGAAATGCCAAGC
R:GAAGAACGACAAGTGCACCA
F:TCCTCCACTCAGAGCCAAAC
R:CTGCTCATGTCCATCGCTAA

F:TGCGGCAAACAGATACAACT
R:TTCAGCTTGGGCTTGGTAGT
F:CTTGATGATCACGATCCCCT
R:TATTGAAAAAGGGCAGCCAC
F:CAGCAGCCAAGGACTTAACC
R:CGATCGATCAACAAAGTCCA
F:GGGCTCAGACAATGTCACAA
R:GCTAATACGAGACGGAAGCG

F:CCTCATTGCATTCTTGCTACC
R:CAGCTCCAACAACAGCCATA
F:GGCAGTGGGTTTTGAGAGAG
R:GCATTACGAGAAGTACGCAGC
F:GACAAAGGTTCTGCTGTCTGC
R:CAGTCGCGAGTAGGGAAAAG
F:TGCAAGGTTTGAAACGAAGA
R:GCTTGGAAAATACAGAGCCC
F:TGTAGTACACCTGCCTCCCC
R:ACGCATACTACGGGGTTCAG
F:TGATTCTCCCCTTCGTCATC
R:TCTGTCTGCGTAGGTTGTGC

F:CGATGGCAAAATTAGAGGGA
R:TGGAATTTCGGGTACACCAT
F:AGAAAGGGCAGCAAGAACAA
R:CGTATCCTTGCCCTTTGTGT
F:GCAGGGAATAAGAGTGCCAA
R:GGACTCACCAGATCAATGGG
F:CAGAGCGTCACCAAAGTTCA
R:CCGTCAAATTCATAACGGCT
F:TCCACACAGCTTTACCCTCC
R:ACAATGTTGCTCCCAAGGAC
F:CCTCAATTTCGGTGGAGAAA
R:TCACGCATTGATTGGTGATT

Primer sequence(5′-3′)

58

58

57.3

58

59.6

58.5

57.6

58

58

60.6

58

57.3

60.6

173–190

264–288

218–248

119–185

3

7

7

7

4

4

182–196
167–187

8

8

3

4

6

4

7

6

6

10

4

4

4

4

Na

259–275

176–212

154–178

210–219

290–352

204–210

182–206

254–278

229–248

54.4

54.4

157–179

270–290

295–373

153–162

280–288

Size range (bp)

58

58

58

58

53

Tm (°C)

0.04

0.42

0.62

0.52

0.22

0.30

0.66

0.70

0.56

0.53

0.52

0.43

0.68

0.60

0.53

0.18

0.57

0.65

0.32

0.20

HO

0.50

0.68

0.79

0.79

0.45

0.49

0.80

0.78

0.79

0.68

0.62

0.57

0.67

0.48

0.61

0.70

0.62

0.58

0.51

0.62

HE
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Table 3 Location of nine regions in the chloroplasts of 66 individuals of five Chinese walnuts. Six were polymorphic in all Juglans species, and four
were polymorphic in three populations of Iron walnut (Juglans sigillata)
Loci

Repeat motifs

Primer sequence(5′-3′)

Length

Gaps

M

S

P

Hd

π

psbM-trnD*

(AATA)

418

11/2

5/6

3/3

2/2

0.658/0.719

0.003/0.003

trnM-CAU

(TTTATA)3

596

0

0

0

0

0

0

trnG-trnR

(ATT)5

538

0

0

0

0

0

0

trnE-UUC

(AT)7

592

16/0

11/1

3/1

7/0

0.602/0.111

0.004/0.0002

rpl2

(TA)6

649

2/0

0/0

0

0

0

0

ycf3-trnS*

(ATT)5

516

7/1

2/0

2/0

0/0

0.030/0.000

0.0001/0

trnF-ndhJ

(ATA)4

469

29/0

11/0

0/0

11/0

0.536/0

0.015/0

psbA-trnK*

(TGAA)3

692

7/2

4/4

1/4

3/0

0.343/0.111

0.0008/0.0007

rpoC1*

(ATAAA)3

F: TTCTCCTATCAATCGGGACT
R:ATATCACTCGCGTTTCTGTT
F:AAAGTCGTCTCCTTGAATCC
R:CTCTTTGTCACATCCGTTCT
F:GCCTCACTTACTGGTATCTG
R:TGAACAACAAAGAGCGAGTA
F:TGGGTTGGTCTTGAAACAAT
R:GGATTCAAGGAGACGACTTT
F:CCAAACTTTTCTGGTTCACC
R:AGAGGAGGACGGATTATTCA
F:AAACATCAAATCGCACCATC
R:ATGCACACAACACAAAACAG
F:TTGGCTCAGTTTATCCGAAA
R:TCTGTTTTCTGGGTTTGGAA
F:AAACAGGTTCACGAATACCA
R:TGTTTATGCAGCAAGAGAGT
F:CGGCTCAAGTAGTTACATCA
R:GGGAAGTAGGGACCTAAAAG

413

36/1

1/2

1/0

0/2

0.030/0.621

0.00009/0.002

Length = PCR fragment length (bp); gaps = Sites with alignment gaps or missing data; M = Mutations = Total number of mutations; S = Singleton variable
sites; P = Parsimony informative sites; Hd = Haplotype (gene) diversity; π = Nucleotide diversity; The number to the left of the slash indicates results based
on 66 individuals in all five Chinese walnut species, the number to the right of the slash indicates results based on three populations of Iron walnut
* indicate that the loci were polymorphic in three iron walnut populations

EST-SSR primer screening and verification
Among the 70 microsatellite loci evaluated, only 20
(28.5%) were successfully amplified and also were polymorphic among the three J. sigillata populations tested
(Table 2; Fig. 5). The polymorphic EST-SSRs ranged from
dinucleotide repeats to hexanucleotide repeats; trinucleotide repeats were not represented, which was surprising
because they were relatively common overall (Fig. 2).
The number of alleles (NA) for each locus ranged from 3
to 10, and the mean number of alleles per locus was 5.39.
We observed no obvious association between repeat unit
size (di- vs penta-nucleotide repeats, for example) and
polymorphism or allele number. The observed heterozygosity (HO) and expected heterozygosity (HE) varied from
0.04 to 0.742 and from 0.125 to 0.893, with an average of
0.316 and 0.672, respectively (Table 2). Populations TZ,
NH, and BN had 13, 13, and 10 private alleles, respectively
(Table S8). A private allele was identified at high frequency
(> 0.25) at the TZ sample site at four loci (JS8980, JS0354,
JS4710, and JS7868); in NH at JS4710, JS0354, and
JS0632 (allele frequencies were 0.457, 0.385, and 0.281,
respectively); and in BN at JS0357 and JS5369 (allele frequencies were 0.313 and 0.300, respectively) (Table S7).
The 20 polymorphic SSR-containing unigenes were
assigned putative biological function based on BLAST
search in the NCBI protein databases (Table 2). The
unigene (JS0470) matched to Bhypothetical protein^ or
BPREDICTED^ results in the database (Table 2).

Seven loci out of the 20 polymorphic EST-SSRs, JS0357,
JS0632, JS1294, JS1752, JS7868, JS9772, and JS9948
showed significant departure from Hardy-Weinberg equilibrium (HWE) across all samples (Table S9). Only
JS0470 and JS1225 were in HWE in all three populations
(Table S9). Bayesian clustering of 48 individuals from three
natural populations identified K = 3 as the most likely number of populations for the sampled genotypes (Fig. 6). A
secondary peak at K = 6 was observed; the delta K for the
secondary peak was less than that for K = 3 (Fig. 6a). The
presence of population substructure within sample sites TZ
and BN and admixture between NH and BN was possibly
indicated at K = 4 to K = 8 (Fig. 6a). The three individuals
(3/16 = 18.75%) from population BN were mixed into genetic cluster2 with 16 individuals (16/16 = 100%) from population NH based on STRUCTURE analysis (K = 3), while a
total of five individuals (4/16 = 25.00%) from population
BN were mixed into genetic cluster4 with five individuals
(4/16 = 31.25%) from population NH based on
STRUCTURE analysis (K = 6) (Table S11). Three populations (TZ, NH, and BN) were also discriminated along the
first two coordinates of the principal coordinate analyses,
which accounted for 18.64% of the observed variance
(Fig. S1).
The microsatellites we developed were polymorphic
enough to distinguish among the 48 individuals and to
reveal affinities and differences among the three sampled
populations (Fig. 6; Table S10). The subpopulation of NH
and BN was from a geographically distinct area (Fig. S1).
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Gene contents in Juglans sigillata chloroplast genomes

Category

Gene group

Gene name

Self-replication

Ribosomal RNA genes

rrn4.5

Transfer RNA genes

trnA-UGCa
trnfM-CAU
trnI-GAUa

Small subunit of ribosome

Genes of unknown function
a

rrn23
trnE-UUC

trnF-GAA

trnG-GCC
trnK-UUU
trnN-GUUa
trnR-UCU
trnT-UGU

trnG-UCC
trnL-CAAa
trnP-GGG
trnS-GCU
trnV-GACa

trnH-GUG
trnL-UAA
trnP-UGG
trnS-GGA
trnV-UAC

trnI-CAUa
trnL-UAG
trnQ-UUG
trnS-UGA
trnW-CCA

rps3

rps4

rps7

rps8

rps12

rps14

rps15

rps16

rps18
rpl2

rps19
rpl14

rpl16

rpl20

rpl22

rpl23

rpl32

rpl33

rpl36

rpoA
infA
psaA

rpoB

rpoC1

rpoC2

psaB

psaC

psaI

psaJ

ycf3

ycf4

psbA
psbF

psbB
psbH

psbC
psbI

psbD
psbJ

psbE
psbK

Subunits of cytochrome b/f complex
Subunits of ATP synthase

psbL
petA
atpA

psbM
petB
atpB

psbN
petD
atpE

psbT
petG
atpF

petL
atpH

Subunits of Rubisco
Maturase
Protease

rbcL
matK
clpP

Envelope membrane protein
Subunit of acetyl-CoA-carboxylase
C-type cytochrome synthesis gene

cemA
accD
ccsA

Pseudogene
Conserved open reading frames

infA
ycf1

ycf2

ycf4

ycf15

DNA-dependent RNA polymerase
Translation initiation factor
Subunits of photosystem I
Subunits of photosystem II

Other genes

rrn16
trnD-GUC

rps11
Large subunit of ribosome

Genes for photosynthesis

trnM-CAUa
trnR-ACGa
trnT-GGUa
trnY-GUA
rps2

rrna5
trnC-GCA

petN
atpI

Duplicated genes

Populations NH and BN showed admixture (Fig. 6), and
they shared chloroplast haplotype H1 (Fig. 7; Table S3)
due to gene flow from pollen and seeds. The moderate to
high genetic differentiation among populations (FST TZ
vs NH = 0.12, TZ vs BN = 0.10, BN vs NH = 0.13, respectively) of J. sigillata (Table S10, Fig. 6) was reflected in
the relatively large numbers of private nuclear alleles
present at relatively high frequencies (Table S7). Genetic
variation within populations was 73.0% for EST-SSRs.
Based on chloroplast polymorphisms, 94% of the variation in chloroplasts was within populations (Table 5).

Polymorphic chloroplast loci and verification
Of nine cp-SSRs evaluated, all could be easily and consistently amplified in all five Juglans species (Table 3). We

found high levels of genetic variation in the chloroplasts
among the five Chinese walnut species (section Juglans/
D i o s c a r y o n , J . re g i a a n d J . s i g i l l a t a ; s e c t i o n
Cardiocaryon, J. cathayensis, J. mandshurica, and J.
hopeiensis) based on sequence polymorphism at six loci
(Fig. 7; Fig. S2; Table S3). Among the nine chloroplast
loci evaluated, four were polymorphic among the three J.
sigillata populations tested, and six (66.7%) were polymorphic among five Chinese walnut (Juglans) species
(Table 3; Fig. 7; Fig. S3; Table S2). The intergenic spacer
region psbM-trnD was exceptionally polymorphic in iron
walnut, with high levels of genetic variation among populations and individuals (Fig. S3). psbM-trnD, trnE-UUC,
ycf3-trnS, and rpoC1 showed 7, 1, 1, and 1 single nucleotide polymorphisms (SNPs), respectively (Fig. S3).
Polymorphism within the sequence of the chloroplast
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Fig. 1 The length distributions of the a transcripts and b unigenes of Juglans sigillata

SSR markers constituted three haplotypes in J. sigillata,
H1 to H3 (Fig. 7; Table S3). Haplotype H2 was common
to J. regia, J. hopeiensis, and J. sigillata (Fig. 7; Table S3,
Fig. S2). Haplotypes H7 to H13 were found in J.

cathayensis, haplotypes H16, H20, and H21 were found
in J. mandshurica, and six haplotypes H2, H14, H15,
H16, H17, H18, and H19 were found in J. hopeiensis
(Fig. 7; Table S3).
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Fig. 2 Characterization of portions of the iron walnut (Juglans sigillata)
transcriptome that contained microsatellites (SSRs). a Distribution of
EST-SSR containing dinucleotide, trinucleotide, tetranucleotide,
pentanucleotide, and hexanucleotide repeats. b Frequency with which

motif types (ranging from dinucleotide to hexanucleotide) was repeated
at a locus from five to 12 times. c Frequency distribution of major SSRs
based on main motif type and d distribution of 70 EST-SSR motifs in the
J. sigillata transcriptome analyzed in detail in this study

Analysis of molecular variance using EST-SSR
and cp-SSR loci

organs and tissues (roots, bark, catkins) would no doubt have
revealed additional unigenes. In the end, our transcriptome
quality was high (Q20 of 97.22%), and the average transcript
length was 747 bp, similar to results from other species (Jiang
et al. 2015; Adal et al. 2015).
Dinucleotide repeats (DNR) were the most frequent
among EST-SSR, aside from single nucleotide repeats.
This finding was consistent with results reported previously for common walnut (J. regia) (Zhang et al. 2010;
Dang et al. 2016), Manchurian walnut (J. mandshurica)
(Hu et al. 2016); Chinese walnut (J. cathayensis) (Dang et
al. 2015), Ma walnut (J. hopeiensis) (Hu et al. 2015), and
numerous other species (Durand et al. 2010; Arbeiter et
al.2017), but it is not observed in all species (Adal et al.
2015; Wei et al. 2015). Tri-nucleotide repeats were the
most abundant EST-SSR marker for cabbage, red clover,
and other plants (Izzah et al. 2014). AG/CT repeats were
the most common dinucleotide motif in iron walnut, accounting for 38.2% of the total DNRs, although this was a
much lower percentage than observed in J. mandshurica

Microsatellites clearly distinguished three J. sigillata populations (FST = 0.269, p < 0.001) (Table 5), a result corroborated
by analysis of molecular variance (AMOVA) (Table 5).
AMOVA analysis of the chloroplast sequence polymorphisms
among the three sampled J. sigillata populations showed evidence of genetic differentiation based on polymorphism at
four cp-SSR loci (FST = 0.060; p < 0.05) (Table 5).

Discussion
This research presents extensive DNA sequence data for J.
sigillata (5.04 GB of raw reads, 4.77 GB of nucleotide sequence), a species with poor representation in public databases. By pooling RNA from leaves, vegetative buds, and
fruit, we hoped to obtain a broad sample of expressed sequences (Sloan et al. 2012), although samples from other
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cellular component

molecular function

biological process

Fig. 3 Gene Ontology classification of assembled unigenes. The results are summarized in three main categories: Biological process, Cellular
component and Molecular function. A total of 7718 unigenes with BLAST matches to known proteins were assigned to Gene Ontology

(58.1%) (Hu et al. 2016), J. regia (Zhang et al. 2010),
(AG/CT 7929; 57.7%) (Dang et al. 2016), and J.
hopeiensis (Dang et al. 2015) (AG/CT 32.77%).
The four polymorphic chloroplast markers psbM-trnD,
trnE-UUC, ycf3-trnS, and rpoC1 showed 7, 1, 1, and 1 single
nucleotide polymorphisms (SNPs), respectively, and should
prove useful for further iron walnut population genetics and
evolutionary history studies. They may also prove useful for
genetic studies of other Juglans species (Fig. 7; Table S3). For
example, we were surprised to observe 7 haplotypes in 12
individuals of J. cathayensis based on the nine cp-SSR loci
examined in this study (Fig. 7; Table S3). The five Chinese
Juglans species were divided into two clades corresponding to
the two sections (Juglans/Dioscaryon and Cardiocaryon)
based on sequence variability at the six cp-SSR loci (Fig. 7;
Table S3). The same five Chinese species were divided into
two clades corresponding to the two sections with 100% bootstrap support based on whole chloroplast genome sequences
of five samples (Hu et al. 2017). Haplotype H1 was found
only in J. sigillata (not J. regia), but its position was intermediate between H2 and H4, which were both J. regia chloroplast haplotypes, which probably indicate that H3 is not now
or historically was not limited to J. sigillata. The origin of J.
sigillata haplotype H1, which was present in population TZ

only, is less clear, as it appears to be intermediate between the
dominant Dioscaryon (H2) haplotype and two haplotypes
found only in J. cathayensis (Cardiocaryon; Fig. 7).
From the large pool of ESTs we identified, we randomly
sampled 70 unigenes that contained microsatellites. Of these,
20 (28.6%) could be reproducibly amplified and were polymorphic (Table 2). Some of these EST-SSRs were highly
polymorphic in iron walnut. Departures from HWE were
common (Table S9) and 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. Potential explanations for why the remaining
50 EST-SSRs did not amplify (n = 46) or appeared monomorphic (n = 4) are many (Hu et al. 2016), but the most likely
reason for non-amplification was probably polymorphism in
t h e p r i m er bi n d i ng s i t es (p oo r p r i m er bin di ng ) .
Monomorphism at a microsatellite is common; it can be an
artifact of insufficient sampling or may reflect the current genetic variation at a particular locus.
The advantages of EST-derived SSRs over those from
(non-coding) nuclear genomes are many. EST-SSRs are typically more transferrable to related species (Ellis and Burke
2007), and polymorphisms in EST-SSRs may be used as a
basis to sample for differences in the expression of genes,
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COG Function Classification of Consensus Sequence
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H: Coenzyme transport and metabolism
I: Lipid transport and metabolism
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K: Transcription
L: Replication, recombination and repair
M: Cell wall/membrane/envelope biogenesis
N: Cell motility
O: Posttranslational modification, protein turnover, chaperones
P: Inorganic ion transport and metabolism
Q: Secondary metabolites biosynthesis, transport and catabolism
R: General function prediction only
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U: Intracellular trafficking, secretion, and vesicular transport
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Fig. 4 Histogram presentation of clusters of orthologous groups (COG)
classification. All unigenes were aligned to the 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,
chromosome 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 (I); transition, ribosomal structure and

biogenesis (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 prediction
only (R); function unknown (S); signal transduction mechanisms (T);
intracellular trafficking, secretion, and vesicular transport (U); defense
mechanisms (V); extracellular structures (W); unnamed protein (X);
nuclear structure (Y); and cytoskeleton (Z)
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Fig. 5 PCR products and polymorphic patterns of two EST-SSR markers
across 48 individuals of J. sigillata. M indicates size ladders. a, b Panels
of PCR products for individuals genotyped using primers for the loci

JS8101and JS5069, respectively. Lanes 1–48 refer to the different
individuals of J. sigillata from three populations (see Table 1). Arrows
indicate diagnostic product size
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TZ
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K=4
K=5
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K=7
K=8
(b)

(c)

Fig. 6 Results of STRUCTURE analysis (Pritchard et al. 2000) and
color-coded grouping from K = 3 to 6 as determined using the deltaK
method of Evanno et al. (2005). a The proportions of cluster
memberships for each individual are represented by a vertical bar;

samples were grouped according to their population of origin as
described in Table 1. b Distribution of delta K for K = 2 to 10 to
determine the true number of populations (K) as described in Evanno
(2005). c Mean log likelihood of the data at varying estimates of K

indicating adaptive differences among populations (Bradbury
et al. 2013). In the particular case of iron walnut, they might be
an excellent tool for studying speciation and population genetic differentiation between iron walnut and common walnut.
J. sigillata showed a high level of among population differentiation (FST = 0.269, p < 0.001) based on EST-SSRs;
each of the three populations was more or less equally genetically distant from the other two (Table S10). The differentiation estimate based on four chloroplast SSRs was more modest (FST = 0.060, p < 0.05; Table 5). However, subpopulations

of J. sigillata showed highest genetic differentiation (FST =
0.328, p < 0.001) between cluster1 and cluster6 when K = 6,
the highest genetic differentiation (FST = 0.356, p < 0.001) between cluster3 and cluster7 when K = 7, and the highest genetic differentiation (FST = 0.339, p < 0.001) between cluster4
and cluster8 when K = 8 based on STRUCTURE analysis
(Table S10). The value of FST we observed was considerably
larger than a previous estimate based on four populations of J.
sigillata (11.07%, p < 0.0001) (Wang et al. 2015). However,
Wang et al. used samples of J. sigillata and J. regia from
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Fig. 7 The relationships among
21 chloroplast haplotypes of
Juglans including three
populations of iron walnut and
four other Juglans species based
on Network software. Jr J. regia,
Js J. sigillata, Jm J. mandshurica,
Jc J. cathayensis, Jh J. hopeiensis
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Tibet, and their samples probably included J. regia × J.
sigillata hybrids. Our samples were from Guizhou and
Yunnan provinces. One possible explanation for the relatively
high FST we observed is that by using EST-SSRs, our samples
captured variation caused by selection (Narasimhamoorthy et
al. 2008). The spatial genetic structure of J. sigillata is not
sufficiently understood to predict how differences in sample
sources may have contributed to differences in estimates of
population differentiation.
Table 5 Analysis of molecular
variance (AMOVA) results for
three populations of J. sigillata
using 20 EST-SSR and four
polymorphic chloroplast loci

H10

Jh

Jc

Jm=J. mandshurica
Jc=J. cathayensis
Jh=J. hopeiensis

H20

PCA and STRUCTURE analysis both showed that the J.
sigillata samples from BN, NH, and TZ represent three populations (Fig. S1; Fig. 6). Our analysis also showed a slight
indication that there may be substructure within our samples.
We observed a slight increase in delta K at K = 6, which, based
on further analysis, may show population substructure at sample sites TZ and BN and admixture between NH and BN (Fig.
6). More extensive sampling would be required to resolve
population structure of J. sigillata, including, potentially,

Type of genetic markers

Source

df

SS

Est. var.

P (%)

EST-SSR

Among populations

2

3,613,273.58

51,994.97

26.9

93
95

3,280,183.75
416,893,457.33

142,797.68
194,792.64

73.1
100

Chloroplast loci

Within populations
Total
FST = 0.269**
Among populations
Within populations
Total
FST = 0.060*

2
15
17

46.18
250.17
296.33

1.07
16.68
17.74

6.02
93.98
100

df degree freedom, SS sum of square, MS mean square, Est. var. variance components, P percentages of molecular
variance
*p < 0.05; **p < 0.001
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hybrid zones with J. regia. Surprisingly, although walnuts are
wind-pollinated, we observed higher levels of differentiation
at nuclear loci (EST-SSRs) than we observed based on maternally inherited chloroplast polymorphisms (Table 5). These
results probably indicated higher levels of seed flow among
populations than pollen flow. The best explanation for this
result is that although the populations are isolated by high
mountains and steep ravines, seed dispersers (probably
humans) are transporting seeds among locations (Table 5;
Fig. 6; Fig. S1). Gunn et al. (2010) and Pollegioni et al.
(2017) found that human movement of walnut seeds contributed to the genetic structure of (apparently) wild populations
(Gunn et al. 2010; Pollegioni et al. 2014).
The basis for genetic divergence among J. sigillata populations is most likely isolation by distance combined with
regional adaptation. The heavy seeds of Juglans species are
usually not dispersed far (except when dispersed by humans),
but geographic isolation in Juglans can be overcome by longdistance pollen flow (Victory et al. 2006), which typically
minimizes genetic divergence among wild populations in the
Juglandaceae (Pollegioni et al. 2014; Bai et al. 2010; Hoban et
al. 2010). It is possible that the EST-SSRs we used to analyze
the population genetics of J. sigillata produced results that
reflect selection pressure on the genetic regions in which the
SSRs reside. A full understanding of the genetic structure and
diversity of iron walnut will require additional sampling and
the establishment of common gardens. The EST-SSRs described here, and the other EST-SSRs found within the transcriptome data we generated, could prove useful for understanding local adaption, gene flow, and genetic structure in
Manchurian walnut and other members of the Juglandaceae
as well.
The transcriptome of J. sigillata should assist future
Juglans genomics studies and especially studies of the relationships between gene expression and walnut development.
It may be particularly useful for understanding the genomics
of Juglans regia, an important commercial species and iron
walnut’s closest relative.
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