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Abstract. Twenty new polymorphic genic SSRs (EST-SSRs) and 13 genomic 
SSRs were developed in honeylocust  (Gleditsia triacanthos) using Illumina 
transcriptome and low-coverage genome sequencing. A diversity panel of 40 
honeylocust samples covering large parts of the species distribution range 
was characterized. As expected the level of genetic variation was lower in 
EST-SSRs than for non-genic genomic SSRs. This is the first report of EST-
SSRs for honeylocust. All markers are polymorphic and produce clear single 
locus amplification products and can be used for genetic diversity and gene 
flow analyses. The transcriptome sequencing data provide a rich resource 
for new marker development.
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Introduction

Honeylocust, Gleditsia triacanthos L., is an 
outcrossing tree species of the family Faba-
ceae. It has a broad natural range across the 
central and eastern United States and occurs on 
a range of soil types, tolerating poor site con-
ditions (Preston & Braham 2002). Honeylo-
cust is also a popular fast-growing landscape 
plant and is suitable for planting in disturbed 
environments (Schnabel & Wendel 1998, Pre-
ston & Braham 2002). It is a member of the 
subfamily Caesalpinioideae, for which only a 
limited number of markers and other genomic 
resources are available (La Malfa et al. 2014, 
Gailing et al. 2017). The transfer of genic mi-
crosatellites (Expressed Sequence Tag- Sim-
ple Sequence Repeats (EST-SSRs)) develo-
ped for the related species Ceratonia siliqua 
L. (La Malfa et al. 2014) to honeylocust was 
not successful (Owusu et al. 2013). Earlier, we 
developed 14 genomic SSRs in honeylocust 
using low-coverage whole genome sequencing 
(Owusu et al. 2013). All of these markers were 
applicable for genetic variation assessments in 
a reference panel of 36 samples collected from 
a provenance trial (Owusu et al. 2013). Howe-
ver, due to signatures of null alleles in some 
seed parents, only six to nine of these markers 
were used for gene flow analyses in honeylo-
cust population fragments (Owusu et al. 2016). 
 While we have already developed a limited 
number of non-genic microsatellite markers 
for honeylocust (Owusu et al. 2013), no tran-
scriptome resources and gene-based markers 
such as EST-SSRs have been published for this 
species. The development of transcriptome re-
sources such as stress-induced transcriptome 
libraries is especially important since hardwo-
od species including honeylocust are increa-
singly threatened by abiotic stresses such as 

drought and heat, especially at their southern 
distribution edge. As part of the Hardwood 
Genomics project (http://www.hardwoodge-
nomics.org/) we are developing genome/tran-
scriptome resources and genetic linkage maps 
in eastern North American hardwood species 
from different taxonomic orders. For honeylo-
cust, we have developed genomic SSRs (Owu-
su et al. 2013) for genetic variation and gene 
flow analyses (Owusu et al. 2016) and a fra-
mework genetic linkage map for Quantitative 
Trait Locus (QTL) and comparative mapping 
based on restriction site associated sequencing 
(RAD-seq) markers (Gailing et al. 2017).
 Here we report for the first time the deve-
lopment of 20 polymorphic EST-SSRs and of 
additional 13 polymorphic genomic SSRs for 
honeylocust. In addition, we describe the de-
velopment of transcriptome resources for can-
didate gene identification and for new marker 
development. 

Materials and methods

Root tissues of heat, cold, drought and un-
stressed honeylocust half-sib seedlings were 
used to generate five transcriptome libraries as 
described in Lane et al. (2016). After TruSeq 
Stranded mRNA library preparation we perfor-
med paired-end sequencing of the five libraries 
on an Illumina MiSeq (San Diego, Ca) with a 
read length of 151 bp and deposited raw reads 
in the NCBI Short Read Archive (SRA) (Bi-
oProject accession number PRJNA273269). 
Error correction, trimming and assembly of 
reads were performed as described in Lane et 
al. (2016). Open Reading Frames (ORFs) were 
predicted with TransDecoder 2.01 (Haas et al. 
2013). Functional annotation was performed 
using BLAST version 2.229 queries against 
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the plant Swiss-Prot and TrEMBL protein da-
tabases at a cutoff e-value <1e-4 (Camacho et 
al. 2009, Magrane & UniProt 2011). Putative 
unique transcripts (PUTs) for SSR identificati-
on were identified using a Perl script (https://
github.com/mestato/lab_code/tree/master/
hwg_gssr_scripts). BUSCO (Benchmarking 
Universal Single-Copy Orthologs) v1.1 was 
used to assess transcriptome completeness (Si-
mao et al. 2015). 
 For genomic SSR development, Illumina 
low-coverage genome sequencing was used 
to generate 14,888,028 paired-end sequences 
assembled into 13,775,803 contigs in a size 
range from 93-191 bp (Owusu et al. 2013, Sta-
ton et al. 2015). A total of 4715 primer pairs 
flanking SSR motifs were identified (Owusu et 
al. 2013). 
 Primer 3 v2.3.6 (Untergasser et al. 2012) 
was used to design primers with the settings 
described in Owusu et al. (2013).
 Four honeylocust, samples from diffe-
rent populations were chosen to screen 25 
EST-SSR and 14 nSSR primer pairs (Tables 
1-2, Supporting Information). Polymorphic 
markers were then used to run PCR on the 
additional 36 samples representing the spe-
cies distribution range. All 40 samples were 
collected from a provenance trial (Kellogg 
Forest, Michigan, 28 provenances, latitudinal 
range: 30°11′N-42°45′N, longitudinal range: 
76°19′W-106°37′ W; Table 3, Supp. Info.) 
(Owusu et al. 2013). The PCR mix (15 µl) 
consisted of 6μl double deionized water (Ul-
tra Pure Water, Molecular Grade from Phenix 
Research Products), 5μl HotFIREPol (Oak 
Biotechnologies, containing 2mM dNTPs, 
1U Taq polymerase, 10mM MgCl2), 0.2μl of 
5 μM forward primer with M13 tail (5’-CA-
CGACGTTGTAAACGAC-3’), 1.5μl of 5μM 
5’ dye labelled (6-FAM) M13 primer, 0.5μl 
of 5 μM pig-tailed (5’-GTTTCTT-3’) reverse 
primer (Sigma Aldrich Inc., St. Louis, MO) 
(Schuelke 2000, Kubisiak et al. 2013) and 2μl 
DNA (~ 2ng). The PCR touchdown reaction 
was performed in an Applied Biosystems 2720 
Thermal Cycler (Foster City, CA) with the 

following cycling conditions: initial denatura-
tion at 95 ºC for 15 minutes, 10 touch-down 
cycles of 1 minute at 94 ºC, 1 minute at 60 ºC 
(decreasing 1 ºC each cycle), and 1 minute at 
72 ºC, followed by 25 cycles of 1 minute dena-
turation at 94 ºC, a 1 minute annealing step at 
50 ºC, 1 minute elongation at 72 ºC, and a final 
extension at 72 ºC for 20 minutes. Amplificati-
on products were tested on 1.5% agarose gels 
stained with 2μl GelRed (10,000X in water; 
Biotium, Hayward, CA). Exact fragment sizes 
were determined by electrophoretic separati-
on on an ABI Prism® Genetic Analyzer 3730 
with Gene-ScanTM LIZ-500 as internal size 
standard. GeneMarker® V2.6.7 (SoftGene-
tics) was used to assign alleles to bins through 
careful visual inspection. Genetic variation pa-
rameters observed and expected heterozygos-
ity (Ho, He, respectively) and number of alleles 
per locus (A) were calculated using GenAlEx 
6.502 (Peakall and Smouse 2006, Peakall and 
Smouse 2012). An allele text file was expor-
ted for GENEPOP analysis. The inbreeding 
coefficient (F) was estimated for each locus in 
the population using GENEPOP version 4.2 
online (http://www.genepop.curtin.edu.au/) 
(Raymond & Rousset 1995, Rousset 2008). 
Pairwise linkage disequilibrium was tested 
for all marker pairs in GENEPOP. Bonferroni 
corrections were applied to adjust for multiple 
testing. 

Results 

De novo transcriptome assembly of 7,059,396 
read pairs generated 56,845 PUTs with an ave-
rage length of 731 bp. We identified 30,372 
ORFs from 28,642 of the PUTs. In the 56,845 
PUTs we found 458 SSRs for 377 di-, 78 tri- 
and 3 tetra-nucleotide motifs. Primer pairs 
were designed for 282 SSRs, 221 for di-, 58 for 
tri- and 3 for tetranucleotide motifs. For geno-
mic SSRs, a total of 4715 primer pairs flanking 
SSR motifs were identified and 14 polymor-
phic SSRs were developed earlier (Owusu et 
al. 2013). However, testing of these markers 
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in different single-tree progenies revealed null 
alleles for eight of these markers in some pro-
genies limiting the application for gene flow 
analyses (Owusu et al. 2016). In the present 
study we describe the development of additio-
nal 33 polymorphic markers (20 EST-SSRs, 13 
genomic SSRs).
 Twenty out of the 25 EST-SSRs amplified 
single polymorphic loci, four did not amplify 
and one locus was monomorphic. For genomic 
SSRs, 13 out of 14 markers were polymorphic 
and one was monomorphic (Tables 1-2). As 
expected for genic markers, the genetic vari-
ation observed at EST-SSRs (He =0.541, Ho = 
0.465, A = 5.05) was lower than for genomic 
SSRs (He = 0.605, Ho = 0.545, A = 6.50) (Ta-
ble 2). The level of genetic variation differed 
considerably among individual markers for 
both genomic and EST-SSRs (Table 2). After 
excluding genomic SSR GTT 172 with very 
low variation (He = 0.080, Ho = 0.000, A =2), 
mean values for all three parameters increased 
for genomic SSRs (He = 0.646, Ho = 0.587, A 
= 6.846). For EST-SSRs, variation in trinucle-
otide repeat SSRs (He = 0.424, Ho = 0.370, A 
= 3.166) was lower than in dinucleotide repeat 
SSRs (He = 0.7155, Ho = 0.607, A = 7.875).
 Significant linkage disequilibrium at the 5% 
level after Bonferroni correction was only de-
tected for one marker pair (GTT143 and GT_
TRI_EST45). 

Discussion

Based on comparison to a plant database of 
956 conserved single copy plant gene groups, 
the honeylocust transcriptome contains full 
length members of 571 groups (60%), partial 
length members for 229 partial groups (24%), 
and no representation for 155 groups (16%). 
This indicates the transcriptome has likely 
captured the majority of genes but is not com-
pletely comprehensive. Flanking primers were 
identified for a total of 282 SSRs according to 
our selection criteria (Owusu et al. 2013). The 
amplification success (84%) for EST-SSRs 

was very high indicating that these new tran-
scriptome resources are a valuable resource for 
EST-SSR marker development. Transcriptome 
sequence data will also provide a rich resour-
ce for the identification of Single Nucleotide 
Polymorphism (SNP) markers. In addition to 
14 markers already developed (Owusu et al. 
2013), we also describe 13 new polymorphic 
genomic SSRs derived from low coverage ge-
nome sequencing (Staton et al. 2015). Gene-
tic variation estimates at genomic SSRs were 
slightly lower but comparable to estimates 
(He = 0.775, Ho = 0.663, A =11.071) for 14 
other genomic SSRs that were characterized 
in the same sample set (Owusu et al. 2013). 
The new genomic and EST-SSRs can be used 
for the assessment of genetic variation and for 
gene flow analyses in honeylocust (Owusu 
et al. 2016). Additionally, genetic characteri-
zation at these markers can be performed in 
populations from contrasting environments 
or along environmental gradients to test for 
selective neutrality of markers. Finally, a fra-
mework genetic linkage map was generated in 
honeylocust using restriction site associated 
DNA sequencing (RAD-seq) derived SNPs 
(Gailing et al. 2017). The map consists of 178 
SNPs distributed across the 14 haploid chro-
mosomes of the honeylocust genome. The new 
transcriptome resources are also valuable for 
the development and genetic mapping of SNPs 
and EST-SSRs in candidate genes for stress 
response. Quantitative trait locus (QTL) and 
association mapping approaches can be used 
to associate variation in candidate genes with 
adaptive phenotypes.

Conclusions

Here we report genic SSRs (EST-SSRs) for G. 
triacanthos for the first time. In addition, we 
describe 13 new polymorphic genomic SSRs 
adding additional markers for genetic diversity 
and gene flow analyses in G. triacanthos po-
pulations. 
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Locus Primer sequences (5′-3′)b

Ampli-
con size 

(bp)

Repeat 
motif

Ta 

(°C)

Size 
range 
(bp)

GTT 143*
F:GCATTGCAACTCTAACTGTGC

133 (TC)12 60 140-164
R:TCTCTCTGTTGGCTTGTTGG

GTT 154*
F:CATATATGGTTCGCTGCTTGG

116 (TA)8 60 130-134
R:AGCTTAATCTCCACTTGAATCC

GTT 156*
F:AAGTGGTATCAAAGCAGGTCG

142 (TA)13 60 143-169
R:TTTGGAACAAATTACCCACC

GTT 166*
F:CGCTCAAGAAGATAAAGGCG

144 (GT)8 60 154-186
R:TTTGTAGTTTGCCACATCTGC

GTT 171*
F:GGTTAGTTAGTTTCTGACCACTGC

134 (AC)11 60 139-157
R:ACCAAAGAAGAATCTGCTTGC

GTT 172*
F:ACATCATATTATGTTCGGGCTCC

142 (TG)8 60 152-158
R:ACTCATCCTTATTACTCGTGGG

GTT 179*
F:TCTTGTGTATTGCCTAACTTGC

170 (TA)8 60 178-190
R:GTCAGAATTGTTCTCCGACGG

GTT 180*
F:CCAGAAGTCAGCAAGATATTCCC

138 (AT)9 60 150-178
R:GCAAGTTTCTGAATACTTGCG

GTT 184*
F:TAGATACACGGCAGGGAGGG

106 (GA)9 60 117-121
R:GTGGAGATCTAGATTCGAGTCCC

GTT 185*
F:GCCATTCTTATGCATGTGGAGG

109 (TA)8 60 126-156
R:AAACATGTATGGCTCGCTGC

GTT 189*
F:GTTTCAAGGTGAGAAAGGCTCC

104 (AG)12 60 102-122
R:AAAGAGCGCAATCCTTTACG

GTT 190*
F:TGATTGAATGGCAAGCGTAAAGC

146 (TA)11 60 151-159
R:ACCGTCATAAGCAATACAACCC

GTT 193*
F:GCCTAATACCAGCCAAAGCC

158 (AG)9 60 172-180
R:ACCCAACTACCATTCTTCGCC

GTT 196*
F:AGAGAGGGATGATAAGATATCCTCC

146 (AG)16 60 148-156
R:CTTGCTAAGGGATTGGGTTGC

GT_TRI_EST4
F:CCAGTTGCCGTATCCAACCT

152 (AGA)7 60 170-179
R:AAAGACCCGTTCCACTCACG

GT_TRI_EST5
F:TGATTAGAGAGGCCCTGGCA

239 (GCA)7 60 250-259
R:ACAAACCCATCACCGGTCTC

GT_TRI_EST7
F:CCATGGAAGCTGCAGAGGAT

298 (CAG)7 60 308-320
R:GCAGTCTGCAATGGCTTCAG

GT_DI_EST21
F:TGTAGGGCACGCAGAAAGAG

152 (TC)9 60 170-180
R:TGTTGCCACCTGATGATGCT

GT_DI_EST23
F:GCTTGTATTGACTGCCTCATGG

129 (CT)9 60 148-190
R:GCTACCAGATTACACGGCCA

Characteristics of 14 novel genomic (gSSRs) and 20 novel genic microsatellite markers (EST-
SSRs) for Gleditsia triacanthos

Table 1
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(continuation)Table 1

GT_DI_EST24
F:AACCCATCCCTCTCCTCCTT

284 (TC)8 60 304-330
R:ATTGAGGCTTGGAAGGACGG

GT_DI_EST26
F:AATCTCCCGAGTCCTACCGG

138 (TC)8 60 159-179
R:GAGGAGTCTGTGCTGGATCAG

GT_DI_EST27
F:CGCTTGAGCCATGAAGAGGA

155 (GA)10 60 164-188
R:GATGTAGGTCATCCCTGCCG

GT_DI_EST29
F:TCGGATGGTTCAACAGCTCC

343 (AG)8 60 362-374
R:TGGGATTCCTAACGCCTCTT

GT_DI_EST30
F:ACCCACATGATAGCAATCCA

159 (TC)8 60 180-192
R:ACCACTCTTTTCTTGTCGGT

GT_DI_EST32
F:ATTCAGAAAAGGGAGGCGGG

339 (GT)8 60 361-369
R:CACTCCTTCACTTGTGTTTTCA

GT_TRI_EST36
F:AGAATGGAACTGCACTCGGG

217 (TAC)7 60 238-241
R:GGTTGAGTCCCACCAGTTGT

GT_TRI_EST37
F:ATCTTGCTGCGTATCCTCGG

357 (CGC)7 60 379-382
R:GACGGCGAGACCATAGAGTG

GT_TRI_EST38
F:TGGGTGCAATTTCGGCTTTG

328 (CCT)7 60 348-351
R:CCCCTTGATGCGTAGTGGAG

GT_TRI_EST39
F:CAGTAGCACCTTGAGCACCA

121 (TCG)7 60 145-151
R:GAGGACGATGTTCCCGTTGT

GT_TRI_EST40
F:GCGTGTTGAACCAGCAAGAG

444 (GGA)7 60 391-409
R:TTCCCCAAATCACAGCCTCC

GT_TRI_EST41
F:GGTGGCACTTGAGAGGTCTC

220 (CTA)7 60 315-324
R:GAAAAGTGCACCAAGCCCTG

GT_TRI_EST42
F:TGAGGAGATGCAGAAAGGCG

415 (GAA)7 60 429-438
R:TGGGTTTTGCTTTGGTCCCA

GT_TRI_EST43
F:TCATGGACTTCTTGGTGCCC

175 (TCA)7 60 200-206
R:AGCCATGGGAGGAAATGCAA

GT_TRI_EST45
F:CTGAGCGGTGAGTGTCTTGT

243 (TGG)7 60 267-276
R:GTGTGAGAAGCAAAAGCGCA

Locus Primer sequences (5′-3′)b

Ampli-
con size 

(bp)

Repeat 
motif

Ta 

(°C)

Size 
range 
(bp)

Note. Abbreviations: * - genomic microsatellites, the remaining markers are genic microsatellites (EST-SSRs), 
Ta - annealing temperature.
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