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Abstract:    Lycium ruthenicum is a perennial shrub species that has attracted considerable interest in recent years 
owing to its nutritional value and ability to thrive in a harsh environment. However, only extremely limited transcriptomic 
and genomic data related to this species can be found in public databases, thereby limiting breeding research and 
molecular function analysis. In this study, we characterized the physiological and biochemical responses to saline- 
alkaline mixed stress by measuring photochemical efficiency, chlorophyll content, and protective enzyme activity. We 
performed global transcriptomic profiling analysis using the Illumina platform. After optimizing the assembly, a total of 
68 063 unique transcript sequences with an average length of 877 bp were obtained. Among these sequences, 4096 
unigenes were upregulated and 4381 unigenes were down-regulated after saline-alkaline mixed treatment. The most 
abundant transcripts and over-represented items were assigned to gene ontology (GO) terms or Kyoto Encyclopedia 
of Genes and the Genomes (KEGG) categories for overall unigenes, and differentially expressed unigenes were 
analyzed in detail. Based on this set of RNA-sequencing data, a total of 9216 perfect potential simple sequence re-
peats (SSRs) were identified within 7940 unigenes with a frequency of 1/6.48 kb. A total of 77 primer pairs were 
synthesized and examined in wet-laboratory experiments, of which 68 loci (88.3%) were successfully amplified with 
specific products. Eleven pairs of polymorphic primers were verified in 225 individuals from nine populations. The 
inbreeding coefficient and the polymorphism information content value ranged from 0.011 to 0.179 and from 0.1112 to 
0.6750, respectively. The observed and expected heterozygosities ranged from 0.064 to 0.840 and from 0.115 to 
0.726, respectively. Nine populations were clustered into three groups based on a genetic diversity study using these 
novel markers. Our data will be useful for functional genomic investigations of L. ruthenicum and could be used as a 
basis for further research on the genetic diversity, genetic differentiation, and gene flow of L. ruthenicum and other 
closely related species. 
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 1  Introduction 
 

A total area of 831 million hectares in the world 
is affected by different kinds of salt stresses. Within 
this area, saline-alkaline mixed soils constitute 434 
million hectares in comparison with 397 million 
hectares under neutral-saline soils. Furthermore, 7% 
of total farmland areas in China are saline soil area 
(Jin et al., 2006; Qiu et al., 2009). Saline-alkaline soil 
has become a major environmental factor that limits 
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global crop productivity, which adversely hinders the 
growth and productivity of major crop plants. Alkali 
soil is characterized by high pH, high exchangeable 
sodium percentage, and poor fertility; high alkalinity 
is due to high Na2CO3 and NaHCO3 content, which 
exerts a markedly stronger destructive effect on plants 
than neutral salt soil (Babuin et al., 2014). However, 
soil salinization and alkalization are often combined 
in nature; therefore mixed saline-alkaline stresses are 
the main source of constraint for farming (Shi and 
Sheng, 2005). Plant responses to mixed saline- 
alkaline stress conditions are believed to be different 
from responses to a simple neutral salt, and the con-
dition is considered an adverse environment that can 
affect the solubility of essential micronutrients such 
as iron and zinc (Alam et al., 1999).  

Lycium ruthenicum belongs to the Lycium genus 
of the Solanaceae family. This family has served as a 
model for linking genomics and biodiversity (Knapp 
et al., 2004) owing to its numerous important species 
for the study of plant developmental processes, in-
cluding tomato, potato, tobacco, and Petunia hybrida, 
which exhibit considerable variations in morphology 
(Wang L. et al., 2015). However, as an important 
traditional Chinese herbal plant with distinguished 
abiotic stress resistance, the Lycium genus is mark-
edly less reported than other genera within the family. 
L. ruthenicum is widely distributed in the salinized 
and alkalinized desert of Northwest China (Liu et al., 
2012), mainly in the Qinghai and Gansu Provinces 
and Xinjiang Uygur Autonomous Region of China. 
The species is often used for the treatment of heart 
disease, irregular menstruation, and menopause (Liu 
Y.L. et al., 2014). Its black fruit is primarily com-
prised of high concentrations of anthocyanin, essen-
tial oils, and polysaccharides, which are believed to 
perform functions in immunoregulation, anti-aging, 
and anti-fatigue activity (Altintas et al., 2006; Zheng 
et al., 2011; Peng et al., 2016). Due to its outstanding 
trait of abiotic stress resistance especially in mixed 
saline-alkaline soils, L. ruthenicum is an ideal plant 
for preventing soil desertification and alleviating the 
degree of soil salinity-alkalinity, which is highly 
important for the ecosystem and agriculture in remote 
areas (Guo et al., 2016).  

Although L. ruthenicum plays an important role 
in the ecosystem and could be exploited as a func-
tional food (Tang et al., 2017), limited genomic and 
transcriptomic information is publicly available. As 

of Dec. 2016, only 149 nucleotide and expressed 
sequence tag (EST) sequences of L. ruthenicum had 
been deposited in the GenBank database. Thus, 
studies on population genetics, such as the genetic 
diversity and genetic structure of this species, are 
scarce. RNA-sequencing, which can generate massive 
ESTs in a short time, has been widely used in plants. 
Furthermore, the sequencing results could be used to 
explore studies of global expression patterns and 
networks of genes that respond to diverse stresses, 
such as cold, drought, and salinity in a variety of 
plants (Chen et al., 2014). The transcriptome dataset 
is a valuable resource not only for the construction of 
expression profiles but also for novel gene discovery 
as well as for a large number of simple sequence 
repeat (SSR) and single nucleotide polymorphism 
(SNP) markers, which are highly useful for variety 
identification, population structure analysis, and 
linkage map development, and will contribute to the 
acceleration of breeding programs. To date, certain 
important plants of the Solanaceae family have been 
sequenced, such as the tomato and the potato (Xu  
et al., 2011; Sato et al., 2012). The deep RNA-  
sequencing of L. ruthenicum will aid in understanding 
the key aspects of the biology and evolution of Ly-
ceum, especially the molecular basis underlying its 
high saline-alkaline stress tolerance. We generated  
a clone of L. ruthenicum and performed RNA- 
sequencing using the Illumina platform in order  
to show the transcripts and pathways that are 
overrepresented in response to saline-alkaline mixed 
treatment. The identification and functional charac-
terization of saline-alkaline stress responsive genes 
may yield advantageous candidate genes that can 
facilitate the improved tolerance of plants to saline- 
alkaline environments by genetic engineering. Fur-
thermore, the genome-wide survey and microsatellite 
marker mining based on de novo transcriptome pro-
filing of L. ruthenicum will be useful for character-
izing the genetic diversity and population genetic 
structure of this highly interesting desert-distributed 
species. 
 
 
2  Materials and methods 

2.1  Sample preparation 

For Illumina RNA-sequencing analysis, the 
seedling of “GL5” was provided by the National 
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Laboratory of Seedling Bioengineering (Ningxia Hui 
Autonomous Region of China) and then subjected to 
tissue culture at the National Engineering Laboratory 
for Tree Breeding (Beijing, China). The sub-cultured 
seedlings were placed at 21 °C under a 16-h photo-
period and an 8-h dark period in an environmentally 
controlled glasshouse for tissue culture propagation 
before treatments. After approximately two weeks, 
when the seven-leaf stage was reached, these tissue 
culture seedlings were treated with or without mixed 
salt alkali (molar ratio of NaCl:Na2SO4:NaHCO3: 
Na2CO3, 1:9:9:1, soil pH 9.0, which approaches that 
of the natural habitat) for 6 h (Shi and Sheng, 2005), 
with the unstressed plants as a control. After treat-
ment, 10 seedlings randomly selected from each 
growth condition were harvested and mixed, imme-
diately frozen in liquid nitrogen, and stored at −70 °C 
for RNA isolation. These materials were used for 
Illumina sequencing or real-time quantitative poly-
merase chain reaction (qPCR) analysis. 

For the genetic diversity study, nine L. ru-
thenicum provenances were collected from Qinghai 
and Gansu Provinces, Xinjiang Uygur and Inner 
Mongolia Autonomous Regions of China in 2016. 
Twenty-five individuals were sampled from each 
locality (Table 1). Fresh leaves were sampled and 
dried using silica gel in the field, prior to being 
transported to our laboratory. 

2.2  Chlorophyll fluorescence and chlorophyll 
content measurement 

Photochemical efficiency was monitored using a 
Dual-PAM-100, P700 and chlorophyll fluorescence 
measuring system (Walz, Effeltrich, Germany) at 
room temperature before and after treatment as pre-
viously described (Chen et al., 2009). In our study, we 
represented our measured leaf chlorophyll content in  
 
 

 
 
 
 
 
 
 
 
 

the form of SPAD indices by using a SPAD-502 Plus 
chlorophyll meter. The value provided by the meter 
indicates the relative content of chlorophyll in the 
leaves (Liu Y.D. et al., 2014). 

2.3  Antioxidant enzyme activity and maldonalde-
hyde content measurements 

Leaf samples (about 0.5 g) were used for ex-
traction of antioxidative enzymes (Diao et al., 2016). 
Superoxide (SOD) activity was measured following 
the method established by Spychalla and Desborough 
(1990). Peroxidase (POD) activity was determined 
following the method as described by Polle et al. 
(1994). The maldonaldehyde (MDA) content was 
measured using the thiobarbituric acid (TBA) reac-
tion method (Hong et al., 2000). After measuring the 
absorbency of the solution at 450, 532, and 600 nm, 
represented as A450, A532, and A600, respectively, MDA 
content (CMDA) was calculated according to the for-
mula of CMDA=6.45×(A532−A600)−0.56×A450. 

2.4  RNA isolation and Illumina DNA library 
construction 

Total RNA was extracted from frozen seedlings 
using the cetyltrimethyl ammonium bromide (CTAB)- 
based protocol (Chang et al., 1993). After treatment 
with RNase-free DNase, the RNA quality was ex-
amined using NanoDrop 2000 (Thermo Scientific, 
DE, USA) and A260/A280 absorbance ratios ranging 
from 1.9 to 2.1 were selected. The integrity of the 
RNA samples was also verified using an Agilent 2100 
Bioanalyzer (Agilent Technologies, CA, USA) and 
their RNA integrity number (RIN) values were set 
to >8.5. 

Illumina sequencing was performed using the 
HiSeq™ 2000 platform according to the manufacturer’s 
instructions (Illumina, San Diego, CA, USA). Briefly,  
 

 
 
 
 
 
 
 
 
 
 

Table 1  Sampling information of L. ruthenicum populations in the present study 

No. Locality* Population Lt (°) Ln (°) Collection date Sample size 
1 Akesu (Xinjiang) AKS 40.38 81.51 7 July, 2016 25 
2 Kuerle (Xinjiang) KEL 41.72 86.11 7 July, 2016 25 
3 Bachu (Xinjiang) BC 39.79 78.56 8 July, 2016 25 
4 Shaya (Xinjiang) SY 41.22 82.78 8 July, 2016 25 
5 Geermu (Qinghai) GEM 36.47 94.95 23 July, 2016 25 
6 Nuomuhong (Qinghai) NMH 36.45 96.45 24 July, 2016 25 
7 Guazhou (Gansu) GZ 40.52 95.78 3 August, 2016 25 
8 Yongjing (Gansu) YJ 36.05 103.18 5 August, 2016 25 
9 Alashan (Inner Mongolia) ALS 38.50 105.41 22 August, 2016 25 

Lt: latitude; Ln: longitude. * Province or Autonomous Region of China 
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20 μg Poly(A) RNA samples extracted from five 
individual plants with a concentration of ≥750 ng/μl 
were used for each complementary DNA (cDNA) 
library construction. To avoid priming bias, mRNA 
was initially enriched with oligo(dT) and subse-
quently fragmented into small pieces by using diva-
lent cations at 94 °C for 5 min. Based on these cleaved 
RNA fragments, random hexamer-primer and reverse 
transcriptase (Invitrogen, Carlsbad, CA, USA) were 
used to synthesize the double-strand cDNA. Two 
paired-end cDNA libraries were constructed with an 
insert size of 200 bp and subsequently sequenced 
using Illumina Genome Analyzer IIX (Illumina, San 
Diego, CA, USA) (Wang et al., 2010). The sequenc-
ing data were generated in Fastq format and deposited 
in the National Center for Biotechnology Information 
(NCBI) Sequence Reas Archive (SRA) database 
(Wheeler et al., 2002). 

2.5  Data filtering and de novo assembly 

Raw data generated from Solexa sequencing 
were preprocessed for data filtering. The non-sense 
sequences, including adapters, contamination, se-
quences with ambiguous bases >5%, and reads con-
taining quality value <10 bases more than 20% were 
first removed using Perl script. The preprocessed 
sequences were then assembled using Trinity soft-
ware (release-20130225) (Grabherr et al., 2011). 
Reads were first combined with overlap lengths by 
setting k-mer size (oligomers of fixed length) of 25 to 
form fragments known as contigs. These contigs were 
further realigned to construct sequences that could not 
be extended at either end by Trinity software. These 
sequences were defined as unigenes. After the gap 
was closed, we constructed a non-redundant unigene 
set from the two assembled datasets by TGICL pro-
gram (Version 2.1) to achieve the longest possible 
length (Pertea et al., 2003). To determine the se-
quential orientation of each unigene, we performed a 
set of sequential BLASTx alignment (E< 10−5) steps 
and predicted the coding DNA sequence (CDS) by 
BLAST against the non-redundant (Nr) database  
of GenBank, the Swiss-Prot protein database 
(http://www.expasy.ch/sprot), the Kyoto Encyclope-
dia of Genes and the Genomes (KEGG) pathway 
database, and the Clusters of Orthologous Groups of 
proteins (COG) database (http://www.ncbi.nlm.nih. 
gov/COG). For unigenes that cannot be aligned to any 

of these databases, ESTScan (Version 3.0.2) was used 
to determine the sequence orientation (Iseli et al., 
1999). 

2.6  Unigene annotation and function classification 

For further annotation, all unigenes were 
searched using BLASTx against the databases of Nr 
and Swiss-Prot with an E-value cutoff of 10−5 to gain 
the most descriptive annotation. The protein with the 
highest sequence similarity was retrieved. Gene on-
tology (GO) information was obtained using the 
Blast2GO (Version 2.5.0) server based on BLASTx 
hits against the NCBI Nr database with an E-value 
cutoff of 10−5. GO functional classification was per-
formed using the WEGO software with plant catego-
ries defined by molecular function, cellular compo-
nent, and biological process ontologies (Conesa et al., 
2005; Ye et al., 2006). The unigene sequences were 
also aligned to the COG database to predict and clas-
sify their functions as well as aligned to the KEGG 
database to obtain pathway assignments. For both 
alignments, an E-value threshold of 10−5 was used. 

2.7  Gene expression analysis 

The expression level of the unigene was nor-
malized according to the number of fragments per 
kilobase of transcript per million fragments mapped 
(FPKM) (Mortazavi et al., 2008). After normalization 
was conducted, we determined the number of reads 
for each coding region in the control and treated li-
braries. Then, the ratio of the reads in the two libraries 
was calculated. The non-treated sample was consid-
ered the control in the differential gene expression 
analysis. The statistical significance of the differential 
expression value of each unigene was determined 
according to the Benjamini and Hochberg false  
discovery rate (FDR) correction (Benjamini and 
Hochberg, 1995). To eliminate the effect of the high 
sensitivity of the Illumina sequencing method, we 
defined DE unigenes as those with an absolute value 
of log2Ratio≥2, FDR<0.001, as well as those with an 
expression level of ≥1 FPKM in at least sample. 

The GO term enrichment analysis of DE uni-
genes was performed on the genome background. The 
cutoff P-value after correction was 0.05 on a rigorous 
Bonferroni correction method (Chen et al., 2014). GO 
terms that meet this standard were defined as signif-
icantly enriched GO terms. The KEGG pathway  
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enrichment analysis of DE unigenes was performed to 
determine the main biochemical and signal transduc-
tion pathways involving DE unigenes. Corrected  
P≤0.05 was used as a threshold to identify the 
overrepresented pathways.  

2.8  Verification of differentially expressed genes 
by qPCR analysis 

We verified the expression pattern of certain 
crucial genes associated with abiotic stress response 
through qPCR analysis. The qPCR was performed 
using a power SYBR Green PCR kit (ABI, Foster 
City, CA, USA) with a StepOnePlus™ Real-Time 
PCR System (ABI). The 2−∆∆CT method was used to 
calculate the relative quantification value. The reac-
tions were prepared and performed as described pre-
viously (Chen et al., 2014). The gene-specific primers 
used in the qPCR analysis are listed in Table S1. For 
the PCR analyses, three independent biological sam-
ples were treated in the same manner as those used for 
the deep sequencing. Three technical replicates were 
performed for each sample. To test the significance of 
the correlation between the qPCR and deep se-
quencing, we conducted Pearson’s correlation test 
using a P-value of 0.05. 

2.9  SSR mining and primer design 

MIcroSAtellite (MISA; http://pgrc.ipk-gatersleben. 
de/misa/misa.html) Perl script was used to identify 
microsatellites from the de novo assembled unigenes 
(Wei et al., 2014). cDNA-based SSRs defined as 
mono-, di-, tri-, tetra-, penta-, and hexa-nucleotides 
were searched with a minimum of 12, 6, 5, 5, 4, and 4 
repeat units, respectively. We first designed five 
primer pairs for each SSR locus by using the software 
Primer 3 program in the 150-bp flanking regions of 
the SSRs before filtering low-quality primers (Rozen 
and Skaletsky, 2000). Primers were designed based 
on the following criteria: (1) with a minimum length 
of 18 bp; (2) with a melting temperature between 46 
and 55 °C and a maximum discrepancy within 4 °C 
between two primers, and (3) with a PCR product size 
ranging from 100 to 350 bp. 

2.10  SSR marker development 

To extract the genomic DNA, we used the mod-
ified CTAB with the blades of L. ruthenicum (Doyle 
and Doyle, 1987). We chose 77 primer pairs ran-
domly and used them for amplification to test their 

accuracy. The repeat times of trinucleotides, tetranu-
cleotides, pentanucleotides, and hexanucleotides were 
at least 6, 5, 4, and 3, respectively (Chagné et al., 
2004). The PCR system consisted of 1 μl of DNA,  
1 μl of upstream primer, 1 μl of downstream primer, 
10 μl of amplification mix containing a Taq enzyme, 
and 7 μl of double-distilled H2O. PCR amplification 
involved pre-degeneration at 95 °C for 5 min, dena-
turation at 95 °C for 30 s, annealing at 60 °C for 30 s, 
and extension at 72 °C for 30 s, in 34 cycles. The PCR 
products were examined through 1% (0.01 g/ml) aga-
rose gel electrophoresis to filter out ineffective primers. 
To develop polymorphic SSR primers, we used 8% 
(0.08 g/ml) native polyacrylamide gels in a 0.5× TBE 
buffer, stained the gels with silver, and photographed 
them with Bio-Rad DOC2000 (Hercules, CA, USA). 
The products amplified by the polymorphic primers 
were then sequenced through capillary electrophore-
sis, and the results were output in the form of allele 
sizes. 

2.11  Genetic diversity analysis 

In polyacrylamide gel analysis, the polymorphic 
locus is defined as more than one band detected at the 
same position in all materials (Bi et al., 2014). The 
inbreeding coefficient (Fis), observed heterozygosity 
(Ho), and expected heterozygosity (He) were com-
puted using WinArl35. The allele numbers (NA) and 
polymorphism information content (PIC) value were 
calculated using PIC-CALC. Data conversion was 
completed with Convert 1.3.1 (Rumeu et al., 2013). 
Nei (1978)’s unbiased measures of genetic distance 
and identity between all pairwise combinations of 
populations were calculated using POPGENE Ver-
sion 1.31 (Yeh et al., 1999). An unweighted pair- 
group method with an arithmetic average algorithm 
was used based on the matrix of Nei’s unbiased ge-
netic distance by utilizing NTSYS pc Version 2.1 
after the data were pre-treated with NTEDIT (Rohlf, 
2000; Ge et al., 2010). 

 
 

3  Results 

3.1  Physiological measurement 

Given that salt stress may have a significant ef-
fect on photosynthesis and the chlorophyll fluores-
cence of L. ruthenicum (Luo et al., 2017), the growth 
state of seedlings was assessed in terms of the  
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maximum photochemical efficiency of the photosys-
tem II (PSII) of their chloroplasts (the ratio of variable 
to maximum fluorescence (Fv/Fm)) and chlorophyll 
content. The Fv/Fm was measured using seedling 
leaves at room temperature (25 °C) with a chlorophyll 
fluorometer (Dual-PAM-100, P700), following a 
30-min dark adaptation. The results indicated that no 
evident variation was observed in control seedlings 
within 12 h. However, the Fv/Fm ratios of mixed salt- 
alkali-treated plants continuously decreased within 
the first 9 h and showed an increase at the 12 h point 
(Fig. 1a). The SPAD value measured synchronously 
for the same seedlings decreased during the first 6 h 
and remained stable within the 6 to 12 h period (Fig. 1b). 
Both experiments indicated that the short-term saline- 
alkaline mixed stress treatment influenced photo-
synthesis and the growth state began to change start-
ing from an early time point of 6 h after treatment 
began. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.2  Antioxidant enzymes and malondialdehyde 
activity 

Compared with the untreated control plants, 
plants treated with short-term saline-alkaline mixed 
stress exhibited enhanced SOD and POD activity 
within the 6 h after treatment start (Figs. 2a and 2b). 
However, the increment differed in the two antioxi-
dant enzymes. Significant enhancement of SOD ac-
tivity was observed in treated plants during all mon-
itored time points. For POD activity, significant en-
hancement was only observed at the time points of  
6 and 9 h and no significant change was observed at 
12 h after treatment had started (Fig. 2b).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1  Effects of saline-alkaline mixed stress on chloro-
phyll fluorescence and chlorophyll content 
(a) Time course of photosynthetic efficiency (Fv/Fm) for the
control and treated samples. (b) Chlorophyll content (SPAD
value) of the control and treated samples. Values are repre-
sented as mean±standard error (n=10). Different letters
present statistical difference (P<0.05) 

Fig. 2  Effect of saline-alkaline mixed stress on the ac-
tivity of SOD (a) and POD (b), and MDA content (c) in 
the leaves of L. ruthenicum seedlings 
Values are represented as mean±standard error (n=10). 
* P<0.05 vs. 0 h 
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As a decomposition product of lipid peroxida-
tion, the MDA content was often measured to evalu-
ate the damage level of the plasma membrane during 
stress treatment. The MDA content in the treated 
leaves was significantly higher than that in the control 
leaves at 6 and 9 h with the highest level at 9 h  
(Fig. 2c). Subsequently, the MDA content decreased 
significantly with prolonged treatment. Compared 
with the protective enzyme activity of SOD and POD, 
which both achieve their highest level at 6 h, the 
highest level of MDA appeared to lag 3 h behind. 

3.3  Illumina sequencing and de novo transcrip-
tome assembly 

To provide a comprehensive landscape of tran-
scriptome and the saline-alkaline stress response for L. 
ruthenicum, we generated mixed cDNA libraries with 
mRNA from the control and the mixed saline- 
alkaline-treated seedlings, using Illumina sequencing. 
After removing adapters, low-quality sequences, and 
ambiguous reads, each library gained 52.5 million 
clean reads with a mean length of 90 bp. The Q20 (a 
quality threshold of 20) percentages for the control 
and the treated library, respectively, were 97.9% and 
98.1%, whereas their GC percentages were 42.3% 
and 43.5%, respectively. Raw data were deposited in  
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

the NCBI SRA database under the accession number 
SRP059046 (which will be released immediately after 
this paper is accepted). All trimmed reads were de novo 
assembled into contigs using the Trinity method with 
an average contig size exceeding 350 bp in each of the 
two libraries (Table 2). This can be considered long 
compared with those reported in certain related stud-
ies (Wang et al., 2010; Wei et al., 2014). Among the 
contigs in each library, about 70% were shorter than 
300 bp, about 28% ranged from 300 to 500 bp, and the 
remaining 2% were longer than 1000 bp (Fig. 3). 

By using paired-end information, the contigs 
were then joined with assembled unigenes (Chen  
et al., 2014). A total of 68 063 unigenes were obtained 
with an average length of 877 bp and N50 (the 
shortest sequence length at 50% of the genome) of 
1411 bp (Table 2), suggesting that this non-model 
organism has been effectively and accurately assem-
bled. Among these unigenes, distinct clusters and 
singletons account for 38.14% and 61.86%, respec-
tively. All unigenes were longer than 200 bp, with 
68.80% between 200 and 1000 bp and 21.68% be-
tween 1000 and 2000 bp. Unigenes with a length over 
1000 bp account for 9.52% of the total (Fig. 3). The 
generated unigenes may be useful for further research 
on L. ruthenicum functional genomics. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 2  Length distribution of assembled contigs and unigenes 

Sample Total number
Total length  

(bp) 
Mean length 

(bp) 
N50 
(bp)

Total consensus 
sequence 

Distinct 
cluster 

Distinct 
singleton

Contig        
Control 121 361 42 900 816 353 651    
Treated 117 483 41 211 110 351 655    

Unigene        
Control 67 901 44 901 911 661 1161 67 901 19 314 48 587 
Treated 73 239 47 731 758 652 1133 73 239 21 311 51 928 

All unigenes 68 063 59 724 269 877 1411 68 063 25 961 42 102 

Fig. 3  Length frequency distribution of contigs and unigenes obtained from de novo assembly 
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3.4  Annotation, CDS prediction, and function 
classification  

Among the 68 063 high-quality unique sequences, 
53 366 (78%) showed at least one significant match to 
an existing gene model in the BLAST search. Among 
which, the numbers (percentage) that could be hit to 
NCBI non-redundant database (Nr), Swiss-Prot, COG, 
and KEGG account for 50 803 (95.2%), 29 828 
(55.89%), 16 432 (30.8%), and 25 550 (47.9%), re-
spectively. Moreover, approximately 86.76% (46 303) 
were aligned with known proteins in the Nr database, 
and the top hits with a similarity greater than 80% 
against the Nr database accounted for 64.5%. From 
the distribution of Nr annotation results, the transcripts 
generated were most similar to Solanum tuberosum 
(60.9%), which possesses a well-characterized tran-
scriptome database, followed by Solanum lycopersi-
cum (25.2%). We observed markedly lower sequence 
similarity with Nicotiana tabacum (2.2%), which also 
belongs to Solanaceae but is of a different genus  
(Fig. 4). The CDS was predicted using BLASTx or 
BLASTn against the Nr database, and the Swiss-Prot, 
KEGG, and COG databases successively with an 
E-value cutoff of 10−5. As a result, 45 275 unigenes 
showed homologous matches to these databases.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

ESTScan could predict the other 1168 unigenes with 
no matches to these four databases. In total, 46 443 
(68.24%) unigenes can be predicted by homology 
analysis using the BLAST or ESTScan prediction. 

Classification of GO terms was also performed 
according to the Nr annotation by using the Blast2GO 
software. As a result, a total of 29 102 unigenes were 
classified into 57 subcategories with 202 978 func-
tional terms (Fig. S1). More than two-thirds of these 
terms (98 220, 69.84%) belonged to biological pro-
cesses, followed by the categories of cellular com-
ponents (70 845, 50.37%) and molecular function 
(33 913, 24.11%). In the biological processes category, 
the largest groups were metabolic processes (18 762, 
19.1%), cellular processes (16 829, 17.1%), single- 
organism processes (14 116, 14.37%), and stimulus 
process response (7362, 7.5%). According to the 
COG database, 16 433 (24.14%) unigenes were cat-
egorized into 25 functional clusters (Fig. S2). Given 
that most of the unigenes could be annotated by 
more than one category, a total of 30 731 functional 
terms were obtained for 16 433 unigenes. The five 
largest categories were: (1) general function predic-
tion only (5389, 17.54%); (2) transcription (2774, 
9.00%), (3) replication, recombination, and repair  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4  Characteristics of homology search of Illumina sequences against the Nr database 
(a) E-value distribution of BLAST hits for each unique sequence with a cut-off E-value of 10–5. (b) Similarity distribution
of the top BLAST hits for each sequence. (c) Species distribution shown as a percentage of the total homologous sequences
with an E-value <10–5 
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(2732, 8.89%); (4) signal transduction mechanisms 
(2260, 7.35%); (5) posttranslational modification, 
protein turnover, and chaperones (2164, 7.04%). 

3.5  Pathway assignment by KEGG analysis 

Besides gene annotation, KEGG pathway anal-
ysis is another useful analytic method for predicting 
potential genes and their functions at the whole tran-
scriptome level. To obtain a better understanding of 
the specific network of these unigenes, pathways 
were assigned based on the KEGG database using 
BLASTx with an E-value cutoff of <10−5. As a result, 
25 551 (37.53%) unigenes with significant matches 
against this database were assigned to five main cat-
egories comprising 127 KEGG pathways. Most of the 
unigenes (21 619, 84.6%) were mapped to the me-
tabolism category. In this main metabolism category, 
global map, lipid metabolism, nucleotide metabolism, 
carbohydrate metabolism, and biosynthesis of other 
secondary metabolites were the five most represented 
subcategories. Given that L. ruthenicum is a medici-
nal species and is rich in secondary metabolites, the 
secondary metabolites searched here may be useful 
for further investigation in future related studies. As 
for the environmental category, 2014 (7.88%) uni-
genes were involved, including the subcategories of 
signal transduction and membrane transport. 

3.6  Global gene expression analysis 

For the plant material treatment, ten L. ru-
thenicum plants generated from selected superior 
clones were exposed to mixed saline-alkaline stresses, 
leaving ten other seedlings untreated. Leaves were 
harvested 6 h after treatment. Capped and polyad-
enylated mRNA was purified from the harvested 
leaves, and hexanucleotide-primed cDNA was pro-
duced and sequenced. Based on the analyses of the 
combined data, 88.95% of the unigenes (60 544 of 
68 063) were expressed with FPKM>1 in at least one 
sample, and they were considered “expressed genes” 
under these growth conditions. By contrast, 11.08% 
(7539 out of 68 063) of the unigenes were designated 
as poorly or non-expressed genes (FPKM<1 in all 
samples). Detailed analysis revealed that 4652 
(61.70%) of these non-expressed unigenes could be 
annotated as serine/threonine-protein kinase, tubby- 
like F-box protein, and transcription factors by the Nr 
database. We noticed that several unigenes from these 

families were alternatively included in the lists of 
upregulated or most abundant transcripts. Therefore, 
we proposed that several of these lesser-expressed 
genes may result from gene redundancy in gene  
families. 

The 100 most abundant transcripts with annota-
tion in the two samples were analyzed. All these 
genes had an FPKM over 600 (Tables S2 and S3). The 
two samples possessed 77 of the most abundant 
transcripts in common, including cell wall structural 
involved proteins, chlorophyll a/b binding protein, 
photosystem I/II center subunit protein, and ribu-
losebisphosphate carboxylase mall chain. The most 
abundant transcripts in the treated sample, which were 
different from the control, included dehydration- 
induced proteins, glycine rich proteins, and certain 
heat shock proteins.  

3.7  Identification of differentially expressed  
unigenes 

According to our applied criteria (FDR<0.001, 
absolute value of log2Ratio≥1, and FPKM≥1 in at 
least one sample), approximately 4096 unigenes ap-
peared to be upregulated after saline-alkaline mixed 
stress treatment, whereas 4381 unigenes were down-
regulated (Fig. 5, Tables S4 and S5). Detailed analy-
sis on the identification of differentially expressed 
genes that related to log2 fold change revealed that 
411 unigenes were upregulated at a level of more than 
five, while 710 unigenes were upregulated at a level 
between three and five. Among these highly inducible 
unigenes, 288 unigenes did not present any hit in the 
available database. These unigenes may play unique 
saline-alkaline stress response roles in L. ruthenicum. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5  Distribution of differentially expressed genes
between the control and stress-treated samples 
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We selected the top 300 most upregulated tran-
scripts with annotation for further analysis (FDR< 
0.001; Table S6). As a result, unigenes encoding 
certain transcription factors including dehydration 
responsive element binding protein (DREB), myelo-
blastosis (MYB), and WRKY were overrepresented 
in the 300 unigenes. This result was consistent with 
the findings that high salinity and alkalinity could 
trigger the expression of specific families of tran-
scription factors, which consequently activates the 
downstream stress-responsive genes correspondingly 
(Zhu, 2001; Wang et al., 2007). Kinases such as  
serine/threonine-protein kinase and cysteine-rich 
receptor-like protein kinase were overrepresented in 
the top 300 lists. The high percentage of the tran-
scription factors and kinases in the most upregulated 
gene list suggested that they were the primary factors 
affecting the saline-alkaline mixed stress tolerance of 
L. ruthenicum. Moreover, unigenes encoding aqua-
porin, zinc finger proteins, and calcium-binding pro-
teins were also overrepresented, indicating their im-
portant roles in such stress responses. The GO anno-
tation of the top 300 most upregulated unigenes 
showed their significant involvement in the metabolic 
and cellular processes and in the stimulus process 
response, which indicates the efficacy of our treat-
ments (Fig. 6). 

3.8  Validation of gene expression by qPCR 

To test the reliability of our deep sequencing re-
sults, we further randomly selected twenty differen-
tially expressed transcripts that may be involved in  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

abiotic stress regulation, and performed qPCR analysis. 
The qPCR results indicated that the expression of all 
selected unigenes exhibited similar tendencies be-
tween deep sequencing and qPCR results (Fig. 7a). 
Pearson’s correlation test showed that the expression 
fold change of these 20 unigenes exhibited signifi-
cantly positive correlations between deep sequencing 
and qPCR results (R2=0.8756 and P<0.001; Fig. 7b). 
The excellent correlation index indicated that the 
deep sequencing results are reliable for quantifying 
gene expression abundance in our study. 

3.9  Functional categorization and pathway as-
signment of differentially expressed genes 

Both gene annotation and KEGG pathway 
analyses are useful for predicting potential genes and 
their functions at a whole transcriptome level. All DE 
unigenes were mapped to the GO database and the 
gene numbers were calculated from each GO term. As 
a result, 3619 DE unigenes could be assigned. Using a 
hypergeometric test, we identified the significantly 
enriched GO terms based on the genomic background 
(P≤0.05, after Bonferroni correction). As a result, the 
significant GO clusters for DE unigenes are “metabolic 
process”, “cellular process”, and “single-organism 
process” categories of the biological process, the 
“cell” and “cell part” categories of the cellular com-
ponent category, and the “antioxidant activity” and 
“binding categories” of the molecular function  
category. Detailed analyses indicated 59 ontology 
terms of biological processes were significantly en-
riched (corrected P≤0.05), these terms included the  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6  Function classification of GO terms
of the top 300 most abundant L. ru-
thenicum transcripts 
Based on high-score BLASTx matches in the
Nr plant protein database, 223 L. ruthenicum
unigenes were classified into three main GO
categories and 37 sub-categories. The left
y-axis indicates the percentage of a specific
category of genes in each main category. The
right y-axis indicates the number of genes in
the same category 
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oxygen-containing compound response process, wa-
ter deprivation response process, and abiotic stimulus 
response process (Table 3). This result suggested that 
these processes are important in the saline-alkaline 
mixed stress response. The differentially expressed 
transcripts in these systems may indicate their im-
portant roles in the protection of L. ruthenicum under 
conditions of such stress. 

Pathways that were possibly affected by saline- 
alkaline mixed stress were checked by comparing 
them against the KEGG database. A total of 27 
pathways changed significantly (P≤0.05) under 
mixed saline-alkaline stress (Table 4). Pathways  
involved in plant hormone signal transduction, glyc-
erophospholipid metabolism, and zeatin biosynthesis 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

were included. A total of 533 unigenes were associ-
ated with the biosynthesis of secondary metabolites. 
A number of pathways related to the biosynthesis of 
other secondary metabolites, such as phenylpropanoid 
biosynthesis, the flavonoid biosynthesis pathway, and 
glucosinolate biosynthesis, were enriched in differ-
entially expressed unigenes. The overall top 10 sig-
nificantly changed pathways included “phenylpro-
panoid biosynthesis”, “flavone and flavonol biosyn-
thesis”, “flavonoid biosynthesis”, “biosynthesis of 
secondary metabolites”, “stilbenoid, diaryheptanoid 
and gingerol biosynthesis”, “plant-pathogen interac-
tion”, “zeatin biosynthesis”, “plant hormone signal 
transduction”, “isoflavonoid biosynthesis”, and “cys-
teine and methionine metabolites”. Two pathways 

Fig. 7  Validation and comparison of the expression 
of 20 unigenes between qPCR and deep sequencing
(a) Expression analyses of 20 putative differentially 
expressed unigenes by qPCR. (b) Gene expression 
correlation between qPCR and deep sequencing. The 
bar in (a) represents the standard deviation 
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related to signal transduction, namely, the “phospha-
tidylinositol signaling system” and “plant hormone 
signal transduction”, both showed significant en-
richment. Among the 275 DE unigenes involved in 
the plant hormone signal transduction pathway, 190 
unigenes were shown to be upregulated, whereas 85 
members were downregulated. The upregulated uni-
genes mainly included the ABA-induced protein phos-
phatase 2C, abscisic acid receptor PYL genes, and the 
ABA-responsive element binding protein, which all 
belong to ABA signaling pathway, and cytokinin- 
regulated transcription factor ARR1. The downregu-
lated dunigenes mainly included auxin-induced pro-
teins and ethylene-responsive transcription factors. 

3.10  Genome-wide SSR mining 

All 68 083 unigenes generated in this study were 
used to mine potential microsatellites by using the 
MISA tool. The SSRs that were located only in one 
single read had been eliminated (Wei et al., 2014). As 
a result, a total of 9216 potential SSRs were identified 
within 7940 unigenes, which means every 6.48 kb of 
examined sequences composed one SSR on average. 
This frequency was slightly lower than the results for 
plants such as pomelo (1/5.6 kb) and wheat (1/5.46 kb). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Among these SSRs, 1052 sequences contained more 
than one SSR, and 449 SSRs were present in com-
pound form (Table 5). 

The frequency, type, and distribution of the po-
tential 9216 SSRs were further analyzed. Among 
these SSRs, the mono-, di-, and tri-nucleotide repeat 
motifs were the most abundant types (4340, 47.09%; 
2027, 21.99%; 2563, 27.81%, respectively), followed 
by hexa- (139, 1.51%), penta- (78, 0.85%), and quad- 
nucleotide (69, 0.75%) repeat motifs. The length 
distributions of all potential SSRs based on the 
number of repeat units were further analyzed  
(Table 6). The size of these SSRs was mostly dis-
tributed from 12 to 22 bp (8979, 88.27%), followed 
by 23 to 30 bp length range (311, 3.37%). A total of 
412 SSRs (4.47%) were longer than 30 bp. 

Within the preliminarily identified SSRs, 261 
motif types were detected, among which, mono-, di-, 
tri-, tetra-, penta-, and hexa-nucleotide repeats had 2, 
3, 10, 15, 23, and 61 types, respectively. The A/T 
mono-nucleotide and AG/CT di-nucleotide repeats 
were the most abundant motifs in our SSRs, ac-
counting for 45.16% and 12.65% of the total SSRs, 
respectively, while the remaining 259 types of motif 
only accounted for 42.19% (Fig. 8). 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 3  Over-representative GO terms of biological process for DE unigenes between the control and the saline- 
alkaline-treated sample 

Gene ontology term 
Cluster number in 

treated sample 
Cluster  

frequency 
Corrected  
P-value 

Response to oxygen-containing compound 377 0.127 3.87×10−15 

Response to chemical  589 0.198 1.01×10−12 

Response to acid  267 0.090 1.94×10−12 

Response to water  108 0.036 7.44×10−11 

Response to water deprivation  106 0.036 8.26×10−11 

Response to chitin  54 0.018 5.17×10−9 

Response to organonitrogen compound  63 0.021 6.99×10−9 

Response to endogenous stimulus  294 0.099 7.14×10−9 

Response to inorganic substance  277 0.093 1.89×10−8 

Response to stimulus  1050 0.353 7.29×10−8 

Response to karrikin 55 0.018 1.16×10−6 

Response to fungus  92 0.031 2.14×10−6 

Multi-organism process  295 0.099 4.07×10−6 

Nucleosome assembly  43 0.014 4.46×10−6 

Nucleosome organization  43 0.014 4.46×10−6 

Response to organic substance  357 0.120 7.62×10−6 

Response to biotic stimulus  223 0.075 1.17×10−5 

DNA packaging  48 0.016 1.21×10−5 

To be continued     
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Table 3 

Gene ontology term 
Cluster number in 

treated sample 
Cluster  

frequency 
Corrected 
P-value 

Response to stress  625 0.210 1.27×10−5 

Response to external biotic stimulus 215 0.072 1.49×10−5 

Response to other organism  215 0.072 1.49×10−5 

DNA conformation change  62 0.021 2.37×10−5 

Benzene-containing compound metabolic process  29 0.010 2.94×10−5 

Response to heat  74 0.025 3.72×10−5 

Response to hormone  256 0.086 5.26×10−5 

Chromatin assembly  43 0.014 5.32×10−5 

Protein-DNA complex assembly  43 0.014 6.69×10−5 

Protein-DNA complex subunit organization  43 0.014 6.69×10−5 

Defense response to fungus  65 0.022 7.49×10−5 

Chromatin assembly or disassembly  47 0.016 8.54×10−5 

Defense response  208 0.070 9.45×10−5 

Anthocyanin-containing compound biosynthetic process  12 0.004 1.30×10−4 

Response to abiotic stimulus   28 0.144 4.70×10−4 

Sulfate transport 24 0.008 9.90×10−4 

Response to external stimulus  282 0.095 1.22×10−4 

Photoinhibition 12 0.004 1.83×10−3 

Negative regulation of photosynthesis, light reaction  12 0.004 1.83×10−3 

Defense response to other organism 149 0.050 1.83×10−3 

Defense response, incompatible interaction  59 0.020 2.14×10−3 

Response to nitrogen compound 82 0.028 2.24×10−3 

Respiratory burst involved in defense response  15 0.005 3.22×10−3 

Response to temperature stimulus 155 0.052 4.04×10−3 

Respiratory burst 15 0.005 5.35×10−3 

Negative regulation of cellular protein metabolic process  25 0.008 5.51×10−3 

Negative regulation of protein metabolic process  25 0.008 5.51×10−3 

Phenol-containing compound metabolic process  21 0.007 7.15×10−3 

I organic anion transport  52 0.017 8.11×10−3 

Negative regulation of abscisic acid-activated signaling  
pathway 

19 0.006 1.22×10−2 

Phenol-containing compound biosynthetic process  19 0.006 1.22×10−2 

Negative regulation of response to alcohol  19 0.006 1.22×10−2 

Sulfur compound transport  25 0.008 1.24×10−2 

Sulfate transmembrane transport  20 0.007 2.10×10−2 

Cell proliferation  31 0.010 2.23×10−2 

Systemic acquired resistance  39 0.013 2.65×10−2 

Salicylic acid biosynthetic process  17 0.006 2.91×10−2 

 egative regulation of protein modification process  18 0.006 3.71×10−2 

Response to osmotic stress  161 0.054 3.97×10−2 

Salicylic acid metabolic process  17 0.006 4.13×10−2 

Flavonoid biosynthetic process  22 0.007 4.71×10−2 
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Table 4  Pathway enrichment analyses for DE unigenes between the control and the saline-alkaline mixed treated 
samples 

Pathway 
ID 

Level 1 Level 2 Pathway Q-value 
DEG 
No. 

Up Down

ko04075 Environmental  
information  
processing 

Signal transduction Plant hormone signal 
transduction 

1.03×10−10 275 190 85

ko02010 Environmental  
information  
processing 

Membrane transport ABC transporters 4.54×10−3 51 46 5

ko03010 Genetic  
information  
processing 

Translation Ribosome 5.27×10−3 107 41 66

ko00940 Metabolism Biosynthesis of other  
secondary metabolites 

Phenylpropanoid  
biosynthesis 

3.51×10−19 131 97 34

ko00944 Metabolism Biosynthesis of other  
secondary metabolites 

Flavone and flavonol 
biosynthesis 

3.51×10−19 55 43 12

ko00941 Metabolism Biosynthesis of other  
secondary metabolites 

Flavonoid biosynthesis 5.03×10−17 83 53 30

ko01110 Metabolism Global map Biosynthesis of secondary 
metabolites 

5.03×10−17 533 344 189

ko00945 Metabolism Biosynthesis of other  
secondary metabolites 

Stilbenoid,  
diarylheptanoid and 
gingerol biosynthesis 

2.51×10−15 82 54 28

ko00908 Metabolism Metabolism of terpenoids  
and polyketides 

Zeatin biosynthesis 1.25×10−11 75 60 15

ko00943 Metabolism Biosynthesis of other  
secondary metabolites 

Isoflavonoid  
biosynthesis 

1.68×10−8 29 26 3

ko00270 Metabolism Amino acid metabolism Cysteine and methionine 
metabolism 

6.62×10−8 56 30 26

ko00903 Metabolism Metabolism of terpenoids  
and polyketides 

Limonene and pinene 
degradation 

2.40×10−7 51 34 17

ko00040 Metabolism Carbohydrate metabolism Pentose and glucuronate 
interconversions 

1.22×10−5 54 24 30

ko00073 Metabolism Lipid metabolism Cutin, suberine and wax 
biosynthesis 

2.11×10−5 38 21 17

ko01100 Metabolism Global map Metabolic pathways 3.98×10−5 813 491 322

ko00360 Metabolism Amino acid metabolism Phenylalanine metabolism 4.45×10−5 46 35 11

ko00966 Metabolism Biosynthesis of other  
secondary metabolites 

Glucosinolate biosynthesis 5.38×10−5 17 10 7

ko00906 Metabolism Metabolism of terpenoids  
and polyketides 

Carotenoid biosynthesis 5.87×10−4 49 28 21

ko00196 Metabolism Energy metabolism Photosynthesis of antenna 
proteins 

7.63×10−4 14 0 14

ko00920 Metabolism Energy metabolism Sulfur metabolism 4.27×10−3 15 8 7

ko00250 Metabolism Amino acid metabolism Alanine, aspartate and 
glutamate metabolism 

5.27×10−3 28 23 5

ko00910 Metabolism Energy metabolism Nitrogen metabolism 8.73×10−3 23 16 7

ko00904 Metabolism Metabolism of terpenoids  
and polyketides 

Diterpenoid biosynthesis 1.17×10−2 28 20 8

ko00565 Metabolism Lipid metabolism Ether lipid metabolism 2.68×10−2 55 40 15

ko00430 Metabolism Metabolism of other amino 
acids 

Taurine and hypotaurine 
metabolism 

2.85×10−2 7 6 1

ko00500 Metabolism Carbohydrate metabolism Starch and sucrose  
metabolism 

3.57×10−2 84 45 39

ko04626 Organismal 
systems 

Environmental adaptation Plant-pathogen interaction 1.04×10−12 280 197 83

Q-value: minimum false discovery rate when the test is significant; DEG: differentially expressed genes; Up: upregulated; Down: 
downregulated 
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3.11  SSR marker polymorphism 

Using the transcription data, we initially selected 
77 primer pairs and used them for amplification to 
evaluate accuracy. After the primers that appeared to 
match non-target loci or species were excluded 
through 1% (0.01 g/ml) agarose gel electrophoresis, 

68 primer pairs were further tested with DNA from 
225 individuals belonging to nine unrelated prove-
nances. After screening, we observed that 11 of 68 
primers yielded the predicted size with polymorphic 
loci. Thus, the polyacrylamide gel contributed to the 
development of 11 polymorphic SSR primers. The 
products amplified by the 11 polymorphic primers 
were then sequenced through capillary electrophore-
sis, and the results were in the form of allele sizes. All 
primers were submitted to GenBank. Their numbers, 
primer sequences, repeat motifs, sizes, and annealing 
temperatures (Ta) are shown in Table 7. The in-
breeding coefficient ranged from 0.011 to 0.179. The 
PIC value ranged from 0.1112 to 0.6750. The ob-
served and expected heterozygosities were 0.064– 
0.840 and 0.115–0.726, respectively. 

3.12  Genetic diversity of wild Lycium ruthenicum 
population 

Based on the band size of each primer pair, we 
could distinguish the nine provenances from one 
another. According to the primers shown in Table 8, 
the ALS, KEL, GZ, YJ, NMH, BC, and AKS groups 
could be determined by using single primer pairs. 
Conversely, SY and GEM could be differentiated 
with multiple primers. 

The phylogenetic tree (Fig. 9) revealed that AKS 
and KEL from Xinjiang (China) exhibited similar 
genetic diversities. The same phenomena were ob-
served in BC and SY from Xinjiang (China) and 
GEM and NMH from Qinghai (China). High genetic 
similarity was found in YJ and GZ from Gansu 
(China). ALS from Inner Mongolia (China) was dis-
tinguished itself by diversity study. Genetic diversity 
results analyzed here indicated that our polymorphic 
microsatellite markers were applicable in the genetic 
diversity study. 

 
 
 
 
 
 
 
 
 
 
 
 

Table 5  Summary of SSR analysis results 

Item Number 
Total number of sequences examined  68 063  
Total size of examined sequences (bp)  59 724 269 
Total number of identified SSRs  9216  
Number of SSR containing sequences  7940 
Number of sequences containing more  

than 1 SSR  
1052 

Number of SSRs present in compound  
formation  

449 

 
Table 6  Length of distribution of SSRs based on the 
number of repeat units 

Number of 
repeat 

Mono- Di- Tri- Quad- Penta- Hexa-

4 0 0 0 0 74 139 
5 0 0 1460 64 4 0 
6 0 695 661 5 0 0 
7 0 423 398 0 0 0 
8 0 339 43 0 0 0 
9 0 220 1 0 0 0 

10 0 184 0 0 0 0 
11 0 151 0 0 0 0 
≥12 4340   15 0 0 0 0 

Subtotal 4340 2027 2563 69 78 139 
 

Fig. 8  Frequency distribution of SSRs based on motif 
sequence types 

Fig. 9  UPGMA dendrogram of 225 L. ruthenicum based
on Nei (1978)’s genetic distances, indicating the clus-
tering relationships of nine sampled populations 
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4  Discussion 

4.1  Characterization of the Lycium ruthenicum 
transcriptome 

Next generation sequencing is an efficient and 
low-cost method for genome or transcriptome study. 
This approach has been applied to various plant or-
ganisms in recent years and has greatly accelerated 
the research on understanding the mechanisms that  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

underlie the growth and development of these organ-
isms. In this study, we demonstrated a strategy of  
de novo assembly of a transcriptome by using short 
reads for a Chinese traditional medicinal plant, L. 
ruthenicum, whose sequence data are limited in the 
public databases at present. With the help of Illumina 
sequencing, 52.5 million paired-end reads were ob-
tained for each sample and finally generated 68 063 
unigenes with an average length of 877 bp and N50 of 
1411 bp were finally generated. Thus, the number of 
genes/unigenes identified in L. ruthenicum achieved 
substantial progress from 77 to 68 063. The sequence 
similarities between L. ruthenicum and S. tuberosum, 
S. lycopersicum, N. tabacum were 60.9%, 25.2%, and 
2.2%, respectively. The similarities observed here 
may present clues to determine the phylogenetic re-
lationship between these species, which indicate that 
L. ruthenicum is closer to Solanum than Nicotiana 
within the Solanaceae family. A total of 53 366 (78%) 
unigenes showed a minimum of one significant match 
to an existing gene model, this ratio was relatively 
high compared with those in previous studies, indi-
cating the efficiency of our data. The functions of the 

Table 7  Characteristics of 11 microsatellite loci and their genetic diversity among the wild L. ruthenicum 

Primer 
GenBank 

No. 
Sequence (5'→3') 

Repeat 
motif 

Size 
(bp)

Ta

(°C)
Fis Ho He NA PIC

U20 KY284848 F: CCCACTTCTCAAAAATGGTACAC
R: ATAGTTGCCAACAAACCCTTCTT 

(ATT)6 88 60.0 0.058 0.544 0.481 4 0.4232

U21 KY284849 F: GGATGAAGAAGAAGAGGATGACA
R: CTTCTCAAAAATGGTACACTGCC

(AAT)6 126 59.9 0.042 0.324 0.458 5 0.4174

U23 KY284850 F: CTACTTCCATTTGTGGAAAGCTG 
R: TAGCCAGTCTAATCTTCGGTTTG 

(TGC)6 164 60.0 0.179 0.576 0.667 4 0.6120

U25 KY284851 F: CAGGAAGGAGAAGAGTCTGATGA
R: TTATCATTAACGGCTTCCATTTG 

(GCA)5 90 60.1 0.011 0.064 0.115 3 0.1112

U26 KY284852 F: AATGGGGAAAGGTAAAGGAAGTT
R: CCTTGTGGAATTTTACTTTCCAAT

(GTA)6 156 60.1 0.135 0.576 0.539 4 0.4701

U27 KY284853 F: CCACCCAGATAGTGGTGGTAATA
R: GCTGATGTTTTCACATTTGTCAC 

(GAA)6 108 59.8 0.072 0.380 0.379 5 0.3403

U31 KY284854 F: TAGGGTTTGAGGGTTTGAAGAAT
R: ATTATTATGGCTTCTTCACCTGG 

(CAC)5 109 59.4 0.076 0.164 0.202 3 0.1918

U36 KY284855 F: CTACCACTCCAACGTGTACCAAT 
R: TTCTTGCTCTAATTCTGAAACCG 

(CAA)6 138 60.1 0.099 0.536 0.607 4 05489

U42 KY284856 F: GTCTCCATTTTACCCCTACCAAG 
R: TTTGCAAATAAAATGCGATTATTG

(ATT)6 150 60.2 0.135 0.316 0.726 4 0.6750

U46 KY284857 F: ATGAAGGCAATATTTAGGGCAGT
R: CAATTTCATATTTGTGCTCTGCAT

(TTG)7 153 60.3 0.049 0.132 0.270 3 0.2525

D1 KY284858 F: TTCCAAGAACATTAGCACAAACA
R: TGGCACTTGTCCTAGTCCTAAAC 

(TTGGCT)4 136 59.7 0.027 0.840 0.576 4 0.4868

Ta: annealing temperature; Fis: inbreeding coefficient; Ho: observed heterozygosity; He: expected heterozygosity; NA: allele numbers; 
PIC: polymorphism information content 

Table 8  Primers which can distinguish the 9 groups 
from each other 

Group Primer 

ALS U20 

KEL U21 

GZ U25 

YJ U26 

NMH U31 

BC U31 

AKS U36 

SY U20+U21+U25+U26+U31+U36+D1 

GEM U20+U21+U25+U26+U31+U36+D1+U25
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unigenes were classified by COG and GO, and the 
metabolic pathways were assigned using the KEGG 
database. The GO classification analysis showed that 
the predominant terms of metabolic and cellular 
processes in biological process were similar to those 
of numerous other plants, such as Populus euphratica, 
Boehmeria nivea, and Ipomoea batatas (Wang et al., 
2010; Liu et al., 2013; Chen et al., 2014). The pre-
dominant term of “single-organism process” is simi-
lar to Halogeton glomeratus, another salt-tolerant 
plant species distributed in arid regions (Wang J. et al., 
2015). Thus, we conclude that this process may per-
form a special function in the salt or salt-alkalinity 
stress response. The unigenes produced here can fa-
cilitate further research on L. ruthenicum functional 
genomics or molecular mechanism studies, especially 
those on response mechanisms under abiotic stresses. 

4.2  Unigenes involved in saline-alkaline mixed 
stress 

Analysis of the DE unigenes could reveal the 
tolerance mechanisms in response to saline-alkaline 
stress. After DE unigenes were identified, the GO 
categories and pathways involved in stress tolerance 
were analyzed. The predominant GO clusters for DE 
unigenes are involved in the metabolic process, cel-
lular process, and single-organism process categories 
of the biological process, the cell and cell part cate-
gories of the cellular component domain, and the 
antioxidant activity and binding categories of the 
molecular function domain. Similar results were 
found in numerous plant species, except for the en-
richment of unigenes that belong to the “single- 
organism process category”. This finding indicated 
the important or requisite functions of “single- 
organism process”-involved unigenes in the L. ru-
thenicum sodic stress response. 

The top three pathways enriched in DE unigenes 
were “phenylpropanoid biosynthesis”, “flavone and 
flavonol biosynthesis”, and “flavonoid biosynthesis” 
pathways. Among these unigenes, “phenylpropanoid 
biosynthesis” and “flavonoid biosynthesis” have been 
reported in soybean under sodic stress (Ge et al., 
2010). Phenylpropanoid biosynthesis often results in 
the synthesis of phenolic metabolites, such as tannins, 
hydroxycinnamate esters, and structural polymer 
lignin, which often play specific roles in plant pro-

tection. Previously, phenylpropanoid biosynthesis 
was enriched in the drought response in plants such as 
rice. Phenylpropanoid biosynthesis was supposed to 
represent an alternative pathway that is beneficial for 
enhancing the antioxidant capacity of the cells under 
environmental stresses (Grace and Logan, 2000). 
Flavonoids are a group of plant polyphenolic sec-
ondary metabolites, including flavonols that perform 
a wide range of functions, such as antioxidant activity, 
ultraviolet (UV)-light protection, and biotic and abi-
otic stress responses (Petrussa et al., 2013). Several 
studies reported the effects of temperature and water 
deficit on the biosynthesis of flavonoids. Here, we 
supposed that the saline-alkaline stress may also ac-
tivate the flavonoid metabolism pathway for the 
number of DE unigenes significantly enriched in this 
pathway. 

4.3  Establishment and application of novel mi-
crosatellite markers 

SSR markers are widely used in the field of ge-
netic mapping and diversity research and association 
analysis. For L. ruthenicum, the available molecular 
markers are insufficient, which makes it difficult to 
distinguish the individuals or populations of this ge-
nus. To date, the genetic diversity analysis of L. ru-
thenicum is restricted to sequence-related amplified 
polymorphism markers (Liu et al., 2012). EST se-
quences are important resources for the development 
of SSR markers. By means of Illumina sequencing, 
9216 potential genome-wide SSRs were identified 
from the 7940 unigene sequences with a frequency of 
1/6.48 kb. This finding will substantially facilitate 
genetic mapping and diversity research in the future. 
Furthermore, we developed 11 novel polymorphic 
SSR primers of L. ruthenicum from 77 chosen primers 
based on 225 individuals selected from nine prove-
nances. Genomic backgrounds and resources could be 
distinguished by subjecting genetic similarity to 
cluster analysis with SSR markers. These novel and 
highly polymorphic SSR markers could be efficiently 
used for phylogenetic studies. L. ruthenicum is sig-
nificant for economic and scientific research. There-
fore, the proposed polymorphic EST-derived microsat-
ellite loci could possibly facilitate marker-assisted 
selection in L. ruthenicum breeding and improve the 
ecological and economic environments in China. 
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5  Conclusions 
 

In this study, we analyzed the global transcrip-
tome profiling of L. ruthenicum by de novo se-
quencing without the presence of a reference genome 
using Illumina sequencing. With 68 083 high quality 
unigenes identified, we achieved a great leap in the 
knowledge of expressed genes for the L. ruthenicum 
species. Further comparison between the control and 
the saline-alkaline mixed samples revealed that 
thousands of unigenes, such as DREB transcription 
factor genes and calmodulin (CaM) genes, were sig-
nificantly upregulated in the treated sample. GO 
terms for differentially expressed unigenes were sig-
nificantly enriched in hormone-mediated signal, bi-
ological process regulation, and metabolic process 
regulation. For the first time, the large number of 
sequences generated for L. ruthenicum identified in 
this study provided valuable sequence information at 
the transcriptomic level of this species and will facil-
itate the understanding of the mechanisms underlying 
their growth and development, especially regarding 
the processes enabling L. ruthenicum to cope with 
saline-alkaline mixed stress. Moreover, based on 
these assembled sequences, we identified 9216 po-
tential SSR markers and characterized some of them. 
Eleven microsatellite markers were established and 
applied in a genetic diversity study. The large num-
bers of sequences generated and SSR markers identi-
fied in this study provide valuable sequence infor-
mation at the genome level of this species. The newly 
identified SSRs significantly contribute to the L. ru-
thenicum genomic resources and will facilitate a 
number of genetic and genomic studies, including 
high-density linkage mapping, genome-wide asso-
ciation analysis, comparative genomics analysis, and 
evolution analysis. 
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中文概要 
 

题 目：黑果枸杞生理指标测定、转录组分析以及分子标

记开发研究 
目 的：以高耐盐碱多年生沙漠经济灌木黑果枸杞为研究

材料，对其在盐碱胁迫处理下的生理指标进行测

定，确定转录组测试的时间。通过转录组分析挖

掘潜在抗逆基因，并挖掘全转录组水平的分子标

记。旨在为黑果枸杞的优良基因资源利用、野生

品种保护和新品种培育提供理论依据和实践指

导。 
创新点：首次对黑果枸杞进行盐碱胁迫下的生理指标变化

和全转录组水平的基因表达变化进行分析，并基

于转录组进行大规模简单重复序列标记开发和

验证，并将所获取的分子标记应用到 9 个野生群

体进行遗传多样性分析。 
方 法：采用双通道 PAM-100 荧光仪研究盐碱胁迫对黑

果枸杞 P700（PS I）和叶绿素荧光（PS II）的影

响；通过盐碱胁迫下丙二醛（MDA）含量、超氧

化物歧化酶（SOD）和过氧化物酶（POD）活性

变化选定转录组测序（RNA-seq）取样时间；采

用 Illumina 高通量测序平台进行转录组从头测

序；选取 20 个基因采用荧光定量聚合酶链式反

应（PCR）法进行基因表达分析；基于转录组序

列组装结果进行简单重复序列扫描；采用聚丙烯

酰胺凝聚和毛细管电泳法鉴定引物多态性，选取

其中 11 对多态性引物应用于遗传多样性分析。 
结 论：通过对对照以及混合盐碱处理的黑果枸杞无菌苗

进行生理和生化测试，结果选定处理 6 小时为取

样点。RNA-seq 结果共获得 68 063 个 unigene，平

均长度为 877 bp，其中 4096 个基因在混合盐碱

处理下表现为上调，4381 个表现为下调。随机选

取 24 个基因进行荧光定量表达分析，结果显示，

荧光定量表达结果与 RNA-seq 结果呈显著正相

关。基于转录组测试数据，在 7940 个基因中挖

掘出 9216 个简单重复序列标记，对其中 77 个进

行检测，显示有 68 个位点清晰存在，选取其中

11 个多态性位点对来自西北四个省份或自治区

的 9 个野生种质资源进行遗传多样性分析，结果

显示分析可靠。 
关键词：从头测序；遗传多样性；黑果枸杞；分子标记；

盐碱混合胁迫 


