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SUMMARY

The Korshinsk peashrub (Caragana korshinskii), known for its exceptional drought tolerance, is widely culti-

vated in arid and semi-arid regions for vegetation restoration and as a vital forage plant. To elucidate the

genomic basis of its drought tolerance, we generated a chromosomal-scale genome sequence of C. kor-

shinskii. Our synteny analysis disputes the previously hypothesized genus-specific whole-genome duplica-

tion event, as suggested by earlier transcriptome study of this species and its congeners. We identified that

tandem duplications were critical for the expansion of gene families, such as early light-induced protein,

heat shock protein 100, and Dehydrin, which are involved in cellular protection processes. These expansions

are likely pivotal to the superior drought tolerance observed in C. korshinskii, as evidenced by the elevated

gene expression of these genes under drought conditions. Furthermore, overexpression studies of seven

tandemly duplicated DHN genes revealed a substantial enhancement in drought survival rates of seedlings,

likely attributable to increased gene dosage effects. Conversely, gene silencing via virus-induced gene

silencing demonstrated opposing effects. Additionally, we have established the CakorDB, a genomic

resource database for C. korshinskii (https://bis.zju.edu.cn/cakordb/), accessible freely to the scientific com-

munity. Collectively, our study not only provides a valuable genomic resource for the Korshinsk peashrub

but also highlights the genetic adaptations that enable C. korshinskii to thrive in desert environments, posi-

tioning its stress-responsive genes as a valuable genetic reservoir for breeding drought-resistant crops.

Keywords: Caragana korshinskii, drought adaptation, tandem duplication, dehydrin, forage shrub, drylands.

INTRODUCTION

Arid and semi-arid zones, collectively known as drylands,

make up approximately 41% of Earth’s land surface (Reyn-

olds et al., 2007). These regions are characterized by

limited water availability and often accompanied by

extreme temperature fluctuations and degraded, nutrient-

poor soil, all of which challenge plant survival (Withfold &

Duval, 2019). For example, most domesticated crops
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cannot withstand these harsh conditions for widespread

cultivation. In contrast, certain indigenous plants display

exceptional adaptation, having evolved endurance to these

stressful environments. The increasing incidence of

droughts (Huang et al., 2016) and the spread of drylands

(Walker & Van Loon, 2023), both intensified by global cli-

mate change, threaten the sustainability of agriculture,

pastoral, and livestock sectors—key for feeding an expand-

ing global population (Gupta et al., 2020). One potential

strategy to address these challenges is the discovery of

new germplasm from plants that are naturally adapted to

aridity and investigation into their genetic basis of drought

tolerance. Harnessing such stress-tolerant genes could be

pivotal for enhancing crop robustness.

Commonly known as ‘Korshinsk peashrub’, Caragana

korshinskii is a member of the genus Caragana (Fabaceae)

(Liu et al., 2010) and is closely related to commonly culti-

vated crops like soybean (Glycine max), alfalfa (Medicago

spp.), and the common pea (Pisum sativum) (Azani

et al., 2017). C. korshinskii is native to the arid and

semi-arid regions of northern China and Mongolia, where

it is a dominant component of sandy grasslands, arid

scrublands, and desert ecosystems (Liu et al., 2010). Noted

for its extraordinary drought tolerance, C. korshinskii has

been widely planted in drylands for vegetation rehabilita-

tion (Figure S1). It contributes to soil improvement by fix-

ing atmospheric nitrogen and serves as a valuable forage

source for livestock, including sheep, goats, cattle, and

camels. Considering C. korshinskii’s significant ecological

and economic value, a growing number of studies have

aimed to elucidate its mechanism of drought tolerance. Ma

et al. (2008) suggested that the physiological adaptation of

C. korshinskii to water-deficit conditions might be due to

its low transpiration rate and high water use efficiency.

Furthermore, the enhanced stomatal control observed dur-

ing drought has been attributed to the accumulation of

abscisic acid (ABA), which ensures hydraulic safety and

sustains water usage in C. korshinskii (Yao et al., 2021).

Yet, only a few stress-related genes (e.g., DREB1C and

NAC3/4) has been studied to examine their expression

levels in response to drought stress at molecular level

(Han et al., 2015; Liu et al., 2019). Consequently, a compre-

hensive understanding of genomic adaptations to drought

in this important leguminous forage remains incomplete.

In this study, we aimed to provide a high-quality

genome of C. korshinskii and comprehensively explore

genes relevant to drought tolerance. Previous research

integrating genome and transcriptome analysis has identi-

fied numerous species-specific genes that confer abiotic

stress resistance. These genes have typically arisen from

whole-genome duplications (WGDs) or tandem duplica-

tions in both trees and herbs (Hu et al., 2021; Ma et al.,

2013; Moghaddam et al., 2021; Ren et al., 2022;

Wan et al., 2021), as well as in resurrection plants (Costa

et al., 2017; Gao et al., 2024; Silva et al., 2021; Xiao et al.,

2015; Xu et al., 2018). Based on the genome sequence of

C. korshinskii, we specifically examined the species-

specific genes that originated in this species and assessed

their expression changes in response to drought stress

using transcriptome data. We further examined the

drought-stressed seedlings’ phenotype by overexpressing

or silencing the species-specific genes, with the previously

developed Agrobacterium-mediated transient expression

system for C. korshinskii (Liu et al., 2019). Our study thus

generated a high-quality genome of C. korshinskii and elu-

cidated the genomic basis for this legume shrub’s

long-term adaptation to drought in desert regions. Looking

ahead, the stress-responsive genes in C. korshinskii will

serve as a valuable resource for genetically breeding

drought-tolerant crops in areas affected by climate change.

RESULTS

Chromosomal-scale genome assembly and annotation

C. korshinskii is a diploid (2n = 2x = 16) (Zhou et al., 2002),

with an estimated genome size of 1.49 Gb and a heterozy-

gosity of 1.61%, based on the distribution of its K-mer fre-

quency (Figure S2). To obtain a high-quality genome for

C. korshinskii, we generated 137.13 Gb (approximately

929) of long reads with Oxford Nanopore Technologies

(ONT), and 327.68 Gb (approximately 2209) of short reads

with the DNBSeqTM sequencing platform (Table S1). We

used NECAT2, a de novo assembler specific for ONT reads

(Chen et al., 2021), to assemble the data for the long

reads and further polish the contig with the short reads.

After, we produced an assembly of 1.35 Gb with a contig

N50 length of 4.33 Mb (Table S2). Then, the contig level

assembly was further scaffolded with 131.17 Gb (approxi-

mately 889) of chromosome conformation capture (Hi-C)

data (Table S1). Consequently, nearly 89% (1.25 Gb) of the

assembled whole-genome sequences were anchored into

eight pseudochromosomes (Figure 1; Figure S3), and the

final assembly with scaffold N50 of 158.29 Mb (Table S3).

The mapping rate of short reads to the assembled genome

was approximately 99.32% (Table S4). Additionally, 97.6%

of the conserved single-copy genes were captured by

BUSCO (Benchmarking Universal Single-Copy Ortholog)

analysis using embryophyte dataset obd10 (Table S2),

which indicates the assembly of the C. korshinskii genome

was highly accurate and complete.

Using a combination of de novo, homology, and RNA-

seq-based prediction methods, we obtained 36 219

protein-coding gene models from the C. korshinskii

genome (Table S2). Compared with the other selected

legume species, C. korshinskii has the longest average

gene length (5833 bp), largely due to its long

average intron length (1022 bp, Figure S4; Table S5). In

total, approximately 93.35% of gene models can be
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functionally annotated according to their homology with

plant sequences from Gene Ontology (GO), SWISS-PROT,

Eukaryotic Orthologous Groups of proteins (KOG), NCBI

non-redundant (NR) protein sequences, and Kyoto Encyclo-

pedia of Genes and Genomes (KEGG) databases (see

“Materials and Methods” section, Table S6). Furthermore,

about 66.23% of the total genome size is composed of

transposable elements (TEs), where 50.72% was comprised

of long terminal repeats (LTRs) (Table S7). We also

predicted 404 ribosomal RNAs, 252 micro RNAs, 893 trans-

fer RNAs, and 2543 small-nuclear RNAs (Table S8).

The lack of genus-specific WGD event

Polyploidy (or WGD) events are prevalent across diverse

plant species and have been recognized as a key force in

adaptive evolution and diversification (Jiao et al., 2011;

Van de Peer et al., 2017; Wu et al., 2020). In addition to an

ancient WGD event, known as the Papilionoid WGD,

Figure 1. Genomic features of Caragana korshinskii.

Tracks from the outside to the inside correspond to pseudochromosomes, GC content, gene density, Gypsy density, Copia density, and density of all LTR retro-

transposons, respectively. Density statistics are scaled with a 500-Kb sliding window. At the center of the circle are the flowers of C. korshinskii.
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shared by all papilionoid plants (Cannon et al., 2015), a

recent phylotranscriptomic study of the genus Caragana,

including C. korshinskii, has suggested a genus-specific

WGD event (Zhao et al., 2021).

As the first genome in the genus Caragana, our

chromosomal-scale assembly of C. korshinskii provided us

with the opportunity to confirm this WGD event, as synte-

nic blocks are considered the most definitive evidence for

such events (Wang et al., 2018). The synonymous substitu-

tion per synonymous site (KS) calculation for anchor gene

pairs (paralogs located on syntenic blocks) of C. korshinskii

showed one small peak around 0.03 and two larger peaks

around 0.46 and 1.61, respectively (Figure 2a). The occur-

rence timing of the second peak around 0.46 was slightly

later than the split between C. korshinskii (Papilionoideae)

and Senna tora (Caesalpinioideae, a sister subfamily to

Papilionoideae), but earlier than the divergence of three

Papilionoideae species (including C. korshinskii, G. max,

and Lupinus albus). This confirms that the duplicated

genes from this peak were derived from the Papilionoid

WGD event (Figure 2a; Schmutz et al., 2010). Furthermore,

the old peak around 1.61 corresponded to the well-known

Gamma (c) whole-genome triplication (WGT) event shared

by core eudicots (Figure 2a; Jiao et al., 2012).

To determine whether the duplicated genes from the

most recent peak around 0.03 were derived from a true

WGD, we conducted intra- and inter-genomic synteny ana-

lyses within and between selected legume species. We

used Medicago truncatula, which lacks a lineage-specific

WGD, and G. max, which has undergone an additional

lineage-specific WGD, as reference species. Our inter-

genomic synteny analysis revealed syntenic block ratios

of 1:1 for C. korshinskii versus M. truncatula and 1:2 for

C. korshinskii versus G. max, respectively (Figure 2b). This

indicates that C. korshinskii, like M. truncatula, did not

undergo an additional WGD after the shared Papilionoid

WGD. Furthermore, intra-genomic synteny analysis

showed that the majority of large syntenic blocks within

the C. korshinskii genome had average KS values that

aligning with those of the second peak, suggesting their

derivation from the Papilionoid WGD event (Figure S5),

rather than from a recent WGD corresponding to the KS

peak around 0.03. Consequently, our results provide clear

evidence for the absence of a genus-specific WGD event in

C. korshinskii, contrasting with previous findings from

transcriptome data (Zhao et al., 2021).

Expanded and unique gene families are associated with

drought adaptation

A robust phylogenetic tree was constructed for 11 selected

species, including seven from the Fabaceae family and four

outgroup species (Table S9; Figure 3a). This tree was

based on 223 strict single-copy genes identified by group-

ing orthologs using OrthoFinder2 (Emms & Kelly, 2019).

Molecular dating analysis indicated that the divergence

between C. korshinskii and its close relatives (P. sativum

and M. truncatula) occurred 30.67 million years ago

(Ma) with a 95% highest posterior density range of

23.83–39.7 Ma (Figure 3a). The timing coincides with the

onset of the Central Asian steppe-desert biome (Barbolini

et al., 2020). Gene-family expansion and contraction analy-

sis revealed more contracted (3951) than expanded (3021)

gene families during the lineage-specific evolution of

C. korshinskii (Figure 3a). A similar trend was observed

in P. sativum, but not in M. truncatula (Figure 3a).

Notably, the lineage-specific expanded gene families in

C. korshinskii
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Figure 2. Evidence for the absence of lineage-specific whole-genome duplication (WGD) in Caragana korshinskii.

(a) Distribution of KS values for anchor gene pairs in C. korshinskii and G. max, and one-to-one orthologs between C. korshinskii and four other legume species

(dotted lines).

(b) Macro-syntenic comparisons between C. korshinskii, Glycine max, and Medicago truncatula.
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C. korshinskii were functionally enriched in GO categories

related to responses to water deprivation, desiccation,

inorganic substances, oxygen-containing compound, acid

chemical, and other abiotic stimuli (Figure 3b). These pro-

cesses are closely associated with drought tolerance, sug-

gesting that the expanded genes in C. korshinskii were

likely selected for long-term survival and adaptation in arid

environments.

Further analysis of shared and unique gene families

among the seven legume species revealed that 10 973

gene families were commonly shared (Figure S6), while

1217 appeared to be unique to C. korshinskii (Figure S6).

These unique families are involved in various biosynthetic

and secondary metabolic pathways, such as flavonoid and

fatty acid biosynthesis and metabolism, as well as DNA

repair processes, including mismatch repair and nucleotide

excision repair (Table S10). Interestingly, genes involved in

DNA replication and repair in these families might play

protective roles in ensuring the stable transfer of genetic

information under the unfavorable conditions caused by

drought.

Exploration of drought-responsive genes and the role of

tandem duplications in the expansion of cellular

protection genes

To understand the genomic basis of C. korshinskii’s

remarkable drought tolerance, we investigated its gene

members across several vital drought-responsive signaling

pathways, including ABA synthesis, stomatal regulation,

osmotic stress regulation, cellular protection, and reactive

oxygen species (ROS) scavenging (Chen, Li, et al., 2020;

Fang & Xiong, 2015; Zhu, 2002).

Phytohormone ABA is well known for its crucial

roles in plant responses to drought stress. It accumulates

rapidly under water-deficit conditions and activates a

series of drought-responsive genes to optimize water use

and improve dehydration tolerance (Chen, Li,

et al., 2020). We analyzed genes involved in ABA
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Figure 3. Phylogenetic and evolutionary analyses of the Caragana korshinskii genome.

(a) Time-calibrated phylogenetic tree and gene-family expansion and contraction analysis across 11 plant species. Black numerical values near the split nodes

indicate estimated divergent times. The numbers of expanded (in red) and contracted (in blue) gene families at each node or within each species are shown

above the branches or below the species names, respectively. Counts of gene families, orphan genes, and total genes are displayed next to each species.

(b) Significantly enriched Gene Ontology (GO) terms for drought-related biological processes in the expanded gene families of the C. korshinskii genome. Circle

size represent the number of genes, and colors indicate the degree of significance, assessed by adjusted P-values.
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biosynthesis, such as zeaxanthin epoxidase (ZEP), neox-

anthin synthase (NSY), 9-cis-epoxycarotenoid dioxygen-

ase (NCED), short-chain alcohol dehydrogenase (ABA2),

and abscisic aldehyde oxidase 3 (AAO3), and metabolism

(specifically cytochrome P450, family 707, subfamily A,

CYP707A) in C. korshinskii and other species (Figure 4a;

Figure S7). ZEP, which catalyzes the conversion of zea-

xanthin to all-trans-violaxanthin in plastids (Figure 4a), is

a key enzyme in the initial steps of ABA biosynthesis

(Chen, Li, et al., 2020). C. korshinskii contains four ZEPs,

more than typically found in other species, which usually

have only one to three members (Figure S7). Following

the increase in ABA levels, stomatal apertures act as the

first guard to reduce water transpiration under drought

conditions (Chen, Li, et al., 2020; Li et al., 2024). Gene

families, such as shaker K+ channel, slow anion channel 1

(SLAC1), and aluminum-activated malate transporter

(ALMT), play crucial roles in controlling stomatal regula-

tion, showing no significant copy number variation

between C. korshinskii and other species (Figure 4a;

Figure S7).

During drought, osmotic homeostasis is disrupted,

impairing normal growth, development, and survival of

plants (Gupta et al., 2020; Yoshida et al., 2014; Zhu, 2002).

Both ABA-dependent and ABA-independent signaling path-

ways are pivotal in modulating plant responses to osmotic

stress (Yoshida et al., 2014). We compared the copy

numbers of ABA receptor Pyrabactin resistance 1/PYR1-

like/Regulatory component of ABA receptor (PYR/PYL/R-

CAR), clade A protein phosphatases of type 2C (PP2C), sub-

class III SNF1-related protein kinase 2s (SnRK2s), and ABA

response element binding (AREB/ABF) transcription factors

(TFs) between C. korshinskii and other species, finding no

significant differences (Figure 4a; Figure S7). In the

ABA-independent pathway, dehydration-responsive

element/C-repeat (DRE/CRT)-binding protein 2 (DREB2)

TFs, which activate the expression of many osmotic

response genes, were notably abundant with 12 DREB2s in
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Figure 4. Exploration of drought-responsive genes in Caragana korshinskii.

(a) Detailed signaling pathways for each drought-responsive module, differentiated by various colors. Numerical values within circles represent gene copy num-

bers in C. korshinskii. Expanded genes are highlighted in red and bold.

(b) Gene expression heatmap of differentially expressed genes (DEGs) involved in drought-responsive pathways in C. korshinskii. Each row represents a specific

gene, while columns distinguish between control and drought-treated samples. Expression levels are color-coded: red indicates higher expression and blue indi-

cates lower expression.
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C. korshinskii, compared with 5–8 in most species

(Figure S7). Phylogenetic and syntenic analyses revealed

that four of these members were generated by tandem

duplications, contributing to this expansion (Figure S8a,b).

However, these expanded genes did not show differential

expression (Figure S5c). Among the total 12 DREB2 TFs,

only one (Chr7.783) exhibited a significant increase in

expression following a 12-day drought treatment, while

two others (Chr3.1777 and Chr3.4819) also showed

increased expression under the same conditions

(Figure 4b; Figure S8c).

Drought not only induces osmotic stress but also

causes additional stress injuries in plants (Zhu, 2002). Cel-

lular desiccation during drought can lead to protein dena-

turation or inactivation and the generation of ROS (Gupta

et al., 2020; Yoshida et al., 2014; Zhu, 2002). To combat

these effects, the expression of protective proteins, includ-

ing late embryogenesis abundant (LEA) proteins, heat

shock proteins (HSPs), early light-induced proteins (ELIPs),

and stress-enhanced proteins (SEPs), act as a secondary

line of defense against drought stress (Figure 4a). The

Dehydrin (DHN) subfamily of LEA proteins, known for their

chaperone-like functions preserving membrane stabiliza-

tion and stabilizing labile proteins (Hundertmark &

Hincha, 2008), is notably expanded in C. korshinskii, with

copy numbers approximately twice as high as those found

in other legume species (Figure S7). ELIPs are known to

protect chlorophyll under drought conditions (Heddad

et al., 2006). C. korshinskii contains six ELIP members,

compared with only two in A. thaliana (Figure S7). HSP

proteins play important roles to stabilize protein structure

(Swindell et al., 2007). The HSP100 subfamily of the HSP

gene family is tremendously expanded in C. korshinskii,

including 27 genes, compared with other species with 6 to

17 members (Figure S7). Additionally, increased ROS

causes oxidative damage and even cell death under

drought stress (Tuteja et al., 2012). A range of antioxidant

enzymes, including superoxide dismutase (SOD), ascor-

bate peroxidase (APX), catalase (CAT), dehydroascorbate

reductase (DHAR), glutathione S-transferase (GST), and

glutathione reductase (GR) are employed to remove ROS

(Figure 4a). Among them, no substantial differences of

copy numbers between C. korshinskii and other species

were observed (Figure S7).

We specially investigated the evolutionary history and

mechanisms behind the notable expansion of cellular pro-

tection genes in C. korshinskii. Phylogenetic analysis of the

ELIP gene family across nine plant species showed that

the six ELIP members in C. korshinskii are closely clustered

(Figure 5a). Micro-syntenic analysis revealed that five of

these six genes are tandemly located on Chromosome 3

(Figure 5b). All of these tandemly expanded genes exhib-

ited increased expression levels under either 6- or 12-day

drought treatments (Figure 5c). Further phylogenetic and

syntenic analysis of the HSP100 subfamily indicated that

18 out of the 27 genes are tandemly arranged on Chromo-

somes 4 and 5. In contrast, M. truncatula and G. max do

not display a similar pattern (Figure 5d,e), indicating a

species-specific expansion of HSP100 genes in C. korshins-

kii. Except one (Chr5.794), all of these tandemly expanded

HSP100 genes were induced by drought treatment

(Figure 5f).

In addition to changes in gene copy numbers, we fur-

ther investigated the alteration in drought-induced gene

expression by comparing normal and drought-treatment

conditions in C. korshinskii (see “Materials and Methods”

section). We identified a total of 1974 differentially

expressed genes (DEGs), with 997 upregulated and 977

downregulated (Table S11). We further validated a subset

of these DEGs through quantitative real-time PCR (RT-

qPCR), which confirmed high consistency with our tran-

scriptome data, as shown in Figure S9. The upregulated

DEGs predominantly participated in ‘response to water’,

‘response to oxygen�containing compound’, and ‘cellular

homeostasis’ (Figure S10). In contrast, the downregulated

DEGs were mainly involved in the ‘carbohydrate metabolic

process’ and ‘photosynthesis’ (Figure S11). Among these,

we identified 68 DEGs as members of the aforementioned

drought adaptation processes, including two involved in

ABA synthesis and metabolism, one in stomatal regula-

tion, 12 in osmotic stress regulation, 45 in cellular protec-

tion, and eight in ROS scavenging (Figure 4b).

Tandem amplification of DHN genes enhances drought

resistance in C. korshinskii

During our investigation into the drought-responsive genes

in C. korshinskii, we observed significant amplification of

DHN genes (Figures 4 and 6a; Figure S7). Notably, the

orthologous gene XERO2 (AT3G50970) in A. thaliana is

documented to protect membranes under drought stress

by cross-linking with lipids (Gupta et al., 2019). We con-

ducted phylogenetic analysis of the DHN gene family

across seven legume species and A. thaliana, revealing

pronounced gene duplication in C. korshinskii compared

with the orthologous XERO2 in A. thaliana (Figure S12).

Micro-syntenic analysis identified seven tandem duplicates

of XERO2 on chromosome 8 in C. korshinskii, in contrast

to a single copy in M. truncatula and two in G. max

(Figure 6a). Transcriptomic evidence indicated that all the

seven members were strongly induced by drought

(Figure 6b), suggesting their critical roles in

drought tolerance.

To verify the contribution of these DHNs to drought

tolerance in C. korshinskii, we performed Agrobacterium-

mediated transient transfection experiments with each of

the seven DHNs (Liu et al., 2019). After 12 days of drought

treatment, most control seedlings infiltrated with the

pCanG-HA empty vector were wilted and lodged, and their

� 2025 Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2025), doi: 10.1111/tpj.17255

Genomics of the xerophyte Caragana korshinskii 7 of 15

 1365313x, 2025, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/tpj.17255, W

iley O
nline L

ibrary on [27/04/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



leaves became yellowish, indicating drought-stressed phe-

notypes (Figure 6c). However, the damage caused by

drought stress was not as severe for the seedlings with

transient expressions of each of the seven DHNs. The seed-

lings with transient expressions of the Chr8.227 and

Chr8.229 DHNs were especially healthier than the others

(Figure 6c). By calculating the survival rates of leaves, we

found that the control seedlings displayed a low survival

rate (26.7%), whereas the transgenic seedlings of each of

the seven DHNs showed higher survival rates. In particular,
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Figure 5. Tandem duplications contribute to the expansion of early light-induced protein (ELIP) and HSP100 gene families in Caragana korshinskii.

(a) Phylogenetic tree illustrating ELIP genes across nine plant genomes. The color of each gene corresponds to the background color of each species in the

upper left.

(b) Five ELIP genes are tandemly located on chromosome 3 of the C. korshinskii genome. Micro-synteny is illustrated with corresponding orthologs in Medicago

truncatula and Glycine max.

(c) Heatmap depicts gene expression levels of ELIP genes between control and drought treatment groups at 6 and 12 days. Warm colors donate high expression

levels.

(d) Phylogenetic tree illustrating HSP100 genes across nine plant genomes.

(e) Micro-synteny illustrates the tandem gene clusters of HSP100 genes located on chromosome 4 and 5 of the C. korshinskii genome, alongside corresponding

orthologs in M. truncatula and G. max.

(f) Heatmap depicts gene expression levels of HSP100 genes between control and drought-treatment groups at 6 and 12 days.
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Figure 6. Seven tandemly duplicated DHN genes greatly improved drought tolerance in Caragana korshinskii.

(a) Seven DHN genes are tandemly located on chromosome 8 of the C. korshinskii genome. Micro-synteny is shown with corresponding orthologs in Medicago

truncatula and Glycine max.

(b) Phylogenetic tree of the seven DHN genes in C. korshinskii and their expression differences under control and drought treatments.

(c) Morphological features of control and C. korshinskii seedlings transiently expressing each of the DHN genes, observed before and after drought treatment.

(d) Survival rates of both control and DHN-transgenic C. korshinskii seedlings following a 12-day drought treatment.

(e) Total chlorophyll content in both control and DHN-transgenic C. korshinskii seedlings under identical conditions. Statistical significance is denoted by aster-

isks: *P < 0.05; **P < 0.01.
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the survival rates of Chr8.227 and Chr8.229 were 57.8 and

74.4%, respectively (Figure 6d). Additionally, the total chlo-

rophyll contents of six DHNs transient expression seed-

lings were higher than that of the controls, and the results

were consistent with their phenotypes and survival rates

(Figure 6e). These data suggest that the duplicated DHN

genes have contributed to the enhanced drought tolerance

observed in C. korshinskii.

Virus-induced gene silencing (VIGS) has been demon-

strated as an effective tool for gene expression knockdown

without the need for stable transformation (Burch-Smith

et al., 2006; Liu et al., 2002; Robertson, 2004; Ruiz

et al., 1998). However, the efficiency of VIGS had not previ-

ously been tested in C. korshinskii. We constructed the

CkPDS silencing vector and observed that silenced C. kor-

shinskii seedlings displayed a spectrum of phenotypes,

ranging from green and yellowish-green to partially or

fully white leaves (Figure S13a). The distribution of these

phenotypes is detailed in Table S12. The overall VIGS effi-

ciency in C. korshinskii seedlings was approximately

54.4%. Furthermore, expression analysis confirmed a sig-

nificant reduction in CkPDS expression in the silenced

seedlings compared with the control (Figure S13b), validat-

ing the effectiveness of the VIGS system in C. korshinskii.

To investigate whether silencing DHNs could reduce

drought tolerance in C. korshinskii, we constructed a silenc-

ing vector targeting seven DHNs. Under normal growth

conditions, there were no observable differences between

the control and silenced seedlings (Figure S14a). However,

after 12 days of drought treatment, silenced seedlings

exhibited more pronounced symptoms of drought stress,

characterized by extensive drying and yellowing of leaves,

compared with the control (Figure S14a). We measured the

transcript level of DHNs in both groups. As depicted in

Figure S14(b), with the exception of Chr 8.233, whose

expression could not be detected—likely due to a robust

silencing effect by VIGS—the expression levels of five out

of the six detectable DHNs (except for Chr 8.226) were sig-

nificantly reduced in the silenced group relative to the con-

trol group. These findings further corroborate the

significant role of duplicated DHN genes in conferring

drought tolerance to C. korshinskii.

DISCUSSION

A high-quality genome is crucial for uncovering specific

genomic changes that underpin a species’ unique adapt-

ability (Ma et al., 2013; Moghaddam et al., 2021; Wan

et al., 2021). While genomic studies are prevalent across

various crop species, they are less frequently conducted in

indigenous plants. In this study, we presented the genome

sequence of the Korshinsk peashrub, a species indigenous

to and extensively used for vegetation restoration and as

forage in the drylands of northern China (Liu et al., 2010).

Although the genome assembly of C. korshinskii is at the

chromosome level and exhibits high completeness

(BUSCO score of 97.6), the considerable heterozygosity

rate of 1.61% has resulted in approximately 11% of the

contigs remaining unanchored to chromosomes. Further

improvements could be achieved by employing advanced

sequencing and assembly strategies, such as ultra-long

read sequencing technologies and haplotype-aware

genome assembly. Nevertheless, this genome represents

the inaugural genome resource for the genus Caragana in

the legume family. Furthermore, we have developed

CakorDB, a freely accessible genomic database, to support

functional genomic research and foster international col-

laboration on the Korshinsk peashrub.

Based on previous KS- and phylogenomic-based ana-

lyses of transcriptomes from five Caragana species, includ-

ing C. korshinskii (Zhao et al., 2021), a WGD event was

postulated for the genus. Zhao et al. (2021) reported that a

relatively high proportion of gene duplications (5.8%, equiv-

alent 503 gene duplications) occurred in the common ances-

tor, involving a total of 8673 gene families. However, our

inter- and intra-genomic analyses using a chromosomal-

scale genome of C. korshinskii did not reveal any syntenic

signals indicative of a WGD, as shown in Figure 2. In fact,

several recent studies have highlighted the limitations of

relying solely on transcriptomic data for estimating WGD

events. These studies have pointed out that transcriptomes

may not cover all genomic genes and often include multiple

transcripts per gene, which can introduce biases in the anal-

ysis (Nakatani & McLysaght, 2019; Zwaenepoel et al., 2019).

Although our results do not support the occurrence of

a WGD event, we identified tandem duplication as a pivotal

mechanism for the expansion of gene families involved in

cellular protection against drought stress, as illustrated

in Figures 5 and 6a. Notably, the substantial amplification

of DHNs through tandem duplications in C. korshinskii has

significantly enhance its drought tolerance, as evidenced

by transgenic experiments (Figure 6; Figure S14). Similarly,

the HSP100 subfamily has undergone a major expansion

in C. korshinskii (Figure 4a; Figure S7), with over 70% of its

members originating from tandem duplications (Figure 5d–
f). It is well-documented that HSP100 proteins are critical

for addressing protein misfolding and aggregation within

cells and organelles (Waters & Vierling, 2020), particular in

rescuing stress-damaged proteins under adverse condi-

tions (Lee et al., 2022). The expression of HSP100 genes,

typically very low under normal conditions, is highly upre-

gulated in response to drought and heat stress. As

expected, almost all of the expanded genes showed high

expression levels under drought treatments, indicating

their roles as protective molecular chaperones (Figure 5f).

In addition to these protective and damage repair proteins,

we observed that C. korshinskii shares a common feature

with most resurrection plants: the expansion of ELIP genes

through tandem duplications (Costa et al., 2017; Marks

� 2025 Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2025), doi: 10.1111/tpj.17255
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et al., 2024; Silva et al., 2021; Xiao et al., 2015; Xu et al.,

2018). ELIP proteins function as transient pigment-binding

proteins that protect chloroplasts from severe desiccation

stress. Consequently, the expansion of ELIPs likely endows

C. korshinskii with a similar desiccation-tolerant capability.

Therefore, C. korshinskii acts as a resilient ‘warrior’ in arid

environments, equipped with enhanced cellular protection

capabilities conferred by tandem duplications.

For non-model species, particularly indigenous and

woody plants, functional validation of key candidate genes

is challenging due to the absence of effective in vivo trans-

formation systems. In this study, to assess the function of

the expanded DHN genes in C. korshinskii, we specifically

developed a VIGS system. Both overexpression and silenc-

ing of these expanded DHNs confirmed their critical roles,

as illustrated in Figure 6 and Figure S14. These unique

genes represent valuable resources for the genetic

improvement of crops and other plants, enhancing their

tolerance to drought conditions.

MATERIALS AND METHODS

Plant materials and drought treatment

Young, fresh leaves from an individual of C. korshinskii plant were
collected from the Yuzhong campus of Lanzhou University for
genome sequencing. Healthy seeds were selected and sown in a
1:3 mixture of peat soil and vermiculite in a greenhouse (22°C,
16 h light/8 h dark). For drought treatments, the methods previ-
ously described in Wan et al. (2018) were used with slight modifi-
cations. Briefly, 4-week-old C. korshinskii seedlings were
subjected to drought treatment by withholding water for 0, 3, 6, 9,
12, and 15 days. Morphologically, the 12 and 15 days’ seedlings
showed obvious drought-stressed phenotypes (Figure S15). Thus,
the shoots taken at 0 and 12 days were used to detect gene
expression and for transcriptome sequencing. Each sample con-
tained the shoot mixture of three seedlings.

DNA extraction and library construction and sequencing

Genomic DNA were extracted from young C. korshinskii leaves
using a QIAGEN� Genomic kits (Qiagen, Hilden, Germany) for
genome sequencing, following the manufacturer’s instructions. A
DNA library of next-generation short reads was constructed and
sequenced by using the DNBSEQTM platform (BGI, Shenzhen,
China) in 150-bp paired-end mode. For Oxford Nanopore Technolo-
gies (ONT) long read sequencing, nanopore libraries were con-
structed and sequenced by PromethION sequencer (ONT, Oxford,
UK) after fragment size selection. The Hi-C library was constructed
and sequenced to assist with genome assembly. The cross-linked
DNA was fixed in the cell nucleus and cut with restriction enzyme
MboI. The filled ends were marked with biotin and then were
ligated with ligase. The DNA was then purified and sheared to pull
down the biotin, and sequenced using the DNBSEQTM platform.

Genome assembly

Genome size was estimated using KmerGenie (http://kmergenie.
bx.psu.edu/), which can automatically determine the optimal K-
mer size for estimating genome size. The ONT long reads were
assembled into contigs using NECAT v1.0 (Chen et al., 2021). The
assembled contigs were subsequently corrected three times with

long reads using Racon v1.4.5 (Vaser et al., 2017) and once with
short reads using Pilon v1.23 (Walker et al., 2014). To further
enhance assembly contiguity, Hi-C raw reads were used for scaf-
folding with the 3d-dna pipeline (Dudchenko et al., 2017). The
accuracy of the Hi-C-assisted assembly was assessed based on a
chromatin contact matrix using Juicerbox Assembly Tools
(https://github.com/aidenlab/Juicebox), and some errors were
manually adjusted. The final assembly was validated by mapping
short reads back to the assembled genome using BWA (Li & Dur-
bin, 2009). The completeness of the assembled genome was
accessed using BUSCO v4.05 (Manni et al., 2021).

Genome annotation

Transposable elements in the C. korshinskii genome were identi-
fied using both de novo prediction and evidence-based search
approaches, following the procedures outlined by Ma et al. (2023).
We used three approaches to predict protein-coding genes in the
repeat-masked genome, including ab initio prediction, homology
search, and transcriptome-guided annotation. Homologous pro-
tein sequences from five species (A. thaliana, G. max, M. trunca-
tula, S. tora, and V. vinifera) were aligned to the assembled
C. korshinskii genome using GeMoMa v1.9 (Keilwagen
et al., 2016). Genetic structural information was inferred from
these alignments. Filtered RNA-seq reads were aligned to the ref-
erence genome using STAR v2.7.10a (https://github.
com/alexdobin/STAR/). The transcripts were then assembled using
StringTie (Pertea et al., 2016) and open reading frames (ORFs)
were predicted using PASA pipeline (Haas et al., 2008). For de
novo gene prediction, a training set was built and predictions were
made using Augustus v3.4.0 (Stanke et al., 2006). An integrated
gene set was produced using EVidenceModeler (EVM) v1.1.1 (Haas
et al., 2008). Genes primarily occupied with transposable domain
(>60% gene length) were removed using TransposonPSI
(http://transposonpsi.sourceforge.net), and miscoded genes were
further filtered. Untranslated regions (UTRs) were determined
using PASA based on RNA-seq assemblies, retaining the longest
transcripts for each locus. For functional annotation of gene
models and the annotation of non-coding RNAs (ncRNAs), we uti-
lized the same pipelines as described in our previous work (Ma
et al., 2023).

Synteny and WGD identification

For intra- and inter-genomic synteny analyses, we performed all-
against-all BLASTP searches for putative homologous genes using
an E-value cutoff of 1e-05. We employed MCScanX (Wang
et al., 2012) with default parameters to infer syntenic blocks within
and between genomes, using the top 10 BLAST matches as
inputs. We calculated the synonymous substitution per synony-
mous site (KS) for anchor gene pairs using the Nei-Gojobori
method (Nei & Gojobori, 1986) implemented in the YN00 program
of PAML v4.9 (Yang, 2007). The intra- and inter-genomic syntenic
gene pairs were visualized by plotting their locations and KS

values using WGDI software (Sun et al., 2022). Additionally,
macro-syntenic ratios among M. truncatula, C. korshinskii, and
G. max were analyzed using the Python version of MCScan (Wang
et al., 2012), further exploring the extent of genome duplications.

Phylogenomic and gene family evolution analyses

In addition to C. korshinskii, we selected six Fabaceae species
(M. truncatula, P. sativum, G. max, L. albus, S. tora, and C. cana-
densis) and four other eudicot species (M. domestica, P. tricho-
carpa, A. thaliana, and V. vinifera) for phylogenomic analysis
(Table S9). Protein sequences, represented by the longest

� 2025 Society for Experimental Biology and John Wiley & Sons Ltd.,
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transcript for each gene, underwent BLASTP comparisons and
subsequently classified into gene families using Orthofinder2 soft-
ware with default parameters. For species-tree construction, we
identified 223 strict single-copy genes. The amino acid sequences
of these genes were aligned using MAFFT v7.490 (Katoh
et al., 2005), and the resulting alignments were converted into cor-
responding codon alignments using PAL2NAL (Suyama
et al., 2006). The maximum likelihood phylogenetic trees for each
single-copy gene family were inferred using IQ-TREE2 (Minh
et al., 2020), and the coalescent species tree was summarized
using ASTRAL (Zhang et al., 2018).

To estimate the divergence times, particularly between
C. korshinskii and the selected legume species, we employed
MCMCTREE (Yang, 2007) utilizing three fossil constraints: (1) the
divergence between P. trichocarpa and A. thaliana estimated at
98–117 Ma, and (2) the divergence between V. vinifera and other
species at 106–125 Ma – both constraints sourced from TimeTree
(Kumar et al., 2022); and (3) the crown age of Fabaceae at
67.20–67.36 Ma, as reported by Zhao et al. (2021). Based on the
time-calibrated phylogenetic tree, we assessed the dynamics of
gene family evolution (i.e., expansion or contraction) using CAF�E
v.5.0 (Mendes et al., 2020). The GO enrichment analyses for the
expanded, contracted, and unique gene families of C. korshinskii
were performed with TBtools (Chen, Chen, et al., 2020.

Copy number analyses of drought-responsive genes

To identify homologous drought-responsive genes, known
A. thaliana members were used as query sequences to search for
similar protein sequences in C. korshinskii and other selected
species using BLASTP and HMMER search (Johnson et al., 2010).
For the BLASTP search, we set the E-value to <1e-05 and
sequence identity to >30%. The conversed domains of these pro-
tein sequences were subsequently searched using HMMER 3.3.2
(Johnson et al., 2010). The domain structure model files for the
protein families were downloaded from Pfam (https://pfam.xfam.
org/). Following this, the candidate genes along with the known
A. thaliana members of each gene family underwent phyloge-
netic tree construction. Each tree was manually examined to
exclude any outliers. Gene copy numbers for each species within
each gene family were manually counted. The gene IDs corre-
sponding to each family across nine plant genomes are listed in
Data S1.

Transcriptome sequencing and DEGs analyses

Transcriptomes sequencing was carried out by the Majorbio Com-
pany (Shanghai, China). Total RNA was extracted from C. kor-
shinskii seedlings with TRIzol� Reagent (Invitrogen, Waltham,
MA, USA) and genomic DNA was removed using DNase I
(TaKaRa, Kusatsu, Shiga, Japan). Only high-quality RNA samples
(OD260/280 = 1.8–2.2, OD260/230 ≥2.0, RIN ≥6.5, 28S:18S ≥1.0,
>1 lg) were used for library construction. The transcriptome
library was set up following the TruSeqTM RNA sample prepara-
tion Kit from Illumina (San Diego, CA, USA) using 1 lg of total
RNA. The RNA was then sequenced with an Illumina NovaSeq
6000 sequencer. Raw paired-end reads were trimmed and quality
controlled by FastQC (https://github.com/s-andrews/FastQC). Clean
reads were aligned to the reference genome and assembled using
HISAT2 and StringTie pipeline (Pertea et al., 2016). Transcriptional
expression levels were calculated according to the transcripts per
million reads (TPM). DEGs with a differential expression level of
FDR ≤0.5 and at least a twofold expression change were identified
using DESeq2 (Love et al., 2014). GO and KEGG enrichment

analyses were carried out using TBtools (Chen, Chen, et al., 2020)
and KOBAS (Bu et al., 2021).

RNA extraction and real-time RT-qPCR assay

RT-qPCR was performed according to Yang et al. (2014). The total
RNA extraction kit (Tiangen, Beijing, China) was used to extract
total RNA, and RNA quality and quantity was evaluated by aga-
rose gel electrophoresis using a Quawell Q5000 micro volume
UV–Vis spectrophotometer (San Jose, CA, USA). Following, 1 lg
of total RNA was reverse transcribed into cDNA using
PrimeScriptTM II 1st Strand cDNA Synthesis Kit (TaKaRa, Japan).
RT-qPCR was carried out with a Roche LightCycler 480 Real Time
PCR system (Roche, Switzerland) using LightCycler 480 SYBR
Green Master Mix (Roche). The cycling program was 95°C for
30 sec, followed by 40 cycles of 95°C for 5 sec, 60°C for 30 sec
and 72°C for 15 sec. The melting curves were analyzed at 60–95°C
after 40 cycles. All RT-qPCR reactions were carried out with three
technical replicates. The relative mRNA transcript levels of the
genes were calculated according to the 2�DCT and 2�DDCT method
described in Livak and Schmittgen (2001). CkEF1ɑ was chosen as
the reference gene for the RT-qPCR analysis (Yang et al., 2014).
RT-qPCR primers used are listed in Table S13. Each experiment
was independently repeated three times.

DHN genes cloning and plasmids construction

Full-length coding sequences (CDSs) of the DHN genes were
amplified from the cDNA of C. korshinskii cDNA using
PrimeSTAR� HS DNA Polymerase (TaKaRa, Japan) and cloned
into a pCanG-HA expression vector (a gift from Dr. Qi Xie, Institute
of Genetics and Developmental Biology, Chinese Academy of Sci-
ence) using an In-Fusion� HD Cloning Kit (TaKaRa, Japan). The
generated binary plasmids were confirmed by sequencing and
enzyme validation. The binary plasmids were then transformed
into Agrobacterium tumefaciens strain GV3101 by electroporation
for transient transformation in the leaves of C. korshinskii in next
step. Genes cloning primers used are listed in Table S14.

Vector construction for VIGS of CkPDS and CkDHNs

To silence the PDS of C. korshinskii, we identified the only one
ortholog of the well-known AtPDS (Phytoene desaturase) (Wang
et al., 2005), from the genome data of C. korshinskii (https://bis.
zju.edu.cn/cakordb/). Because CkDHNs are highly conserved, we
therefore tried to silence multiple target genes with one inser-
tion fragment, and designed primers according to the Chr8.229
sequence (Figure S16). The inserted fragments of either CkPDS
or CkDHNs were amplified from the cDNA of C. korshinskii,
using PrimeSTAR� HS DNA Polymerase (TaKaRa, Japan). The
primers’ sequence was listed in Table S14. Ligation of
the inserted fragments to TRV2 vector (TRV1 and TRV2 vectors
are gifts from Dr. Yule Liu, School of Life Sciences, Tsinghua
University) was carried out using an In-Fusion� HD Cloning Kit
(TaKaRa, Japan). The generated binary plasmids were then con-
firmed by sequencing and enzyme validation (XbaI and KpnI).
The binary plasmids were then transformed into A. tumefaciens
strain GV3101 by electroporation. For VIGS phenotype observa-
tion, an Agrobacterium mixture containing either TRV1 and TRV2

empty vector (the control group) or TRV1 and TRV(PDS )/TRV(DHNs)

vector (the silencing group) was injected into leaves of C. kor-
shinskii at a 1:1 (v/v) ratio, respectively, as described in Liu
et al. (2019). The CkPDS silenced phenotype was visible after
1 week, and became very obviously after 2 weeks.

� 2025 Society for Experimental Biology and John Wiley & Sons Ltd.,
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Drought tolerance assay of the transformed C. korshinskii

seedlings

As described in Liu et al. (2019), seedlings of C. korshinskii grown
in soil for approximately 3 weeks with sufficient watering were
used for transient transformation. The A. tumefaciens strain
GV3101 containing the above constructed vectors were collected
when the OD600 reached 1.3–1.5. Then, the Agrobacterium was
centrifuged at 3214 g for 10 min at 4°C. The Agrobacterium pellet
was resuspended and diluted to an OD600 of 0.7–0.8 using ½ MS
medium that was supplemented with 100 lmol L�1 acetosyrin-
gone. The bacteria suspension was rested at room temperature
for 3–4 h, with inversions every half hour to resuspend the Agro-
bacterium. Silwet L-77 was added to the Agrobacterium solution
to reach the final concentration of 0.001% (v/v) before injection.
The evenly mixed Agrobacterium cell suspension was injected
into the abaxial side of leaves of C. korshinskii seedlings, using a
1 ml disposable syringes without a needle. After being infiltrated
for 2 days, the seedlings were subjected to the drought treatment
by halting irrigation for DHNs over expression seedlings and the
control. For VIGS, the seedlings of both groups were stopped
watering 2 weeks after the injection with mixed Agrobacterium
cell suspension, to allow the fully expanded virus infection. When
the seedlings showed obvious wilting, yellowing, or lethal pheno-
types caused by drought treatment for about 12 days, photo-
graphs were taken immediately. The survival rate of each group
was then calculated, and the total chlorophyll content was mea-
sured. In each experiment, at least 32 C. korshinskii seedlings
were selected for gene injection, drought treatment, and survival
rate statistics, with each pot containing four seedlings.
Additionally, three seedlings were randomly selected and pooled
for RT-qPCR analysis and chlorophyll content measurement. All
experiments were carried out with three biological replicates. Sta-
tistical significance differences from the control group were
assessed using Student’s t-test (*P < 0.05, **P < 0.01) and ana-
lyzed with GraphPad Prism8. Survival rate analyses were con-
ducted across three biological replicates, while significance
analyses for total chlorophyll content and gene expression levels
were performed using three technical replicates.
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Figure S1. Photographs depicting a mature individual (1), leaves
(2), and fruits (3) of C. korshinskii, along with restored vegetation
in the arid zones of Gansu Province, where C. korshinskii has been
widely planted (4).

Figure S2. Genome survey of C. korshinskii using KmerGenie
analysis.

Figure S3. Hi-C heatmaps depicting the interaction frequencies
among the eight pseudochromosomes of C. korshinskii.

Figure S4. Comparison of intron lengths between C. korshinskii
and other selected species.

Figure S5. Intra-genomic synteny within the C. korshinskii
genome.

Figure S6. Upset plot illustrating the shared and unique gene fam-
ilies across seven legume species.

Figure S7. Heatmap displaying the copy numbers of genes
involved in ABA synthesis, osmotic stress regulation, protection
and repair proteins, ROS scavenging, and stomatal regulation in
C. korshinskii and eight other plant species.

Figure S8. Phylogenetic tree of DREB2 transcription factors across
nine plant genomes, alongside gene expression patterns under
drought treatments.

Figure S9. The expression levels of DEGs in C. korshinskii were
analyzed using both transcriptome data and RT-qPCR validation
after 12 days of drought treatment.

Figure S10. Enriched GO terms for upregulated DEGs in C. kor-
shinskii under drought treatment.

Figure S11. Enriched GO terms for downregulated DEGs in C. kor-
shinskii under drought treatment.

Figure S12. Phylogenetic tree of DHN genes across nine plant
genomes.

Figure S13. Detection of expression and the phenotypic alterations
in C. korshinskii after CkPDS was silenced by VIGS system.

Figure S14. Reduced drought tolerance in C. korshinskii following
DHNs gene silencing by VIGS.

Figure S15. Morphology of C. korshinskii seedlings under different
days of drought treatments.

Figure S16. Alignment of nucleic acid sequences showing highly
conserved regions across seven DHN gene sequences.

Table S1. Summary of DNBseq, ONT, and Hi-C sequencing data.

Table S2. Assembly and annotation features of the C. korshinskii
genome.
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