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Dear Editor,
Sophora moorcroftiana (Benth.) Baker is a highly 
drought-resistant and sand-resistant endemic Sophora shrub 
species in the Fabaceae family that can be found along the 
Yarlung Tsangpo River (elevation: 2,800–4,400 m) of the 
Tibetan Plateau (Liu et al., 2020). Sophora moorcroftiana 
has an extensive root system that enables its survival in 
arid regions with little rainfall (Figure 1A; Supplemental 
Figure 1). Previous work has examined the physiological 
and biochemical features underlying the drought tolerance 
of S. moorcroftiana (Guo et al., 2014). Additionally, only 
RNA-Seq data have been collected to assess its drought tol-
erance, and dehydration-responsive-element binding genes 
(DREB) are the only drought-associated genes that have 
been cloned from S. moorcroftiana (Li et al., 2015, 2017). 
Although S. moorcroftiana holds great potential for 
ecological restoration in the Tibetan Plateau, efforts to 
understand the molecular basis of its drought resistance 

have been hindered by a lack of functional genomics 
resources.

We herein report a reference genome of S. moorcroftiana, 
which we complemented with metabolomic and transcrip-
tomic profiling to provide insights into the expansion of an 
α-amylase gene that is likely involved in starch degradation 
in source tissues and a β-fructofuranosidase gene that cleaves 
sucrose in sink tissues. Analysis of sucrose metabolism gene 
duplication suggests that gene duplications may be respon-
sible for the long roots of S. moorcroftiana, which may, in 
turn, be responsible for its drought resistance.

The diploid (2n = 18) reference genome of S. moorcrofti-
ana was assembled using a combination of Nanopore tech-
nology long reads and Illumina short reads (Supplemental 
Tables 1 and 2). All contigs were anchored and oriented on 
nine pseudomolecules using Lachesis (Burton et al., 2013), 
generating 737.35 Mb of pseudomolecule-level sequences, 
with a contig N50 value of 22.5 Mb (Figure 1B; 
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Figure 1 A, Data on root depth, length, spread, collard diameter, and soil penetration were measured (n = 5) for S. moorcroftiana (Supplemental 
Figure 1), with the most representative root length shown in Figure 1A. B, The genomic landscape across nine pseudomolecules. C, Phylogenetic 
analysis of 13 plant species, including 10 Fabaceae species, with cucumber (Cucurbitaceae), grape (Vitaceae), and Populus trichocarpa 
(Salicaceae) as outgroups. The estimated divergence times (million years ago) are indicated at each node, and the numbers in parentheses represent 
95% credibility intervals of the estimated dates. The pie diagram on each branch of the tree represents the proportion of gene families undergoing 
contraction (red) or expansion (yellow) events. Unchanged families are shown in blue. D, GO-based annotation of the biological processes of all 
expanded gene families of S. moorcroftiana. The enrichment factor indicates −Log10 (P-value). The 15 most significantly enriched pathways are 
shown. E, Categories and proportions of different gene duplication events (whole-genome duplication, WGD; dispersed duplication, DSD; trans-
posed duplication, TRD; proximally duplicated, PD; tandemly duplicated, TD) in S. moorcroftiana. F, Boxplots showing selective pressures (Ka/Ks) 
on genes originating from different gene duplication modes. The line in each box represents the median Ka/Ks. The P < 0.001 indicates a significant 
difference between two pairs found by using Student’s t tests. G, Metabolic pathway analyses of roots compared to leaves are presented                                                                                                                                                                                                          

(continued) 
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Supplemental Figure 2; Supplemental Table 3). The S. moor-
croftiana genome harbors 496.98 Mb of repetitive sequences, 
with long terminal repeats (LTRs) accounting for 51.64% of 
the whole genome. Gypsy and Copia elements were found 
to be the predominant LTRs (Supplemental Figure 3; 
Supplemental Table 4). Furthermore, the LTR Assembly 
Index (LAI) score and the Benchmarking Universal 
Single-Copy Orthologs (BUSCO) were 18.2% and 98.3%, re-
spectively, and approximately 96.01%–96.64% of the 
Illumina paired-end reads were mapped to pseudomolecules 
(Supplemental Tables 5-8). A total of 53,640 protein-coding 
genes were annotated for putative functions 
(Supplemental Tables 2 and 9).

To reconstruct high-confidence phylogenetic trees, 169 
single-copy ortholog sets derived from 13 species were 
used for protein sequence alignments (Supplemental 
Figure 4). Separation between S. moorcroftiana and 
Dalbergia odorifera was found to have occurred approxi-
mately 40.27 Mya (Figure 1C; Supplemental Figure 5), which 
is in agreement with previous findings (Hong et al., 2020). 
The expanded gene families found in medium-/high-altitude 
plants, including S. moorcroftiana, Ammopiptanthus nanus, 
and D. odorifera, were significantly enriched in genes asso-
ciated with “metabolic processes” according to Gene 
Ontology (GO) annotation. However, expanded gene fam-
ilies in wild soybean (Glycine soja) and Medicago ruthenica 
were enriched in “mitochondrial mRNA processing” and “in-
duced systemic resistance”, which are related to nitrogen fix-
ation (Stokstad, 2016; Yu et al., 2022) (Figure 1D; 
Supplemental Figure 6; Supplemental Datasets 1 and 2). 
These differences suggested that the gene expansions 
of S. moorcroftiana are more likely to enhance 
metabolite-related functions in addition to nitrogen fixation 
(Supplemental Figure 6).

Similar to D. odorifera (Hong et al., 2020), the S. moorcrofti-
ana genome did not undergo an extra whole-genome dupli-
cation (WGD) event (Supplemental Figure 7). Next, we 
classified the gene duplication events in S. moorcroftiana 
(Figure 1E; Supplemental Dataset 3). Of the 25,097 duplicate 

genes, nearly 51.84% were dispersed duplication (DSD)-, 
12.04% were WGD-, and 17.25% were transposed duplication 
(TRD)-derived gene pairs. Selection strength analysis indi-
cated that proximally duplicated (PD) and WGD gene pairs 
had higher Ka/Ks ratios and smaller Ks values, implying 
that these duplications were subjected to rapid sequence di-
vergence and stronger positive selection than genes derived 
from other duplication modes (Figure 1F; Supplemental 
Figure 8). We further found that DSD, WGD, and tandemly 
duplicated (TD) modes all contributed to duplications of 
genes related to metabolic functions (Supplemental 
Figure 9; Supplemental Dataset 4). Combined with the GO 
annotation of expanded gene families from medium and 
high-altitude legume species, these results imply that 
duplications played a substantial role in metabolic processes 
associated with high-altitude adaptation in S. moorcroftiana.

To elucidate the metabolic features involved in the adap-
tion of S. moorcroftiana to the Tibetan Plateau, we performed 
UHPLC-MS-based metabolomics of the root, stem, leaf, and 
fruit (unripe-Fr1 and ripe-Fr2) (Supplemental Figure 10; 
Supplemental Datasets 5 and 6). Principal component ana-
lysis (PCA) showed that the root could be easily separated 
from other tissues (Supplemental Figure 11). The differential-
ly expressed metabolites in roots compared to those in other 
tissues were mainly related to “arginine and proline metabol-
ism” and “starch and sucrose metabolism” (Figure 1G; 
Supplemental Figures 12 and 13; Supplemental Dataset 7), 
which have been associated with drought stress (Furlan 
et al., 2020; Chen et al., 2022). A total of nine common differ-
ential carbohydrates were detected, with sucrose substantial-
ly elevated in roots (Figure 1H).

A high concentration of sucrose, which is the primary 
photoassimilate transported from source to sink, improves 
root growth and drought resistance (Ruan, 2014; Chen 
et al., 2022). In our analysis, a total of 11 different types of du-
plicated genes were found to be involved in sucrose metab-
olism from leaves (source tissue) to roots (sink tissue), 
showing strong correlation coefficient values (r > 0.8) with 
sucrose metabolites (Figure 1, I–K), as analyzed by weighted 

Figure 1 (Continued)  
as bubble plots. Each bubble in the bubble diagram represents a metabolic pathway. The horizontal coordinate of the bubble and the size of the 

bubble indicate the influence factor of the pathway in the topology analysis. Larger sizes indicate larger influence factors, and the vertical coordinate 
of the bubble and the color of the bubble indicate the P-value (negative natural logarithm) of the enrichment analysis, with darker colors indicating 
smaller P-values with more significant enrichment. H, Heatmap diagram showing the ratio of the relative content of carbohydrate metabolites in 
roots compared to other tissues (Root vs. Leaf, Root vs. Stem, Root vs. Fr1, Root vs. Fr2, respectively). I, Module-trait associations. Each row corre-
sponds to a module characteristic gene (eigengene), and each column corresponds to a trait. Each cell contains a corresponding correlation coef-
ficient and Student’s asymptotic P-value (parentheses). The scale bar on the right indicates the range of correlations from positive (red, 1) to 
negative (blue, −1). J, Model showing sucrose synthesis and export from mesophyll cells to the apoplasm of the phloem parenchyma for loading, 
followed by unloading, transport, and metabolism in sink tissues mediated by sugar transporters (see the Supplemental methods for more details). 
Multiple arrows and solid arrows represent multi-step and direct response relationships, respectively. The genes are highlighted in red with capital 
abbreviations. Metabolites are capitalized with initials and in regular black font. K, Heatmap diagram showing the expression levels of 11 key genes 
involved in sucrose metabolism and their duplicated patterns. L, Syntenic blocks between D. odorifera and S. moorcroftiana containing AMY3 and 
CWINV1. Both the blue and green boxes represent genes with synteny in this interval between D. odorifera and S. moorcroftiana. A gray line connects 
the covariance between them, where AMY3 and CWINV1 expand in S. moorcroftiana, from one in D. odorifera to two in S. moorcroftiana, which we 
have highlighted in red.
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gene co-expression network analysis (WGCNA) based on 
transcriptome (RNA-Seq) and metabolome (Supplemental 
Table 10 and 11; Supplemental Figure 14-24; Supplemental 
Dataset 8–11) Notably, AMY3 (Ssh0029976, α-amylase) and 
CWINV1 (Ssh0033248, β-fructofuranosidase), which were de-
rived from TRD and WGD, respectively, underwent gene ex-
pansion (Figure 1L; Supplemental Figure 24). Given the role 
that these genes play in sugar metabolism, these events 
may be associated with the increased root length and higher 
drought resistance of S. moorcroftiana.

Overall, the reference-quality genome of S. moorcroftiana 
provides insights into the expansion of genes derived from 
gene duplication events, many of which are involved in su-
crose metabolism and could therefore represent candidates 
for genetic engineering of plateau plants with improved 
drought tolerance.

Data availability
All raw sequencing data of the genome and RNA-Seq have 
been deposited in the Genome Sequence Archive in BIG 
Data Center under accession numbers CRX306560 and 
CRA006939, respectively.

Supplemental data
The following materials are available in the online version of 
this article.
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Supplemental Figure S16. Number of differentially ex-

pressed genes.
Supplemental Figure S17. Soft threshold (power) versus 

scale-free topology model fit significance.
Supplemental Figure S18. Dendrogram showing modules 

identified by the WGCNA and clustering dendrogram of ex-
pressed genes.

Supplemental Figure S19. Network heatmap. One thousand 
and five hundred genes were selected and displayed randomly.

Supplemental Figure S20. Hierarchical cluster tree show-
ing correlation modules identified by WGCNA.

Supplemental Figure S21. A scatterplot of gene signifi-
cance for sucrose versus module membership in the light 
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Supplemental Dataset S3. Gene list from different gene 
duplication events (WGD, DSD, TRD, PD, and TD) in S. 
moorcroftiana.

Supplemental Dataset S4. GO-term enrichment data un-
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