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Licorice (Glycyrrhiza L.), a medicinally and economically significant genus in the Fabaceae, is known
for synthesizing glycyrrhizin. Here, we present a newly assembled genome of Glycyrrhiza uralensis,

a key species distributed across Central and East Asia. Using Oxford Nanopore, Hi-C, and lllumina
sequencing, we assembled a 415 Mbp genome with an N50 of 47 Mbp. While the genome structure
was similar to previously reported assemblies, structural variations were observed across all eight
chromosomes. Re-sequencing data from 29 individuals, including G. uralensis, G. glabra, and their
hybrids, revealed significant genetic diversity, population structure, and hybridization events.
Phylogenomic analyses using nuclear and plastid genomes demonstrated phylogenetic incongruence,
supporting hybridization between G. uralensis and G. glabra. Our species network and gene flow

test identified hybrid groups (Ggul, Ggu2, and Gug) acting as genetic bridges between the species.
Demographic history inferred via PSMC showed Glycyrrhiza species thrived during the Middle
Pleistocene, with population size fluctuations in G. uralensis and hybrids. Current low heterozygosity
and high genetic differentiation suggest long-term geographic and ecological isolation, reducing gene
flow. Our findings advance the understanding of evolutionary history in Glycyrrhiza species and help
conservation and molecular breeding of these species.

Licorice (Glycyrrhiza L.) is a plant widely utilized for medicinal and culinary purposes. In East Asia, including
Korea and China, it has been traditionally used as a medicinal herb, while in Europe and the Middle East, it is
popular as an ingredient in soft drinks, food, and snacks'. One of the most notable beneficial compounds in
licorice is glycyrrhizin (glycyrrhizic acid), a type of triterpenoid saponin known for its physiological activity
in treating neuroactive, inflammatory, allergic, arthritic, and cancer diseases’=. Another valuable compound
found in licorice is liquiritigenin, a type of flavanone that is pharmacologically utilized for its anti-inflammatory,
antioxidant, anti-bacterial, and anti-diabetic effects®8.

The genus Glycyrrhiza, belonging to the Fabaceae family, comprises approximately 20 species of perennial
herbs or subshrubs that are distributed worldwide, ranging from the Mediterranean to Mongolia, Australia,
and the Americas’. Among the Glycyrrhiza species, five species biosynthesize glycyrrhizin: G. uralensis,
G. glabra, G. inflata, G. aspera, and G. lepidota. Of these, G. lepidota is found only in North America, while
the other four species are distributed across the Eurasian continent®™'2. G. uralensis is primarily distributed
from Central Asia to Northeast China; G. glabra from Europe to Northwest China (Xinjiang); G. inflata in
Central Asia, Northwest China, and Mongolia; and G. aspera from Mongolia through Central Asia to Europe®®.
Additionally, G. korshinskyi, first described as a new species by Grigorjev'?, is known to have originated from

1Personal Genomics Institute, Genome Research Foundation, Cheongju 28190, Republic of Korea. 2National Institute
of Horticultural and Herbal Science, RDA, 27709 Eumseong, Republic of Korea. 3Department of Agriculture, Forestry
and Bioresources, College of Agriculture & Life Sciences, Plant Genomics & Breeding Institute, Research Institute of
Agriculture and Life Science, Seoul National University, Seoul 08826, Republic of Korea. “Korean Genomics Center
(KOGIC), Ulsan National Institute of Science and Technology (UNIST), Ulsan 44919, Republic of Korea. °Research
Institute of Plant Genetic Resources, Tashkent 111208, Uzbekistan. ®School of Industrial Bio-pharmaceutical
Science, Semyung University, 65 Semyung-ro, Jechon 27136, Chungcheonbuk-do, Republic of Korea. ’Department
of Biomedical Engineering, School of Life Sciences UNIST, Ulsan, Republic of Korea. 8Clinomics Inc, Ulsan 44919,
Republic of Korea. °Institutes of Green Bioscience and Technology, Seoul National University, Gangwon-do 25354,
Republic of Korea. °Department of Forest Resources, College of Forest and Environmental Sciences, Kangwon
National University, Chuncheon 24341, Republic of Korea. *Jungeun Kim, Jeonghoon Lee and Jong-Soo Kang
contributed equally to this work. "email: shinella612@gmail.com; jongbhak@genomics.org; tiyang@snu.ac.kr

Scientific Reports | (2025) 15:8764 | https://doi.org/10.1038/s41598-025-92115-4 nature portfolio


http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-92115-4&domain=pdf&date_stamp=2025-4-23

www.nature.com/scientificreports/

hybridization between G. uralensis and G. glabra. This species is found in Central Asia, including Xinjiang in
China, Kazakhstan, and Kyrgyzstan'*.

The first draft genome of the glycyrrhizin-synthesizing species was published at scaffold level from G.
uralensis by incorporating Illumina Hiseq-2000 short reads and PacBio RSII long reads', and then the G.
uralensis genome was improved by Rai et al.!® at chromosome level, utilizing a combination of HiFi and Hi-C
sequencing reads. Previous studies on the genetic diversity of the glycyrrhizin-synthesizing species have been
conducted at the population level using microsatellite or single nucleotide variant (SNV) data for G. uralensis,
G. glabra and G. inflata'’~"°. Additionally, a study utilizing microsatellite markers has been carried out for all
four species?, but did not include interspecific hybrids or investigate the genetic structure and diversity of these
hybrid individuals. Consequently, the genetic contribution of these hybrids within the species complex remains
unexplored.

In this study, we aim to assemble a chromosome-level reference genome of G. uralensis using nanopore long
reads, Hi-C sequencing, and Illumina short reads. We further utilize re-sequencing data from 29 Glycyrrhiza
individuals collected from seven countries—China, Korea, Uzbekistan, Mongolia, Kazakhstan, Kyrgyzstan, and
Russia—to elucidate the genetic structure and inheritance of G. uralensis, G. glabra, and their hybrids. Our
study will provide a foundation for the conservation of genetic diversity and the molecular breeding of licorice,
a valuable medicinal plant.

Results

Chromosome level assembly of Glycyrrhiza uralensis (CNO1) collinear to the other licorice
reference genome

G. uralensis (CNO1) collected from China was used for whole genome sequencing (Supplementary Table S1)
to obtain a high-quality reference genome assembly. With 145 M cleaned-up reads, the genome size of CNO1
was estimated to be 380-400 Mb (Supplementary Fig. S1). The estimated genome size of CNO1 was similar
to two previously reported G. uralensis genomes of 391.9 and 405 Mbp in size!>!°. A total of 16 million long-
reads (56 GB) were generated by Oxford Nanopore PromethION and assembled by wtdbg2, resulting in 6826
contigs being assembled. Although the quality of our Hi-C data was not optimal, these contigs were then ordered
into eight chromosomes using Hi-C contact information (Supplementary Table S1; Supplementary Fig. S2).
The CNOI genome was eventually assembled into a total length of 415 Mbp with an N50 value of 47 Mbp. We
identified 227 M repetitive sequences in the CNO1 genome, representing 54.57% of the genome (Supplementary
Table S2), which was higher than the first draft G. uralensis genome (39.44%) reported by Mochida et al.' and
slightly lower than the one (61.7%) reported by Rai et al.!®. The most abundant repeats in the CN01 genome were
transposable elements, including retrotransposons (16.45%) and DNA transposons (9.26%) (Supplementary
Table S2).

We predicted 35,422 protein-coding genes in the assembly. BUSCO values showed that 97.7% of the genes
were identified with respect to the Fabales genomes, indicating high quality (Table 1). Syntenic analysis was
conducted between the eight chromosomes of the CN01 assembly and the chromosome-level assembly of Rai
et al.!®. As a result, all eight chromosomes corresponded in a 1:1 manner with those in the previous assembly
(Fig. 1a), with no significant structural differences observed (Supplementary Fig. S3). Structural variation analysis
was conducted across the eight chromosomes of two G. uralensis genomes assembled to the chromosome level
(Supplementary Table S3; Supplementary Fig. S4). This analysis indicated that structural variations, both greater
than and less than 50 bp, were not concentrated on any specific chromosome but were evenly distributed across
the eight chromosomes (Supplementary Fig. S4).

Comparative analyses with other closely related legume genomes

To investigate the function of duplicated genes in the CNO1 genome, we performed gene expansion analyses
among five legume genomes in the subfamily Papilionoideae: Arachis duranensis (tribe Dalbergieae), Lotus
japonicus (tribe Loteae), G. uralensis (CNO1), Cicer arietinum, and Medicago truncatula in the IR-lacking clade
(Fig. 1b, ¢,d). Among the five legume genomes, 23,446 orthologous groups and 4,617 species-specific genes
were identified by OrthoFinder (Fig. 1b). A total of 357 orthologous groups were duplicated in the common
ancestor of the IR-lacking clade (G. uralensis, C. arietinum, and M. truncatula), and 2,708 orthologous groups
were duplicated specifically in the G. uralensis genome (Fig. 1¢). The gene ontology (GO) analysis indicated that
the duplicated genes specifically in the G. uralensis genome were associated with ethylene signaling (Fig. 1d),
which is related to plant growth?!.

Mochida et al.'®

Rai et al.!®

CNO1 (this study)

Total length (bp)

378,856,821 bp

459,214,121 bp

415,300,097 bp

No. of scaffolds/chromosomes

12,528 scaffolds

8 chromosomes

8 chromosomes

N50 (bp) 109,269 58,560,175 46,964,546
GC content (%) 35.34% 37.13% 34.98%
No. of protein coding genes 34,445 32,941 35,422
BUSCO (Fabales odb10) 97.6% 98.6% 97.7%

Table 1. Comparison of the assembled Glycyrrhiza uralensis genome compared with two previously reported

genomes.
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Fig. 1. Synteny and evolutionary analyses of G. uralensis with related species. (a) Synteny analysis between
the newly assembled G. uralensis genome (CNO1) and the previously reported G. uralensis genome!. (b)
Distribution of synonymous substitution rates (Ks) between G. uralensis-G. uralensis, G. uralensis- Medicago
truncatula, and M. truncatula-M. truncatula collinear gene pairs. (c) percentages of orthologous genes and
species-specific genes in the Arachis duranensis, Lotus japonicus, G. uralensis, Cicer arietinum, and Medicago
truncatula genomes. (d) Phylogenetic relationship of the five legume genomes and number of species-specific
duplicated genes. The numbers near the branches represent number of duplications on each branch. (e) gene
ontology (GO) enrichment analysis of the duplicated genes specifically in the G. uralensis genome.

To elucidate the evolutionary relationships between G. uralensis and three other legumes, we analyzed
the distribution of synonymous substitutions per synonymous site (Ks) using collinear gene pairs (Fig. le,
Supplementary Fig. S5). The Ks distribution between A. duranensis, which belongs to an early-diverging clade
within the subfamily Papilionoideae, and the three species of the IR-lacking clade revealed two distinct peaks
(Supplementary Fig. S5). The first peak, around a Ks value of 0.6, likely represented genetic differentiation
between A. duranensis and the IR-lacking clade. The second peak, near a Ks value of 1.4, is inferred to correspond
to a whole-genome duplication (WGD) event that occurred in the common ancestor of the IR-lacking clade
(Supplementary Fig. S5). Additionally, in the Ks distribution of collinear gene pairs between the G. uralensis
and M. truncatula genomes, a peak around the Ks value of 0.4 indicated genetic differentiation between these
two species (Fig. 1e). Furthermore, in the Ks distribution of paralogous genes within each genome, G. uralensis
showed a peak around Ks=0.5, while M. truncatula showed a peak around Ks = 0.6, suggesting that these species
share a WGD event. This finding supports the presence of a WGD event in the common ancestor of the IR-
lacking clade, as inferred from comparisons with A. duranensis (Fig. le).

Phylogenetic analyses based on single-copy nuclear genes and plastid genomes

We performed phylogenetic analyses using both the concatenated method and the coalescent method with
the selected 459 single-copy orthologous genes. In the phylogenetic analysis, with G. pallidiflora (KR05) as the
outgroup, five G. glabra (Gg) individuals (UZ01, UZ02, CN06, CN07, and KG03) and four G. uralensis (Gu)
individuals (CNO1, CN02, CN03, and CN05) were placed in separate clades, which were consistent between the
concatenated and coalescent trees (Supplementary Fig. S6). However, the phylogenetic positions of several G.
korshinskyi individuals (MNO3, RU01, KR01, KR02, and KR04) showed phylogenetic incongruence between the
trees generated by the two methods. Additionally, while the support values in the concatenated tree were robust
across almost all branches, the local posterior probability calculated by ASTRAL for the coalescent tree showed
low supporting values, with many branches below 50% (Supplementary Fig. S6).

To infer maternal lineages, we assembled the plastid genomes (plastomes) of 29 Glycyrrhiza individuals
(Supplementary Table S4). The assembled plastomes showed no genome rearrangements and exhibited the
typical plastome structure of the IR-lacking clade (Supplementary Fig. S7), which is characterized by the loss of
one copy of the Inverted Repeat (IR), consistent with previously reported genome structures'?. Our plastome-
based phylogeny appeared mostly similar to the coalescent tree constructed from 459 single-copy nuclear genes
(Supplementary Fig. S6b), but key differences were observed (Fig. 2a). Our plastome-based phylogeny revealed
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Fig. 2. Species network inference from single-copy nuclear genes and plastome-based phylogeny of 29
Glycyrrhiza individuals. G. pallidiflora (KR05) was included as the outgroup. (a) The plastome-based phylogeny
was constructed using IQ-TREE. The values near the nodes represent bootstrap support values from the ML
analysis. One G. uralensis individual (CN02), which has a G. glabra-type plastome, is indicated in pink. (b) The
species network was inferred from 459 single-copy gene trees using PhyloNet. The y and 1-y values indicate
inheritance probabilities from each parental clade. (¢) Pod morphology of each group, with groups indicated
by different colors in the plastome-based phylogeny (a) and species network inference (b).

two major clades, G. uralensis (Gu) and G. glabra (Gg), with strong support (100%). However, the hybrid species,
G. glabra x uralensis groups (Ggul and Ggu2) and G. uralensis x glabra group (Gug), tend to co-cluster according
to their maternal lineage. Both Ggul and Ggu2 formed a sister clade to Gg, while Gug formed a sister clade to
Gu. This topology suggests that the phylogeny largely reflects the maternal genetic structure, even though one G.
uralensis individual appears within the G. glabra clade (Fig. 2a).

Comparison of the plastome and nuclear coalescent trees revealed a similar topology; however, a few hybrids
indicated more complicated relationships by exhibiting incongruences between phylogenetic positions inferred
by maternal plastome and biparental nuclear genome data. Further analysis of the nuclear concatenated and
coalescent trees revealed more complex patterns. Ggul was monophyletic in both the plastome phylogeny
and the nuclear coalescent tree (Fig. 2a, Supplementary Fig. S6b), but it was not monophyletic in the nuclear
concatenated tree (Supplementary Fig. S6a). This incongruence suggests the influence of biparental nuclear
genome variation. The Ggu2 group, consisting of two individuals (CN08 and CN09), possessed a Gg-type
plastome and clustered with Gg and Ggul in the plastome phylogeny (Fig. 2a). However, nuclear data revealed
divergence: CNO8 grouped as a sister to Gg, while CN09 formed a clade with Gug (Supplementary Fig. S6). This
indicates potential back-crossing and gene flow between hybrid lineages and their parental species.

Among the hybrid groups, Gug showed the most stable phylogenetic position, consistently forming a clade
with Gu across all analyses. Nonetheless, it was only monophyletic in the nuclear coalescent tree (Supplementary
Fig. S6b). The consistent maternal lineage pattern of Gug, combined with its occasional non-monophyly in
nuclear analyses, further suggests that hybridization and back-crossing events play a significant role in shaping
the genetic structure of Glycyrrhiza species. Overall, these results highlight the complexity of hybridization in
Glycyrrhiza and suggest that both maternal and biparental genetic data are necessary to fully understand the
evolutionary relationships and hybridization dynamics in this genus.
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Species network inference and interspecific gene flow test

We used PhyloNet to infer species networks and HyDe to perform gene flow tests to determine whether these
groups were formed through hybridization and identify the parental lineages involved. Among the inferred
species networks, all five hypotheses, which allowed for one reticulation, commonly inferred that the six
individuals of the Ggul group (KR01, KR02, KR03, KR04, RUO1, and MNO03) and CNO8 of the Ggu2 group
were formed through hybridization between Gg and Gu (Supplementary Fig. S8a). Furthermore, in all five
hypotheses allowing up to three reticulations, it was inferred that the six individuals of the Ggu2 group (CN08
and CN09) were likely formed through hybridization between two Gg individuals (UZ02 and CN07) and five
individuals collected from Kazakhstan (KZ) of the Gug group (Fig. 2b, Supplementary Fig. S8b). The estimated
inheritance probabilities (y) indicated that the genetic compositions of the two Ggu groups (Ggul and Ggu2)
were approximately equally derived from each parental lineage (Fig. 2b). These inferences suggest that licorice
genetic diversity continues to increase by ongoing genetic hybridization between species, as well as between
hybrids, in Central Asia.

To detect gene flow among the five defined groups, we conducted an interspecific gene flow analysis using
HyDe. Using G. pallidiflora (KR05) as the outgroup and analyzing 35,588,300 SNV’ for gene flow, hybridization
signals were detected in the Ggul, Ggu2, and Gug groups (Fig. 3a). The Ggul group was confirmed to result
from hybridization between Gg and Gu (Z-score=56.2999, P-value=0.0, y=0.5946). The Ggu2 group was
found to have formed from hybridization between Gg and the Gug group (Z-score=45.5679, P-value = 0.0,
y=0.2444), while the Gug group was determined to have originated from hybridization between Gg and Gu
(Z-score=10.0743, P-value=0.0, y=0.5927). In 1000 bootstrap replicates, hybridization was detected in Ggul
and Ggu2 with 100% confidence, respectively, and in Gug with 92.9% confidence. The estimated y values are
presented in (Fig. 3a). The gene flow detected in Ggul and Ggu2 is consistent with the species network inferred
by PhyloNet (Fig. 2b), while the hybrid origin of the Gug group was only detected by HyDe (Fig. 3a). The gene
flow analysis showed that the y (gamma) value for the Ggul group is consistently around 0.5, with minimal
deviation. This indicates that these are likely F1 hybrids, with 4 out of 6 individuals being artificially bred between
Ggand Gu in Korea. In contrast, the Gug group exhibited a wide range of y values, suggesting that these hybrids
formed naturally over a long period in the wild, with ongoing gene flow between Gg and Gu.

Principal component analysis and population structure

To infer the genetic structure of Glycyrrhiza species, a total of 36 M SNV's were identified from 482 Gb Illumina
short reads of 29 Glycyrrhiza individuals (Supplementary Table S1). After stringent filtrations, approximately 3 M
SNVs used for a subsequent principal component analysis (PCA) and admixture analysis. Using 3,130,455SNVs,
PCA was performed (Fig. 3b). The PCA results revealed clear separation among the six groups: Gp, Gg, Gu,
Ggul, Ggu2, and Gug. Glycyrrhiza glabra (Gg) and G. uralensis (Gu) were mainly separated by PC1, and Ggul
and Gug, which are inferred to have formed through gene flow between Gg and Gu, were primarily separated
by PC1 (Fig. 3b). In the two dimensional space of PC1 and PC2, Ggul appeared closer to Gu, whereas Gug
appeared closer to Gg. The two individuals of Ggu2 (CN08 and CN09) were positioned near Gug, with CN08
closer to Gg and CNO09 closer to Gug (Fig. 3b).

We analyzed the genetic structure of 29 Glycyrrhiza individuals using the SNV data used in PCA analysis.
The optimal value for K (i.e., the number of clusters) was determined to be 4, with the lowest cross-validation
value. At K=2, Gg and the Kazakhstan (KZ) and Kyrgyzstan (KG) individuals of the Gug group clustered in one
group, and Gu in another, whereas Ggul, Ggu2 and MNO01, MNO02, and CN04 of the Gug group appeared to be
an admixed group (Fig. 3¢). At K=3, Gu remained as one group, UZ01 and CNO06 of Gg formed a distinct group
with KGO01 and KGO02 of the Gug, and the other KG and KZ individuals of the Gug group and UZ02 and CN07
of Gg clustered in the last group. The remaining four individuals (MNO1, MN02, CN04, and KG04) of the Gug
group, Ggul, Ggu2, and KG03 of Gg appeared to be admixed groups, respectively. The Ggul group was admixed
between Gg and Gu, and the four individuals of the Gug (MNO1, MNO02, CN04, and KG04) were admixed
between Gu and Gug, and Ggu2 was between Gg and Gug (Fig. 3c). At K=4, the structure was similar to that
at K=3, but within the Gug group, KG01 and KG02 remained as one group, while the remaining individuals in
the Gug group appeared to be an admixed group. CN08 and CN09 were identified clearly as admixtures between
Gg and Gug (Fig. 3¢).

Morphological diversity in the Glycyrrhiza species

We compared the morphology of the leaf, inflorescence, flower, and pod (fruit) among G. glabra (Gg), G.
uralensis (Gu), G. glabra x uralensis (Ggu), and G. uralensis x glabra (Gug) (Supplementary Table S6). Although
the inflorescence of all Glycyrrhiza species was racemose, the shape of the inflorescence slightly differed. The Gu
and Gg exhibited oval and oblong racemes, respectively, while Ggu and Gug showed a variety of inflorescence
shapes ranging from oval to oblong, but their inflorescences were slightly closer to Gu (Supplementary Fig. S9;
Supplementary Table S6). The size of the flowers in Gu and Gug was observed to be slightly larger than those in
Gg and Ggu (Supplementary Fig. S9). Quantitative characters, including leaf length, inflorescence length, and
pod length, showed that, unlike Gu, which has a short inflorescence, Ggu and Gug possess a long inflorescence
similar to Gg (Supplementary Table S6). Additionally, these hybrid groups do not exhibit the curved ring-
shaped pod characteristic of Gu, but they have longer pods compared to Gg (Supplementary Table S6). The pod
morphology with trichomes is an important characteristic for distinguishing Glycyrrhiza species®. The Gu had
curved ring-shaped pods with dense trichomes, while Gg had straight-growing pods, but the trichome density
varied by region (Supplementary Fig. S9). The Gg individual (UZ02) collected from western Uzbekistan, near
Europe, mostly had glabrous pods, whereas the Gg individual (UZ01) from eastern Uzbekistan, near Asia, had
pods with high trichome density. The Ggu group had semi-ring shaped pods with trichomes, resembling Gu,
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Fig. 3. Population structure and interspecific gene flow in Glycyrrhiza species. (a) Violin plot showing

the distribution of y values calculated by the interspecific gene flow test using HyDe across 1000 bootstrap
replicates. Ggul and Gug were inferred as the hybrid origin groups between Gg and Gu. Ggu2 was inferred

as the hybrid origin group between Gg and Gug. The y and 1-y values indicate the inheritance probabilities
from the putative parental groups, respectively. (b) Principal component analysis (PCA) of 29 Glycyrrhiza
individuals. Each nation is represented by a different symbol and each species or group is indicated by different
colors. Gp: G. pallidiflora. (c) Population structure of 29 Glycyrrhiza individuals inferred using ADMIXTURE
for K=2 to K=4. The results are arranged according to the species network inferred by PhyloNet. Gu G.

uralensis, Gg G. glabra, Ggu G. glabra x uralensis, Gug G. uralensis x glabra.

while the Gug group had straight pods with trichomes, resembling Gg, showing an intermediate morphology
between Gu and Gg, further supporting its hybrid origin (Supplementary Fig. S9; Supplementary Table S6).

Population history of licorice
To assess genetic diversity within the Glycyrrhiza populations, we calculated the heterozygosity of 29 Glycyrrhiza

individuals (Fig. 4a). All 29 individuals exhibited heterozygosity below 0.01, with KRO1, an individual formed
through artificial hybridization between Gg and Gu?*, showing the highest heterozygosity (approximately 0.009),
whereas G. pallidiflora (KR05) displayed the lowest heterozygosity (approximately 0.001). Between Gg and Gu,
Gu exhibited slightly higher heterozygosity. The hybrid groups, particularly Ggul and Gug, showed relatively
higher heterozygosity compared to the parental species, Gg and Gu (Fig. 4a). We also calculated the pairwise
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Fig. 4. Genomic diversity and population dynamics of Glycyrrhiza species. (a) Heterozygosity of 29
Glycyrrhiza individuals. The graph displays the variability in heterozygosity across 29 individuals. (b) Heatmap
of fixation index (Fst) values among the 29 individuals. The heatmap represents selection with colors ranging
from bright (less differentiated) to dark (highly differentiated). The heatmap was drawn using the Pong library
in Python. (c) Historical effective population size changes for four representative Glycyrrhiza individuals. The
effective population size for each individual was analyzed using the PSMC model. The variables “g” and “u”
represent generation time and mutation rate, respectively. Gp G. pallidiflora, Gu G. uralensis, Gg G. glabra, Ggu
G. glabra x uralensis, Gug G. uralensis x glabra.

fixation index (Fq;) to estimate the degree of genetic differentiation among Glycyrrhiza species (Fig. 4b). The
Fg; values between G. pallidiflora (KR05) and the other 28 Glycyrrhiza individuals, including Gg, Gu, Ggul,
Ggu2, and Gug, ranged from 0.75 to 0.83, indicating significantly high genetic differentiation. Within the 28
Glycyrrhiza individuals, Gg and both Gu and Gug showed the highest genetic differentiation by showing the
Fg; values over 0.6. The Ggul group, formed through equal gene flow between Gg and Gu, had Fg;. values of
approximately 0.4 or lower (Fig. 4b). In the Ggu2 group, CN08 exhibited higher genetic differentiation with Gu
compared to Gg, while CN09 showed higher differentiation with Gg compared to Gu, resulting in contrasting
outcomes. Although the Fg. values within each group were lower than those between groups, they were still
above 0.1 (Fig. 4b), suggesting a relatively high level of genetic differentiation and potential isolation within the
Glycyrrhiza populations.

We used pairwise sequentially Markovian coalescent (PSMC) analysis to investigate the demographic history
of G. uralensis and its related species by analyzing the effective population size (N,). We examined N, over the last
10 million years (Ma) for five representative individuals: CNO1 from the Gu group, UZ01 and UZ02 from the Gg
group, KGO1 from the Gug group, and RU01 from the Ggul group (Fig. 4c). Although the N, of Gu was higher
than that of other Glycyrrhiza species, it tended to decreased between 10 Ma and 1 Ma (Fig. 4c). Meanwhile the
N, of Gu, Ggul and Gug increased during this period. Starting from 2 Ma, these Glycyrrhiza species exhibited
dramatic changes in N,. The N, of Gu, Ggul, Gug, and Gg showed an increase. Notably, the N, of Gu and UZ02
(Gg) dramatically increases around 300 Ka, peaking at approximately 100 Ka. The N, fluctuation of Glycyrrhiza
over time provides insights into the hybridization among Glycyrrhiza species driven by ancient climate changes
in natural conditions, as well as the distribution of modern Glycyrrhiza species and their hybrids (Fig. 4c).

Discussion

Although two G. uralensis genomes have been previously reported!>!®, we documented a newly assembled
genome from a different accession of G. uralensis (CNO1), which is a valuable medicinal resource. The first draft
genome focused on elucidating the biosynthetic pathway of glycyrrhizin, a key pharmacological compound in
Glycyrrhiza species'®. Later, Rai et al.!® focused on achieving a high-quality chromosome-level assembly of the
G. uralensis genome. Our study also assembled a high quality of the G. uralensis (CN01) genome, which showed
a higher level of completeness compared to that reported by Rai et al.!® (Table 1; Fig. 1a, Supplementary Fig. S3).
Furthermore, we identified substantial structural variations across the eight chromosomes (Supplementary Table
S3; Supplementary Fig. S4). Although a reference genome has already been reported, reporting new genomes
from other accessions aligns with the current trends in plant genomics. This approach is consistent with the
concept of pan-genome studies, which address the genetic content and diversity that cannot be fully covered by
a single reference genome by utilizing large-scale resources?*~2%. Therefore, the CNO1 genome reported in this
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Fig. 5. Schematic representation of gene flow and pod morphology in Glycyrrhiza species. The schematic
diagram summarizes the inferred evolutionary history and gene flow between G. glabra (Gg) and G. uralensis
(Gu) based on the results of this study. Approximately 930,000 years ago (930 K), Gg and Gu diverged from

a common ancestor'2. Around 100,000 years ago (100 K), during a period of increased effective population
size in Glycyrrhiza species as suggested by PSMC analysis, extensive gene flow occurred between the two
species. This gene flow resulted in the formation of the Ggu group, with Gg as the maternal parent and Gu as
the paternal parent, and the Gug group, with Gu and Gg as the maternal and paternal parents, respectively.
The diagram also shows the pod morphology of the current Gg, Ggu, Gug, and Gu groups, illustrating their
phenotypic differences.

study, which exhibited sufficient structural variations compared to the previously reported genomes, will serve
as a crucial resource for future studies on genomics and molecular breeding of G. uralensis and its related species.

Based on re-sequencing data of 29 Glycyrrhiza individuals, this study focused on understanding the genetic
diversity, genetic composition of hybrids, genetic differentiation, and demographic history of Glycyrrhiza species
(Figs. 2, 3 and 4). From Central and East Asia, we collected a total of 29 Glycyrrhiza individuals, including
G. uralensis, G. glabra, and their hybrid individuals, as well as one individual of G. pallidiflora that does not
synthesize glycyrrhizin?®. Hybridization is known to cause phylogenetic incongruence between different gene
trees®*-32. In our study, phylogenetic incongruence was indeed observed between concatenated and coalescent
analyses based on single-copy nuclear genes (Supplementary Fig. S6), and between both nuclear phylogenies and
maternally inherited plastome phylogeny (Fig. 2a), suggesting that hybridization occurred frequently between
Glycyrrhiza species. Additionally, our species network inference (Fig. 2b), gene flow test (Fig. 3a), and population
structure (Fig. 3b, ¢) all provided genetic evidence supporting the formation of the Ggu and Gug groups through
hybridization between Gg and Gu (Fig. 5). These findings corroborate previous studies that reported frequent
natural hybridization between Gg and Gu*, provide genetic evidence that these hybrids with diverse genetic
compositions mediate a genetic bridge between Gg and Gu, contributing to the maintenance of genetic diversity
within Glycyrrhiza species (Fig. 5). Through our field investigations conducted in Central and East Asia, we
confirmed that Gg is distributed in regions closer to Europe, such as Uzbekistan, while Gu has a distribution
range closer to East Asia, including Mongolia and China. Furthermore, hybrid origin groups, Ggu and Gug,
were widely distributed in Central Asia, including Russia, Kyrgyzstan, and Kazakhstan, which is consistent with
previously reported findings'. In desert regions, where allogamy (outcrossing) pollinators are limited, Ggu and
Gug have contributed to maintaining genetic and reproductive compatibility, thereby supporting the genetic
diversity in the Glycyrrhiza species.

Legumes in the subfamily Papilionoideae have been reported to be predominantly autogamous or even
cleistogamous due to their complicated flower morphology, as observed in genera such as Macroptilium,
Crotalaria, and Vigna®*-38. Although no studies have been conducted specifically on the reproductive system of
Glycyrrhiza species, significantly low heterozygosity (Fig. 4a), high genetic differentiation (high F, in Fig. 4b),
and complicated flower morphology (Supplementary Fig. S9) align with the other Papilionoideae species,
implying that Glycyrrhiza species are likely to be autogamous in modern times, like other Papilionoideae species.
However, the conditions during the Middle Pleistocene are estimated to have been different from those of modern
times. According to changes in the historical effective population size of Glycyrrhiza species, notable fluctuations
in population size, particularly in Gu and Ggu, have been inferred beginning around 2 Ma (Fig. 4c). This period
coincides with the mid-Pleistocene climate transition (MPT; ~1.2 Ma to 0.4 Ma), characterized by prolonged
glacial cycles lasting approximately 0.1 Ma, followed by asymmetric cycles with extensive cooling, the formation
of thick ice sheets, and a rapid transition from extreme glacial conditions to warm interglacial periods**. The
arid climate during the glacial periods likely provided favorable conditions for Glycyrrhiza species, which are
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adapted to steppe environments, allowing them to thrive. In contrast, during the same period, the reduction in
effective population size for Glycyrrhiza collected from Central Asia (UZ01 and UZ02 of the Gg and KGO1 of the
Gug group) implies that these populations faced challenges due to glacial influences'®. It has been discussed that
the restriction of river flow effects in parts of Central Asia, such as Kazakhstan and the Altai mountains, may
have led to more humid conditions, hindering the thriving of Glycyrrhiza species in that region'*.

In conclusion, our findings provide evidence that Glycyrrhiza species thrived during the Middle Pleistocene,
and through active gene flow, various hybrids with diverse genetic compositions (Ggul, Ggu2, Gug, and etc.)
were formed and distributed across Central and East Asia. These hybrids are like genetic bridges between Gu and
Gg, contributing to the maintenance of genetic diversity in these species. However, the current low heterozygosity
and high genetic differentiation observed in Gu, Gg, and their hybrids imply that these Glycyrrhiza populations
have been geographically, ecologically, or environmentally isolated for a long period, leading to a prolonged
interruption of gene flow. We believe that this study enhances our understanding of the genetic characteristics
of Glycyrrhiza species and contributes to our current knowledge of the genetic threats faced by Glycyrrhiza from
a conservation perspective. Future studies should involve more individuals collected from a broader range of
regions to examine the genetic diversity within Glycyrrhiza species. Additionally, high-quality genomes of other
species, such as G. glabra, G. inflata, and G. aspera, as well as their hybrids, should be studied to further advance
our understanding of these species.

Materials and methods

Sample collection and sequencing

We collected 29 individuals representing four Glycyrrhiza species—G. uralensis, G. glabra, G. korshinskyi, and
G. pallidiflora—from seven countries in Central Asia (Supplementary Table S1). All materials were collected
with permission in accordance with the regulations and guidelines of the respective countries and regions. The
collected plants were identified by Dr. Jeonghoon Lee, and voucher specimens were deposited in the Korea
Medicinal Resources Herbarium (KMRH) (Supplementary Table S1). Among these, one individual of G.
uralensis (CNO1) was selected for the reference genome assembly, and genome-wide variations were analyzed for
all 29 individuals. Genomic DNA was extracted from fresh leaf tissues using the DNeasy Plant Mini Kit (Qiagen,
Hilden, Germany), following the manufacturer’s protocols. Whole-genome sequencing libraries were prepared
using the TruSeq Nano DNA Sample Prep Kit (Illumina, CA, USA) with an insert size of 350 bp. Paired-end
sequencing (2x 150 bp) was performed on the NovaSeq6000 platform (Illumina, CA, USA). For the quality
control of Illumina short-reads, we trimmed adaptors and low-quality reads using Trimmomatic ver. 0.38%, with
parameters as TLLUMINACLIP:2:30:10 LEADING:3 TRAILING:3 SLIDINGWINDOW:4:20 HEADCROP:15
MINLEN:60’ Error correction and contaminant removal using tadpole.sh and bbsplit.sh scripts in BBtools ver.
38.26. After pre-processing, cleaned short-reads were used for downstream analysis. For the reference genome
assembly, genomic DNA libraries were prepared using the ligation sequencing kit 1D (SQK-LSK109, Oxford
Nanopore Technologies, UK) from the same leaf sample (CNO01) used for WGS. We applied a single 1D flow cell
on a PromethION sequencer, and base-calling for the PromethION platform was conducted using Minknow
ver. 19.10.2 and Filp-Flop HAC model 29. Read quality was assessed using NanoPlot ver. 1.0.0, and adaptor
sequences were removed with Porechop ver. 0.2.4. Hi-C data was produced with Hinfl and DpnlI as restriction
enzymes.

Size Estimation and assembly of Glycyrrhiza uralensis genome

To efficiently identify variants across 29 Glycyrrhiza individuals and enhance our understanding of the Glycyrrhiza
genome, we assembled the G. uralensis genome. The k-mer frequency analysis for genome size estimation was
performed using Jellyfish ver. 2.2.4*? and GenomeScope ver. 1.0.0** with trimmed Illumina sequences (CNO1).
The genome was assembled into contigs using Wtdbg2 ver. 2.5%, followed by four rounds of polishing with Racon
ver. 1.4.3 using the parameters -m 8 -x -6 -g -8 -w 500’**. Additional polishing was performed with Medaka ver.
0.8.1 (https://github.com/nanoporetech/medaka) using a pre-trained Flip-Flop model. Two further rounds of
short-read-based polishing were completed using Pilon ver. 1.22*°. Hi-C sequencing data were integrated to
order scaffolds into pseudo-molecules, utilizing the TRITEX pipeline?®, with the assembly published by Rai
et al.!® as the reference guide map. Genome completeness was evaluated using BUSCO analysis with Fabales_
0db10 ver. 5.2.17.

Repeat and protein-coding gene annotation

The repeat library of the assembled genome was constructed using RepeatModeler ver. 2.0%, and repeat
annotation was performed with RepeatMasker ver. 4.1.0%°. For gene annotation, RNA-sequence data from NCBI
GenBank (accession numbers: DRR006519-DRR006526)*° were utilized. The RNA-seq data were trimmed
using Trimmomatic and de novo assembled with Trinity ver. 2.9.1°". To predict the gene models, trimmed RNA
sequencing data were mapped onto the repeat-masked genome using HISAT2°2, and primary gene models were
constructed with the BRAKER2 pipeline. These primary gene models, evidence from assembled transcripts, and
the Swiss-Prot database® were integrated using the MAKER®.

048

Evolutionary and comparative analyses of the G. uralensis genome

We downloaded legume genomes from the Pytozome database (https://phytozome-next.jgi.doe.gov/), including
Arachis duranensis (V14167.gnm1), Cicer arietinum (492 v1.0), and Lotus japonicus (571_Lj1.0v1). The Medicago
truncatula genome (ver. 4.0) was downloaded from NCBI GenBank (accession number: GCF000219495.3).
Syntenic blocks were identified using the MCScanX algorithm®. Ks values were calculated using the “add_
kaks_to_synteny.pl” script in the MCScanX package. Gene duplication events were identified with OrthoFinder
ver. 2.5.4°°. Functional annotation of G. uralensis-specific duplicated genes was conducted through homology
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searches against Arabidopsis thaliana genes. Gene enrichment analysis was performed using the Database for
Annotation, Visualization, and Integrated Discovery (DAVID) tool*, applying enrichment criteria p-value < 0.01
and fold enrichment > 1.5.

Nuclear phylogenies and species network inference

To obtain nuclear single-copy genes, we used GFFRead>® to generate fasta sequences corresponding to genes
from the genome annotations of G. uralensis (CNO1) in this study. Trimmed NGS files were used to assemble
individual alignments with HybPiper®®. HybPiper, developed under Biopython®, utilized SPAdes®! to initially
execute read sorting via the BWA ver. 0.7.17 using the obtained genes. Following this preprocessing step, a de
novo assembly was performed with SPAdes for each gene individually, utilizing the reads identified during the
alignment step. The assembled gene sequences through HybPiper were used to gene clustering with OrthoFinder
ver. 2.3.11°°. Single-copy orthologous genes were then retained for further analysis. The selected single-copy
orthologous genes were aligned using MAFFT® and concatenated into a single matrix. This concatenated dataset
was used to construct a maximum likelihood (ML) tree using IQ-TREE ver. 2.3.6% with 1000 ultrafast bootstrap
replicates and automatic selection of the best-fit substitution model (TEST). For each single-copy gene, an ML
tree was also constructed using IQ-TREE with the same parameters used for the concatenated dataset. Using
the maximum pseudo-likelihood method, we inferred species networks that model incomplete lineage sorting
and gene flow (hybridization and introgression). The species network was inferred using PhyloNet ver. 3.8.0%
with the command ‘InferNetwork_MPL. The species network inference was conducted with setting of 0 to 3
reticulations and optimizing branch lengths and inheritance probabilities (y) under the pseudo-likelihood. The
inferred species networks were displayed using Dendroscope ver. 3.6.3.

Plastid genome assembly and phylogeny

Using re-sequencing data of 29 Glycyrrhiza individuals, maternally inherited plastid genomes were assembled with
the dnaLCW method®®%’. Sequence trimming and de novo assembly of plastid genomes were performed using
the CLC assembly cell ver. 4.21 (CLC Bio, Denmark). Trimmed reads were assembled with varying overlapping
distances ranging from 150 to 500 bp. A previously reported plastid genome of G. uralensis (MN709826) was
used as a reference. Contigs of plastid genomes were extracted using MUMmer® and BLASTZ®, The assembled
contigs were manually curated and further assembled into a single draft sequence. Gene annotation of the
assembled plastid genomes was performed using GeSeq’, followed by manual correction using Artemis’!.
Circular map of plastid genomes was drawn using OGDRAW?2. Plastid genome sequences of 29 Glycyrrhiza
samples were used for phylogenetic reconstruction. G. pallidiflora (KR05) was selected as an outgroup. All
plastid genome sequences were aligned using MAFFT. Phylogenetic analyses were performed using IQ-TREE
with 1000 ultrafast bootstrap replicates and the automatic selection of the best-fit substitution model. The results
of phylogenetic analyses were visualized using iTOL”>.

Variation calling and population analysis

Structural variation calling was performed by aligning two G. uralensis genomes using minimap2 ver. 2.247* and
identifying variants with SYRI. The aligned sequences were visualized as a dot plot with D-genies”>. For SNV
calling, we aligned the cleaned NGS reads with the G. uralensis (CN01) genome using BWA-MEM ver. 0.7.1776
and processed with Novosort ver. 3.06.05 (http://www.novocraft.com). SNVs were called using GATK ver. 3.877,
and filtered out those with Q scores of less than 30 using SAMtools ver. 1.978. SNV annotation was conducted
using SnpEff ver. 4.37°. To reduce false-positives from SNV and genotype calling, we conducted numerous
filtering steps: (1) removal of SNVs showing extremely low (<100 reads across all samples per species) or high
(>1,200 reads across all samples per species) read depths; (2) removal of SNVs in repetitive regions; (3) removal
of SNVs with more than two alleles; (4) removal of SNV at or within 5 bp from any indel; (5) use of at least three
genotypes with a quality score (GQ) > 10; and vi) removal of SNVs showing significant deviation from Hardy-
Weinberg equilibrium (p <0.001). Principal component analysis (PCA) was performed using PLINK ver. 1.9%
with default parameters, and the resulting PCA plot was generated with ggplot2 in the R package. Population
structure analysis was conducted using ADMIXTURE ver. 1.3.0%!, with the optimal number of subpopulation
groups determined based on the lowest cross-validation error, with k ranging from two to six.

Gene flow, heterozygosity, historical dynamic analyses

HyDe8? was used to assess the gene flow, including hybridization and introgression, among 29 Glycyrrhiza
samples. HyDe is similar to the ABBA-BABA test (D-statistic) and has been shown to provide helpful information
for detecting hybridization among three ingroups based on phylogenetic invariants®2. To conduct the HyDe
analysis, we used SNV data and selected G. pallidiflora (KR05) as an outgroup. Based on phylogenetic results of
nuclear single-copy genes and plastid genomes, the ingroups were defined as follows: G. glabra (Gg) clade, G.
uralensis (Gu) clade, two G. glabra x uralensis (Ggu 1 and 2) clades, and G. uralensis x glabra (Gug) clade. If gene
flow has occurred between two of ingroups, the P-value is statistically significant (<0.05), and the inheritance
probability (y) is estimated to range between 0 and 1, indicating varying degrees of hybridization between the two
putative parents (y from P1 and 1-y from P2). To visually demonstrate the statistical substantiation of detected
gene flow, violin plots were drawn to highlight the variance and central tendency of the simulation results. The
heterozygosity of 29 Glycyrrhiza individuals was calculated with ANGSD ver. 0.9.3%%. Whole-genome SNV were
used to estimate the demographic history of Glycyrrhiza species by applying PSMC analysis®. PSMC ver. 0.6.5
analysis was conducted using 100 bootstrapping rounds with 0.6 x 10~8 substitutions per site per generation over
a generation time of three years, based on previous studies indicating that Glycyrrhiza species require at least
three years to reach maturity and accumulate key secondary metabolites in their roots!'®3>86,
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Sample collection and experiment statement

All

the plant materials in this study were collected with permission in accordance with the regulations and

guidelines of the respective countries and regions, and all the methods in this study comply with relevant
institutional, national, and international guidelines and legislation.

Data availability

All

sequences generated in this study, including PromethION long reads and Illumina short reads, were depos-

ited in the NCBI SRA under BioProject PRINA787406.
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