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ledicago lupulina L. (black medick) (Figure S1) is a leguminous

forage species widely distributed in temperate and subtropical
regions around the world. It grows across a broad altitudinal range
from sea level to over 4,000 m, making it a potential model plant
species for studying ecological adaptation mechanisms (Ye et al.,
2025). Furthermore, due to the high crude protein (above 25.79%)
and the low crude fiber (less than 19.13%), M. lupulina is a potential
high-quality forage (Feng and Cao, 2009), which may also serve as an
excellent germplasm resource for the genetic improvement of alfalfa.
However, the lack of a high-quality reference genome and an efficient
genetic transformation system have severely impeded functional
genomic studies and the exploitation of its breeding potential. Here,
we assembled a telomere-to-telomer (T2T) gap-free genome of
M. lupulina and established CRISPR/Cas9-mediated gene editing
targeting PINNATE-LIKE PENTAFOLIATA1 (PINNAT), thereby pro-
viding essential genomic tools for genetic dissection and molecular
breeding in this species.

The M. lupulina plant material used in this study was collected
from Lasa (91°21'8.1”, 29°51'22.64", altitude 3,800m), Xizang,
China. Survey analysis estimated its genome size as approximately
640.95 Mb, with a heterozygosity rate of 0.2% (Table S1). We as-
sembled the T2T genome of M. lupulina using BGl-seq short reads
(127x), PacBio HiFi reads (73x), ONT ultra-long reads (63x), and
Hi-C data (153x) (Table S2). The final assembled genome size was
568,875,845 bp, successfully anchored onto eight pseudochromo-
somes (Figures 1A, S2), with a BUSCO completeness of 98.8%
(Table S3), which was higher than the published genomes of
Medicago species (Li et al., 2020; Yin et al., 2021; Hu et al., 2026).
Telomere and centromere positions were identified (Figures S3, S4;
Tables S4, S5). The high accuracy and completeness of the as-
sembly were confirmed by multiple quality metrics, including read
mapping rates exceeding 98%, a scaffold N50 of 70.2 Mb, an LAl of
13.77, and a QV of 57.14 (Figures S5, S6; Tables S6-S8). Repetitive
sequences were 381,885,597 bp, accounting for 67.13% of the
genome, with transposable elements (TEs) comprising 66.18%
(Tables S9, S10). A total of 30,070 protein-coding genes were
annotated in the M. lupulina genome, and 95.8% of these were
functionally annotated using GO, KEGG, NR, KOG, and SwissProt
databases (Figures S7, S8; Table S11). Additionally, 780 transfer
RNAs (tRNAs), 2382 microRNAs (miRNAs), 1,175 ribosomal RNAs
(rRNAs), and 935 small nuclear RNAs (snRNAs) were identified
(Table S12).

Phylogenetic analysis revealed that M. lupulina diverged from
the lineage comprising M. polymorpha, M. truncatula, and M. sativa
subsp. caerulea approximately 8.5 million years ago (Mya)
(Figure 1B) and shares with them the whole-genome duplication

(WGD) event that occurred in the Papilionoideae (Figure S9; Young
et al., 2011). Compared with the genomes of M. truncatula and M.
sativa subsp. caerulea, we identified a pronounced chromosomal
translocation between chromosomes 7 and 8 in M. lupulina (Figure
S10). Additionally, a pair of large interchromosomal rearrangements
was detected in the M. truncatula genome, which is consistent with
previous studies (Li et al., 2020). Further comparative genomic
analyses revealed 583 expanded and 636 contracted gene families
in M. lupulina. The expanded gene families were significantly en-
riched in KEGG pathways associated with environmental adapta-
tion, plant-pathogen interactions, and glycosyltransferases, while
the contracted gene families were mainly enriched in protein kin-
ases and cytochrome P450s (Figures S11-S14; Tables S14-S17).
We further identified 210 M. lupulina-specific gene families that were
significantly enriched in DNA repair and recombination proteins, as well
as lysine degradation pathways (Figures S15-S17; Tables S18, S19).
These expanded, contracted, and species-specific gene families of
M. lupulina may collectively contribute to its adaptation to high altitudes.
In addition, a total of 118 positively selected genes were identified
(Tables S20-S22), including candidates functionally involved in envi-
ronmental adaptation, such as LEA74 (Xiong et al., 2002) and ZAT1
(Feng et al., 2026).

Although genetic transformation and gene-editing systems have
been established for M. truncatula and M. sativa, these protocols
remained non-transferable to M. lupulina. To overcome this bot-
tleneck, the same genotype was used to establish the gene-editing
system, for which the culture conditions were systematically
optimized, yielding a stable regeneration system with a plant
regeneration efficiency of 28.25% (Figure 1C). PINNAT is a key
regulator of compound leaf development in M. truncatula, and its
mutation converts trifoliate leaves into pinnate pentafoliate ones
(He et al., 2020). The PINNAT ortholog in M. lupulina was identified
(Figures S18, S19) and we then generated the MIPINNA1-CRISPR
construct according to a previously described method (Zhao et al.,
2024). CRISPR/Cas9-mediated gene editing of MIPINNA1 was
subsequently performed and we obtained positive gene-edited
plants (Figure S20). Three independent gene-edited plants were
obtained, and insertions and deletions at the target sites were
confirmed by sequencing, with a gene-editing efficiency of 2.83%.
Notably, a pentafoliate leaf phenotype was observed in all the
Mipinnal lines (Figure 1D-F).

In summary, we generated a T2T gap-free genome assembly
and established a CRISPR/Cas9-mediated gene-editing system for
M. lupulina, a wild relative of cultivated alfalfa. The T2T genome
provides a high-quality reference to resolve candidate genes,
regulatory regions, repetitive sequences, and structural variations
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Figure 1. T2T Genome assembly and annotation, and establishment of regeneration and CRISPR-Cas9 gene-editing systems in Medicago
lupulina

(A) Characterization and features of the M. lupulina chromosomes. (I) Synteny between chromosomes, (Il) GC content, (lll) Gene density, (IV) Copia transposon density,
(V) Gypsy transposon density, and (V1) schematic representation of M. lupulina chromosome sequences. (B) Inferred maximum likelihood phylogenetic tree across 10 plant
species based on 515 single-copy homologous genes. Gene family expansion (+) and contraction (—) are indicated in red and purple, respectively. The blue numbers
represent the divergence time between species. (C) Establishment of regeneration systems for M. lupulina. (I) 7-d-old seedlings, (ll) callus induction medium, (lll) shoot
induction and elongation medium, and (IV) root induction medium, Scale bar = 1 cm. (D) CRISPR-Cas9 mediated gene editing of MIPINNAT. Blue represents the target
sequence and red marks the editing events at the target. (E) Sanger sequencing chromatograms of the wild type and representative mutant alleles at the target sites.
(F) Comparison of leaf phenotypes between wild type (WT) and Mipinna1 lines. Red arrows highlight phenotypic variations in Mipinna? mutant lines. Scale bar = 0.5 cm.
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associated with forage quality traits, including high crude protein
content. Together, this genomic and gene-editing system will
facilitate functional genomics, molecular breeding, and identi-
fication of the candidate genes underlying desirable forage
characteristics in M. lupulina. This work also lays a foundation for
genetic improvement of alfalfa and potentially de novo domes-
tication of new high-protein cultivars adapted to higher altitude
environments.
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