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Abstract

Solanum commersonii (2n=2x=24, 1EBN, Endosperm Balance Number), native to the southern regions of Brazil, Uruguay, and north-
eastern Argentina, is the first wild potato germplasm collected by botanists and exhibits a remarkable array of traits related to disease
resistance and stress tolerance. In this study, we present a high-quality haplotype-resolved genome of S. commersonii. The two identified
haplotypes demonstrate chromosome sizes of 706.48 and 711.55 Mb, respectively, with corresponding chromosome anchoring rates of
94.2 and 96.9%. Additionally, the contig N50 lengths are documented at 50.87 and 45.16 Mb. The gene annotation outcomes indicate
that the haplotypes encompasses a gene count of 39799 and 40078, respectively. The genome contiguity, completeness, and accuracy
assessments collectively indicate that the current assembly has produced a high-quality genome of S. commersonii. Evolutionary analysis
revealed significant positive selection acting on certain disease resistance genes, stress response genes, and environmentally adaptive
genes during the evolutionary process of S. commersonii. These genes may be related to the formation of diverse and superior germplasm
resources in the wild potato species S. commersonii. Furthermore, we utilized a hybrid population of S. commersonii and S. verrucosum to
conduct the mapping of potato freezing tolerance genes. By combining BSA-seq analysis with traditional QTL mapping, we successfully
mapped the potato freezing tolerance genes to a specific region on Chr07, spanning 1.25 Mb, with a phenotypic contribution rate of
18.81%. In short, current research provides a haplotype-resolved reference genome of the diploid wild potato species S. commersonii and

establishes a foundation for further cloning and unraveling the mechanisms underlying cold tolerance in potatoes.

Introduction

Potato (Solanum tuberosum L.), which is a nutritionally and com-
mercially important stable food, has already been grown in more
than 100 countries worldwide, and more than 2 billion people use
potatoes as their primary source of food or income [1-3]. How-
ever, cultivated potato varieties are sensitive to low temperatures,
with common varieties being intolerant to frost and lacking cold
acclimation ability [4, 5]. Low temperature is one of the most
significant abiotic stress factors affecting the growth and devel-
opment of potatoes, leading to an annual global economic loss of
billions of dollars due to cold damage [6, 7]. Specifically, when the
ambient temperature in the cultivation environment descends
below 7°C, stalling occurs in plant growth, concomitant with
arrested tuber enlargement. If the temperature falls below —3°C,
irreversible death occurs in the aboveground parts of the potato
plants [8]. Fortunately, potatoes possess a rich genetic resource
base, ranging from diploid to octoploid distributions, with over
70% of wild potato resources in nature being diploid species [9,
10]. These diploid wild species encompass a wealth of excellent
resistance germplasm, particularly in terms of freezing tolerance,
rendering them crucial resources for the genetic improvement
and functional research in potatoes [11, 12].

Plant survival in cold environments depends on two key fac-
tors: freezing tolerance in the non-acclimated state (NA) and cold
acclimation capacity (CA), which refers to the increased resistance
to cold temperatures through appropriate low-temperature train-
ing of materials. Previous research has demonstrated that these
two factors are independently regulated by genetics and are not
correlated with each other [13]. Li [14] utilized electrolyte leakage
methods to assess the NA of 60 wild potato materials, among
which materials such as Solanum acaule, S. commersonii, and S.
toralapanum exhibited outstanding cold resistance. Vega and Bam-
berg [15] evaluated cold tolerance using natural frost methods
in the field for 2635 samples from 101 species, categorizing the
phenotypes of potato plants exposed to frost into seven grades
(0-6) after frost. The frost experiment revealed that sensitive
materials were killed by frost when the field temperature reached
—2°C, while most materials were killed when it reached —5°C.
Only a few highly cold-resistant wild species materials, such as S.
commersonii, S. acaule, S. albicans, S. paucissectum, and S. demissum,
could survive when the temperature dropped below —5°C. Cur-
rently, S. acaule and S. commersonii are considered the two major
cold-resistant wild potato species [16]. Before cold acclimation, S.
acaule exhibited cold resistance down to —6°C, which increased to
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of DNA from individuals exhibiting remarkably resistant or
sensitive phenotypes, as determined by preliminary pheno-
typic evaluations, were combined to create the resistant and
susceptible pools used for QTL-seq analysis. Resistant and
sensitive pools consisted of 22 and 21 lines, respectively. The
construction of paired-end libraries followed the Illumina library
construction protocol. Sequencing of the DNA-seq libraries was
performed at ~30x coverage relative to the CMM5_Hap1 reference
genome. Raw data quality was assessed using FastQC software
(https://github.com/s-andrews/FastQC). Data quality control and
adapter sequence removal were executed using fastp (https://
github.com/OpenGene/fastp) and Trimmomatic software [49].
Alignment of clean data to the CMM5_Hapl and DM potato
reference genome was accomplished using BWA software [60].
Variant detection and functional annotation of variation sites
were conducted using GATK (https://github.com/broadinstitute/
gatk) and ANNOVAR (https://github.com/WGLab/doc- ANNOVAR)
software, respectively. Frost resistance regulatory regions were
identified using the A(SNP-index) method. Candidate intervals
were determined using DeepBSA software [66], with window
size calculated based on the minimum Akaike information
criterion for small sample sizes (AICc) [67]. The default threshold
was set at three standard deviations above the genome-wide
median. The tri-kernel-smooth fit method was used for all
SNP sites in this study, and only the tri-kernel-smooth fit
line that exceeded the threshold was considered a candidate
region [66].

Genetic linkage map construction and
quantitative trait locus mapping

We utilized MISA software [68] to develop a set of SSR mark-
ers proximal to the candidate interval located on Chr07. For
the identification of indel markers, we selected those with a
size difference exceeding 20 bp between the extreme pools in
the BSA detection interval. Subsequently, we extracted sequence
fragments of 150 bp upstream and downstream of the target
site. To design primers and assess polymorphisms between the
parental lines, TBtools [56] software was employed. Polymorphic
markers identified between CMMS5 and a resistant individual,
and between Verl and a sensitive individual, were subsequently
used for genotyping the backcross population (Supplementary
Data Table S3). PCR amplification was performed using a C1000
Thermal Cycler (Bio-Rad Inc., USA). Each PCR reaction consisted
of a 10-ul volume containing 1 wl DNA template (50 ng/ul),
5 nl 2 x Utag PCR mix (Vazyme Co., Ltd., Nanjing, China), 3 pl
ddH,0, 0.5 ul 10 uM forward primers, and 0.5 pl 10 pM reverse
primers, as described by Wang et al. [69]. Amplified products were
resolved using 10% denaturing polyacrylamide gel electrophoresis
(PAGE) and visualized through silver staining. All gel images were
captured using a digital camera, and the resulting bands were
analyzed to determine the genotypes of the offspring. For the
construction of the genetic linkage map and mapping of the
target locus, we employed QTL IciMapping software with default
parameters [70].
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