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Abstract 

Runs of homozygosity (ROH) have been extensively investigated to uncover the genomic inbred regions that reflect 
past population and breeding histories. In this study, we have explored the distribution and number of ROH in dif-
ferent Lactuca species including the cultivated lettuce varieties and their wild relatives. Next generation sequencing 
(NGS) technology provides the unique opportunity to study the genomes with resolution up to per-base-pair and we 
could compute ROH in the highest accuracy using NGS data. Our study reveals that Lactuca sativa has the longest 
average ROH length and fewest number of ROHs, while wild species show shorter, more numerous ROHs as expected. 
We found that these cultivated varieties exhibit relatively stable number of ROH and ROH lengths, with the largest 
median ROH count observed in Oilseed and the largest average ROH length in Crisphead. There is a significant pro-
portion of medium-length ROHs (100 kb-1 Mb) enriched in L. sativa and L. serriola, with the highest number observed 
in L. serriola, while L. saligna has more short ROHs (< 10 KB), and the highest number of ROHs in the 10 KB-100 KB 
range were observed in Butterhead, with Stalk and Oilseed showing fewer and shorter ROHs overall. It suggests 
that Stalk and Oilseed were still in a process of breeding. The comparison between PLINK computation and our 
developed in-house algorithm shows that PLINK tends to detect longer ROH, whereas our algorithm adopts a more 
conservative approach, resulting in fewer and shorter ROH segments detected with higher precision more suitable 
for NGS data. We further analyze the distribution of ROH hotspots with a higher frequency occurred across cultivated 
species genomes, which has identified key genes such as DREB2B, NHL12, RPV1, and EIX2, which play crucial roles 
in plant stress tolerance and immune responses, enhancing adaptability to extreme environments and providing 
resistance to various diseases. These findings provide fresh scientific insights into lettuce breeding, germplasm con-
servation, and sustainable production, highlighting the importance of understanding and managing genetic diversity 
in global agricultural practices.
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Introduction
Runs of Homozygosity (ROH) refer to extended segments 
of the genome where both copies of the chromosomes are 
identical, showing no heterozygosity [1, 2]. These regions 
typically arise due to inbreeding or a higher inbreeding 
coefficient within a population. The formation of ROH is 
often associated with phenomena due to such as inbreed-
ing, random genetic drift, population bottlenecks, and 
both natural and artificial selection [2]. These continuous 
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extended regions of homozygosity can be detected at 
higher resolution up til a per-base-pair resolution with-
out ascertainment bias using modern genomic technolo-
gies i.e. whole-genome sequencing [3–5].

The distribution of the ROH length can indirectly 
indicate the effective population size, while larger num-
ber of long ROH regions are often resulting from recent 
inbreeding, where alleles appear more frequently within 
individuals. Usually, ROH hotspots are signal regions of 
the genome that have undergone strong selection pres-
sure, leading to a rapid increase in the frequency of alleles 
hitchhiked in the genomes across population. Moreo-
ver, long ROH regions are associated with genetic dis-
ease susceptibility, as they may harbor genes more likely 
linked to these conditions. By analyzing ROH, scientists 
can infer historical events such as migration and popula-
tion bottlenecks, providing deeper insights into a popu-
lation’s evolutionary history [6]. At the same time, the 
accumulation of larger number of longer ROH regions 
reduce genetic diversity, weakening a population’s abil-
ity to adapt in the environments. Prolonged inbreeding 
regions also result in higher genetic load, diminishing 
the population’s resilience to environmental changes. In 
summary, study of ROH on genome not only sheds light 
on population structure and evolution, but also helps 
explore genetic diversity in terms of inbreeding affecting 
adaptability and disease susceptibility in the examined 
population.

ROH have been widely used to study population his-
tory and trait’s genetic architecture in humans, livestock, 
and self-incompatible plants. However, their applica-
tion in self-pollinating crops has yet to be reported [4]. 
In livestock, analysis of ROH has been a valuable tool 
for assessing and monitoring the levels of inbreeding 
and population genetic diversity. For example, in Hol-
stein cattle, researchers utilize ROH to estimate inbreed-
ing coefficients, which helps instruct livestock genetic 
improvement and breeding programs [7]. ROH analysis 
in self-incompatible pears revealed that European pear 
varieties have significantly higher numbers and total 
lengths of ROH compared to Asian pear varieties. The 
average length and number of ROH in European pears 
were also greater than those in Asian pears. FROH (i.e. the 
genomic inbreeding coefficient) showed significant cor-
relations with various fruit traits, such as fruit weight, 
firmness, Brix value, and acidity. This suggests that sys-
tematic breeding of European pears may have started 
earlier than that of Asian pears, and the ROH patterns 
in European pears could be a result of population bottle-
necks caused by glacial events in Europe, unlike in Asia 
[8]. Studying ROH patterns provides deeper insights 
into their distinct histories. The number, length, distri-
bution, and frequency of ROH in plant genomes offer 

valuable information of genetic background. Addition-
ally, pears exhibit gametophytic self-incompatibility, 
where the interaction between the pollen S-gene and the 
pistil S-gene prevents self-pollination during the ferti-
lization process [9–12]. This mechanism helps maintain 
high genetic diversity. In contrast, self-pollinating plants 
are expected to more likely experience higher levels of 
inbreeding, resulting in lower genetic diversity and an 
increased risk of genetic load. Studying and reporting 
the patterns and distribution of ROH in self-pollinating 
plants genomes will also shed light on the genetic mecha-
nism of self-pollinating of inbred lines and why it has dif-
ficulties in crossing with other inbred lines.

The genus Lactuca belongs to the subtribe Lactucinae 
within the tribe Cichorieae of the family Asteraceae. Lac-
tuca sativa is one of the oldest domesticated plants and 
vegetable crops [13], widely cultivated around the world, 
while the preferences for different types of lettuce are 
varied across different countries and regions. Through 
long-term selective breeding, various cultivated types 
and inbred lines have been developed to meet diverse 
needs in breeding objectives. Officially, there are seven 
recognized types of lettuce inbred lines: Cos, Butterhead, 
Leaf, Stalk, Crisphead, Latin, and Oilseed [14]. Inbreed-
ing [15] could increase the level of homozygosity [16] and 
reduce recombination frequency in the genome. In addi-
tion to inbreeding, long continuous stretches of homozy-
gosity in the genome can also arise through mechanisms 
such as natural and artificial selection, genetic drift, and 
population bottlenecks [2]. Increased homozygosity can 
negatively correlated with the production, reproduction, 
and survival traits [17, 18], often resulting in reduced 
vigor and reproductive fitness in the offspring of inbred 
species [19, 20] and significant difficulty in crossing with 
other inbred lines.

The genetic variation and resistance to various biotic 
stresses in wild Lactuca germplasm have made significant 
contributions to the improvement of cultivated lettuce, 
particularly in enhancing disease and pest resistance [21]. 
Throughout the domestication and breeding process of 
cultivated lettuce, exogenous segments from wild germ-
plasm containing resistance genes have been introgressed 
into cultivated varieties through interspecific hybridiza-
tion [22]. For example, resistance to cucumber mosaic 
virus (CMV) comes from Lactuca saligna [23], while 
resistance to lettuce big-vein virus (LBV) is derived from 
Lactuca virosa [24].

Using Restriction Fragment Length Polymorphism 
(RFLP) molecular markers, researchers have identified 
Lactuca serriola as the closest relative of cultivated let-
tuce. The study also suggests that lettuce may form a 
polyphyletic group, suggesting that different cultivated 
types have its own distinct origins [25]. Currently, most 
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scholars agree that L. serriola is the wild progenitor of let-
tuce [26]. L. sativa and its wild relative, L. serriola, readily 
hybridize, producing fertile and vigorous hybrids, which 
are characteristic of a crop-wild complex [27]. Although 
the outcrossing rate between the two species is limited 
[28, 29], population genetics analysis methods could 
identify crop-wild hybrids within natural populations of 
L. serriola, likely due to spontaneous gene flow between 
the species [30]. Analyzing ROH can assess the genetic 
diversity and population structure of Lactuca species, 
shedding light on their evolutionary history and adap-
tive mechanisms. Studying ROH regions also helps iden-
tify genes associated with traits such as environmental 
adaptation and pest resistance, aiding in the development 
of stress-tolerant crops such as lettuce and providing a 
theoretical basis for breeding. ROH analysis serves as a 
tool for selecting superior genotypes and enhancing crop 
genetic diversity, facilitating precision breeding of lettuce 
and other Lactuca species to improve yield and quality. 
Understanding the genetic structure of Lactuca species 
also enables the formulation of more effective conserva-
tion strategies, ensuring their survival and reproduction 
in changing environmrents, which is crucial for preseving 
and utilizing their genetic resources.

With the advancement of high-throughput genomic 
sequencing technologies, researchers have developed a 
variety of ROH-based analysis tools and methods. These 
tools include GERMLINE, which is based on Identity by 
Descent (IBD) [31], Beagle and BCFtools, both of which 
utilize Hidden Markov Models (HMM) [32, 33], as well 
as PLINK, which relies on SNP window scanning [34]. 
These tools allow scientists to more accurately identify 
and analyze ROH, providing deeper insights into genetic 
backgrounds and population structures. Traditional 
computational methods, such as the PLINK software 
tool, offer basic ROH analysis functions by identifying 
homozygous regions in the genome based on specific 
thresholds, such as the minimum number of SNPs or 
the minimum ROH length [35]. As research progresses, 
computational methods continue to evolve to accommo-
date large-scale datasets and enhance analytical accuracy. 
For instance, some studies have proposed new algorithms 
or optimized existing methods to reduce false positive 
and negative results, while improving the resolution of 
ROH detection [36]. The adventure of Next-generation 
Sequencing (NGS) also resulted in an unbiased detection 
of single nucleotide polymorphism (SNP), which allows 
more accurate detection of ROH. These advancements 
include more sophisticated statistical models that better 
capture an individual’s genetic history and population 
structure [37–39].

This study selected L. sativa and five wild Lactuca spe-
cies. Within the gene pool of cultivated lettuce, L. sativa 

and the wild species L. aculeata and L. serriola form a 
group capable of complete hybridization. L. saligna, part 
of the secondary gene pool (GP2), is more difficult to 
cross with cultivated lettuce, and its hybrids have lower 
fertility [40–42]. L. virosa and L. georgica, belonging to 
the tertiary gene pool (GP3), typically produce infertile 
offspring when crossed with cultivated lettuce. Tech-
niques like bridge crossing are required to obtain some 
fertile progeny from these hybrids [34]. Studying the pat-
tern and distribution of ROH in these Lactuca species 
would aid in understanding the mechanisms of decreas-
ing fertility or infertility due to inbreeding. We employed 
a series of computational methods to detect and analyze 
ROH in the lettuce genome from NGS data, comparing 
the results with traditional genetic analysis approach. The 
objectives of this study are 1) analyzing and reporting the 
distribution of ROH in different Lactuca species includ-
ing the number and the lengths distribution of ROH and 
reporting the inbreeding coefficients; 2) comparing the 
algorithms between our developed in-house algorithm 
and PLINK; 3) develop an algorithm to detect the ROH 
hotspots in the genomes of Lactuca species and examin-
ing the genes within these ROH hotspots. We have pro-
vided scientific insights and practical guidance for lettuce 
breeding, germplasm conservation, and sustainable pro-
duction through precise ROH analysis. This research not 
only highlights the potential of ROH in modern genet-
ics but also underscores the importance of understand-
ing and managing genetic diversity in global agricultural 
species.

Materials and methods
Data collection
The sequences of 246 varieties of lettuce genomes were 
collected and firstly aligned to the reference genome of 
Lactuca Sativa L, includes 78 L. sativa varieties (35 But-
terhead, 14 Cos, 14 Crisp, 9 Cutting, 2 Latin, 3 Oilseed, 
and 1 Stalk), 2 L. aculeata, 2 L. georgica, 33 L. saligna, 
109 L. serriola, and 22 L. virosa varieties (Table S1) [40]. 
The leaf samples were used for genomic DNA extraction 
using the cetyl trimethylammonium bromide method 
[40]. the fragments undergo end repair and adapter liga-
tion to create a sequencing library. The sequencing was 
done using the DNA libraries with an insert size of 250 
bp and paired-end reads using BGISEQ-500 platform 
[40]. The workflow for next-generation sequencing (20 
× coverage depth) begins with sample preparation, where 
high-quality genomic DNA was extracted from Lactuca 
species.

The variants across the varieties were mapped with the 
reference genome and called using GATK. Post-sequenc-
ing, tools FastQC and Trimmomatic were used to assess 
and trim the raw data. Quality-controlled reads were then 
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aligned to the reference genome using alignment tools 
BWA or Bowtie2. Variant calling was performed using 
the Genome Analysis Toolkit (GATK version 4.0.3.0). A 
total number of 12,983,735 variants were mapped after 
sequence alignment, variants calling and quality control 
from the whole genome sequence data of Lactuca species. 
In total, 246 samples were used for ROH analysis.

ROH computation
The ROH computation was conducted using in-house 
developed algorithm adapted to the whole genome 
sequencing data with consideration of sequencing read 
depth and the tolerance of genomic heterozygosity in a 
counting window to define a ROH. The threshold to define 
a ROH was set to a SNP count maximum of 0.25 × the 
genome coverage. We also used PLINK v1.9 software to 
calculate individual ROH regions [40]. The analysis began 
with genotype data files, i.e. bfile, as input. ROH calculation 
for each individual was performed using the `–homozyg` 
command. To exclude short heterozygous regions and low-
density markers, the ROH regions were defined by the fol-
lowing criteria: each region contained a minimum of 100 
SNPs (`–homozyg-snp 100`), had a minimum length of 
1000 kb (`–homozyg-kb 1000`), and allowed a maximum 
distance of 100 kb between adjacent SNPs (`–homozyg-gap 
100`). Additionally, the sliding window allowed for a maxi-
mum of one heterozygous SNP (`–homozyg-window-het 
1`) to ensure the continuity of the ROH region. For each 
sample, PLINK outputed detailed information about the 
ROH regions, including chromosome number, start and 
end positions, the length of the ROH, and the marker den-
sity within the region. The results generated in the `.hom` 
file were then used for further analysis and statistical 
evaluation.

The computed ROH were classified into different lengths 
classes and the distribution was compared between differ-
ent Lactuca species. The different length categories of ROH 
in the comparison are defined as short ROH (less than 10 
KB), medium-length ROH (between 100 KB and 1  MB), 
and long ROH (greater than 1 MB). The inbreeding coef-
ficient was calculated as the followed:

f =

LROH

LGenome

where LROH is the total length of ROH across the whole 
genome and LGenome is the total length of Lettuce 
genome.

The hotspots of ROH
We firstly calculated linkage disequilibrium (LD) based 
on the input binary genotype file using PLINK. LD is cal-
culated as follows: ‘plink –bfile output_file –r2 –ld-win-
dow 10 –ld-window-kb 1000 –ld-window-r2 0.2 –out 
ld_results’. LD values (r2) were computed using a window 
size of 1000 kb and a minimum threshold of 0.2. For each 
chromosome, the average r2 value within each 1000 kb 
window was calculated, and the degree of ROH sharing on 
each chromosome was quantified by correcting the average 
LD value in the corresponding window.

The average r2value was calculated as the squared corre-
lation between two variables coded as 0, 1, or 2. Then we 
calculated the average LD within a window using ‘average_
r2_by_window_chr = ld_data.groupby([’CHR_A’,’window’])
[’R2’].mean()’. We calculated the ROH hotspots frequency 
based on dividing the chromosome into fixed-size bins (10 
kb) and counting the number of ROH occurrences within 
each bin. The Lettuce genomes have long-range of LD. 
Therefore, we further corrected the ROH sharing distribu-
tion data by dividing by the corresponding LD values in the 
window of the chromosome and a ratio i.e.,

where CROH is the ROH count and r2 is the average LD, 
which was calculated based on ROH sharing and the 
average r2 value for each window. A Manhattan plot was 
generated using Matplotlib to visualize the distribution of 
the ROH hotspots by the ROH sharing Count/r2 Average 
across all the chromosomes. We further identified the 
genes within the ROH hotspots by taking an observation 
of higher number of average ROH counts/r2. By exam-
ining the genome annotation data, the genes overlapped 
within the ROH hotspots were found and annotated.

Result
The basic statistics of ROH distributions and inbreeding 
coefficients
We calculated the inbreeding coefficients of the Lactuca 
species including L. Sativa, L. aculeata, L. georgica, L. 
saligna, L. serriola, and L. virosa. Figure  1 showed the 
average inbreeding coefficients of different species and 
cultivated species ranging from 0.01 for L. Georgica 
to 0.82 for L. serriola. Specifically, L. georgica had an 
inbreeding coefficient of 0.01, L. saligna 0.017 ± 0.017, 
L. sativa 0.079 ± 0.030, L. serriola 0.082 ± 0.045, L. virosa 
0.0063 ± 0.0050, and L. aculeata 0.03 ± 0.028  (Table  1). 
Among these, L. serriola and L. sativa exhibited the 

HROH = CROH/
−

r
2

Table 1  The mean inbreeding coefficient of different species

L. georgica L. saligna L. sativa L. serriola L. virosa L. aculeata

0.01 0.017 
± 0.017

0.079 
± 0.030

0.082 
± 0.045

0.0063 
± 0.0050

0.03 ± 0.028
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Fig. 1  Distribution of Genomic Inbreeding Coefficient Measurements. a Distribution of genomic inbreeding coefficient measurements based 
on homozygosity across different Lactuca species. The table shows the average inbreeding coefficients for different species. b Distribution 
of genomic inbreeding coefficient measurements based on homozygosity across different cultivars. The table shows the average inbreeding 
coefficient of different  cultivars

Table 2  The mean inbreeding coefficient of different cultivars

Butterhead Cos Crisp Cutting Latin Oilseed Stalk

0.070 ± 0.012 0.075 ± 0.017 0.070 ± 0.0047 0.06 ± 0.042 0.070 0.070 0.070
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highest inbreeding coefficients (0.082 and 0.079, respec-
tively), while L. virosa showed the lowest inbreeding 
coefficient (0.0063). The FROH for L. Sativa vary between 
different varieties ranging from 0.06 for Cutting to 0.075 
for Cos, while Cutting had a slightly lower inbreeding 
coefficient (0.06 ± 0.042), reflecting relatively higher het-
erozygosity in its genome  (Table  2). For the Crisp and 
Cos, a higher proportion of individual genomes exhibit 
moderate levels of inbreeding compared with other let-
tuce varieties. It is as expected that the inbreeding coef-
ficient of Lactuca Sativa was relatively higher among 
these species as it has been domesticated and cultivated 
by breeders for years. The inbreeding coefficient of L. 
virosa is primarily concentrated around 0.01. In contrast, 
other species, such as L. sativa and L. serriola, showed a 
broader distribution of inbreeding coefficients (Fig.  1a). 
Most cultivars i.e. Crisphead, Butterhead, Cos, Cutting, 
Latin, Oilseed and Stalk show similar inbreeding coeffi-
cients, which were main in-bred types of leaf lettuce in 
the market.

The distribution of the length and number of ROH
The mean ROH length of L. sativa is the longest among 
the six species analyzed, at 65 ± 105.00 KB. The median 
length of ROH length of L. sativa is 25 KB, which is 
higher than any of the other species, and the high-
est ROH length in the non-outlier dataset reaches 146 
KB (Fig.  2a). L. sativa also has the fewest number of 
ROHs, with a mean of 287 ROH regions per chromo-
some (Fig. 2b). In contrast, the median ROH length of L. 
georgica, L. saligna, and L. virosa is only 2 KB. L. saligna 
exhibits the highest number of ROHs, with an average of 
948 per chromosome.

The general ROH length and number of ROH are dis-
tributed similar among the different cultivated varieties. 
The median ROH length of cultivated varieties is rela-
tively concentrated, with the longest being observed in 
Latin with median length of 32 KB. The shortest median 
length is observed in Oilseed, with a median length of 21 
KB (Fig. 2c). Oilseed also has the largest median number 
of ROH regions, with 367 ROH regions, while Cutting 

Fig. 2  Comparison of Genomic ROH Characteristics Across Different Species and Cultivars. a Comparison of average ROH length between species. 
b Comparison of ROH count between species. c Comparison of average ROH length between cultivars. d Comparison of ROH count 
between cultivars
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has the smallest median number of ROH, with 227 ROH 
regions (Fig. 2d). Crisp has the longest ROH length with 
mean at 74.56 KB, while Oilseed has the shortest ROH 
length of mean at 49.8 KB. Overall, the number and 
length of ROH regions in cultivated varieties show rela-
tively low variation and remain relatively stable across 
species (i.e. the mean number of individual cultivar spe-
cies are 61.97 ± 103.93 for Butterhead, 67.85 ± 100.79 for 
Cos, 74.56 ± 119.75 for Crisphead, 66.47 ± 102.92 for Cut-
ting, 68.90 ± 100.15 for Latin, Oilseed is 49.80 ± 80.86 for 
Oilseed, 61.44 ± 90.18 for Stalk).

Total genome length and number covered by ROH
We firstly calculated ROH using our in-house developed 
algorithm. In L. sativa and L. serriola, medium-length 
ROHs (100 kb-1 Mb) make up a significant propor-
tion (Fig.  3a). In contrast, the total length of ROH in 
other species is notably lower than in L. sativa and L. 
serriola (Fig.  3b). L. serriola has the highest number of 
ROHs, particularly in the range from 100 kb to 1 Mb. In 
L. saligna, there are more number of ROHs with length 

shorter than 10 KB, but fewer number of ROHs with 
length longer than 10 KB. Butterhead has the highest 
number of ROHs, particularly in the length range from 
10 to 100 Kb. In contrast, Stalk and Oilseed have fewer 
number of ROHs (Fig.  3c). The sum length of ROH in 
Butterhead was ranging from 100 kb to 1  Mb (Fig.  3d). 
The total ROH length of Stalk and Oilseed is relatively 
shorter compared with other cultivars (Fig. 3d).

In order to show the robustness of our ROH algorithm, 
we compare the computational results with ROH com-
puted with PLINK. The general trend of the observa-
tions in terms of ROH length, the numbers of ROH are 
quite similar between two algorithms. The medium and 
long ROH are predominantly distributed in the Lactuca 
species, while our algorithm designed for NGS data is 
more able to detect the short or medium ROH espe-
cially for the ROH with length at 10kbp. We observe that 
the majority of ROH counts are distributed in the range 
between 10 to 100 Kb, particularly in L. saligna and 
L. virosa (Supplementary Fig.  1a). L. sativa and L. ser-
riola exhibit a higher number of long ROH with lengths 

Fig. 3  ROH (Runs of Homozygosity) Statistics Across Different Lettuce Species and Cultivars. The figure presents the statistical results of ROH 
across various lettuce species and cultivars, categorized by ROH length ranges (< 10 K, 10 K-100 K, 100 K-1 M, 1 M-2 M, and 2 M-3 M). Each subplot 
uses color to represent different ROH length intervals: blue (0–100 kb), orange (100 kb-1 Mb), and green (> 1 Mb). a Bar plot showing the number 
of ROH segments across different lettuce species. b Bar plot showing the total ROH length across different lettuce species. c Bar plot showing 
the number of ROH segments across different lettuce cultivars. d Bar plot showing the total ROH length across different lettuce cultivars
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ranging above 4 M. (Supplementary Fig. 1b). Among the 
different cultivars, Butterhead shows the highest number 
of ROHs in the range from 10 to 100 Kb (Supplementary 
Fig. 1c). The total ROH length is longer in cultivars such 
as Butterhead and Cos compared with Crisp, Cutting, 
Latin, Oilseed, and Stalk (Supplementary Fig. 1d).

L. serriola has the highest number of ROHs compared 
to other species, consistently. However, when compar-
ing the results with the algorithm used in this study, the 
PLINK algorithm detects fewer number of ROHs over-
all. These ROHs were primarily concentrated within the 
range from 10 Kb to 100 K, with L. saligna and L. virosa 
exhibiting higher counts of ROHs, at 897,043 Mb and 
657,100 Mb, respectively (Supplementary Fig. 1). In con-
trast, L. serriola had a relatively lower number of ROHs 
in this range, at 32,852 Mb. Our own algorithm calcu-
lated the number of ROHs predominantly concentrated 
in the sub-10 Kb range, particularly for L. saligna and L. 
serriola, which had 272,183 Mb and 223,331 Mb, respec-
tively (Fig. 3).

ROH hotspots
We have identified the ROH hotspots defined as the 
regions with highest frequency occurrence across the 
individual genomes with consideration of the long LD 
range in Lactuca genomes. The prominent peaks in 
the plot indicate regions in the genome with both high 
ROH frequency and correcting the strong LD, suggest-
ing potential hotspots of ROH sharing across individual 
genomes (Figs.  4–5). Interestingly, further analysis of 
these hotspots in cultivated species revealed several key 

genes and their functions, which play critical roles in 
plant stress tolerance and immune responses. We have 
in total identified 59 genes in the ROH hotspots of the 
cultivars (Supplementary Table 5), including Gene Dehy-
dration-responsive element-binding protein 2B (DREB2B), 
gene NDR1/HIN1-like protein 12 (NHL12), Disease 
resistance protein RPV1 (RPV1), and Receptor-like pro-
tein EIX2 (EIX2).

Discussion
L. sativa, as a cultivated species, exhibits a broad distri-
bution on earth, while wild species such as L. aculeata 
are primarily found in the Middle East. The distribution 
of L. georgica may be limited to specific regions, such 
as Georgia and neighboring countries (Supplementary 
Table 3). L. sativa is the species that includes both cul-
tivated and wild varieties with a long history of domesti-
cation and cultivation. In contrast, other species, such as 
L. georgica, L. saligna, and L. aculeata, primarily are wild 
species and have not undergone widespread domestica-
tion. L. sativa has a larger number of cultivated varieties 
and fewer wild varieties, reflecting its agricultural signif-
icance and degree of domestication. On the other hand, 
L. saligna has a greater number of wild samples, high-
lighting its broad distribution in natural environments 
(Supplementary Table 4).

Our in-house developed algorithm could be used to 
detect ROH from NGS sequencing data with high accu-
racy especially for short ROHs, while ROH computa-
tion algorithm from PLINK seems to have a tendency 
to detect longer runs of homozygosity (ROH), which 

Fig. 4  The ROH hotspots map of different species, with points in different colors representing different chromosomes
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might be related to its parameter settings or underlying 
algorithmic logic. In contrast, our own algorithm takes 
a more conservative approach, resulting in more short 
ROH detected with higher total lengths of ROH.

The levels of inbreeding measured by the calculated 
inbreeding coefficients in Lactuca species indicate that L. 
virosa individuals exhibit little to no evidence of inbreed-
ing, while species such as L. sativa and L. serriola show 
higher levels of inbreeding. Among these, L. serriola and 
L. sativa exhibited the highest inbreeding coefficients 
(0.082 and 0.079, respectively), indicating a greater accu-
mulation of homozygous segments in their genomes, 
while L. virosa showed the lowest inbreeding coefficient 
(0.0063), suggesting higher genomic heterozygosity. So 
it is under expectation that L. serriola and L. sativa were 
more inbred than other types, which probably needs fur-
ther genetic management during the breeding program. 
The breeders have been emphasizing on crossbreed-
ing between these cultivars, but little success has been 
achieved [19]. The inbreeding coefficient of all varieties 
overlapped mostly at about 0.07 (Supplementary Table 2).

In L. sativa, the average ROH length is the longest, 
but the number of ROH segments is the fewest, suggest-
ing that L. sativa may have undergone prolonged selec-
tive sweeps with artificial long-term selective breeding as 
expected, resulting in the accumulation of long homozy-
gous segments. This leads to fewer but longer ROHs. As 
a widely cultivated crop, L. sativa has been subject to 
extensive artificial selection over time. During domes-
tication, the genomic regions and genes associated with 
specific traits have been artificially selected for, such as 
yield or disease resistance, leading to increased uniform-
ity in these regions across the population [43]. This uni-
formity increases the length of extended ROH because 
heterozygosity in these regions is gradually eliminated, 
resulted in fixing homozygosity in the population.

At the same time, modern agriculture may intro-
duce new gene introgressed into L. sativa through cross 
breeding [44], which reduces the overall number of 
ROHs in the genome. However, artificial selection con-
tinues to target specific key functional genomic regions, 
where selective pressure results in longer ROHs in 

Fig. 5  The ROH hotspots map of different breeds, with points in different colors representing different chromosomes
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those genomic areas. The prolonged ROH in L. serriola 
may also reflect a more closed population structure and 
potential inbreeding, while the shorter ROH in L. saligna 
could indicate a more open breeding environment with 
stronger gene flow.

In contrast, wild species such as L. georgica, L. virosa, 
and L. aculeata exhibit more shorter ROH but a greater 
number of ROH segments. This is likely because these 
wild species have not been subjected to the same artifi-
cial selective pressures as cultivated species and typi-
cally possess higher genetic diversity. As natural selection 
operates in various environments, wild populations tend 
to accumulate more short ROHs due to natural selec-
tion, but without the prolonged artificial selection, the 
ROH segments remain shorter [45]. If these species have 
experienced more frequent gene flow (e.g. introgression 
from other populations in natural environment), this 
could increase genetic diversity and cause more interrup-
tions in ROH formation. Additionally, these species may 
have undergone more hybridization or mixed selection 
with accumulated genetic drift in natural environment, 
reducing the formation of long homozygous regions and 
increasing the number of shorter ROH segments [46].

Among the different varieties, Butterhead consistently 
shows the highest number of ROHs. However, accord-
ing to the results from our algorithm, the ROHs in But-
terhead are primarily concentrated in the range from 10 
Kb to100 Kb. Our algorithm still detects more number of 
ROHs overall in different ranges including short, medium 
and long. On the other hand, the PLINK algorithm tends 
to detect longer ROH segments (> 3 Mb). The total ROH 
length detected by the PLINK algorithm is longer than 
detected by our algorithm.

The overlap in genomic inbreeding coefficient distri-
butions based on homozygosity across different culti-
vars suggests that multiple cultivated types share similar 
levels of inbreeding within certain ranges. This overlap 
in peaks may be due to the shared genetic resources 
among these cultivars during breeding. These types likely 
underwent similar artificial selection pressures, leading 
to overlapping ROH regions in their genomes [47]. The 
ROH distribution pattern of Butterhead may suggest 
that its population has undergone prolonged inbreed-
ing, a population bottleneck, or has relatively low genetic 
diversity. In contrast, the shorter total ROH length and 
fewer number of ROHs in Stalk and Oilseed could reflect 
higher gene flow and better genetic diversity in these spe-
cies, indicating a more diverse breeding process.

Analysis of the ROH hotspot in cultivars regions 
revealed several genes closely linked to plant stress toler-
ance and immune responses. The DREB2B gene, a regu-
lator of drought and heat shock stress, likely enhances 

plant resilience to extreme conditions by modulating 
physiological processes such as water balance and heat 
stress response. As climate change intensifies, drought- 
and heat-resistant genes will provide valuable genetic 
resources for improving agricultural crops [48–50]. The 
NDR1/HIN1-like protein 12 gene may play a role in plant 
immunity. As a homolog of NDR1, it may participate 
in pathogen-associated molecular pattern recognition 
and regulate the plant immune response. This discovery 
offers new insights for further exploring plant immu-
nity mechanisms and may help improve crop resistance 
to diseases [51, 52]. The RPV1 gene, a disease resistance 
(R) protein, activates plant defense responses by promot-
ing cell death, conferring resistance to powdery mildew 
and downy mildew. It belongs to the disease resistance 
(R) protein family and contributing to the plant immune 
response, acting as NADase, which catalyzes the cleavage 
of NAD into ADP-D-ribose (ADPR) and nicotinamide, 
triggers cell death and initiates plant defense mechanisms 
[53].The presence of this gene reveals key mechanisms 
in plant immunity, and future studies could explore its 
function and potential applications across different plant 
species [53–55]. The EIX2 gene, a receptor-like protein, 
is involved in pathogen recognition and initiation of the 
plant immune response. It may serve as a critical regu-
latory factor in the plant immune system, and further 
research could uncover its specific role in plant immu-
nity [52, 56]. In conclusion, these genes in the ROH 
hotspot regions play significant roles in plant adapta-
tion and immune responses, providing valuable genetic 
resources for agricultural improvement and stress resist-
ance research. Future studies will further explore the spe-
cific functions and mechanisms of these genes to provide 
more precise molecular tools for enhancing crop disease 
resistance and adaptability.

Conclusions
In this study, we investigated the distribution and char-
acteristics of runs of homozygosity (ROH) across various 
Lactuca species, including both cultivated lettuce varie-
ties and their wild relatives. Our analysis using next-
generation sequencing (NGS) technology allowed for 
highly accurate computation of ROH, providing valuable 
insights into the genomic history of these species. The 
results revealed that L. sativa (cultivated lettuce) exhib-
ited the longest mean ROH length and the fewest number 
of ROHs, suggesting a history of inbreeding or limited 
genetic diversity. In contrast, the wild species showed 
a greater number of shorter ROHs, indicating higher 
genetic diversity and a more open breeding system.

Further analysis revealed distinct patterns within spe-
cific cultivated varieties, such as Oilseed, which had the 
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largest median ROH count, and Crisp, which had the 
longest mean ROH length. Additionally, L. sativa and L. 
serriola were found to have a significant proportion of 
medium-length ROHs, while L. saligna had more short 
ROHs. Notably, Butterhead exhibited the highest number 
of ROHs in the 10 KB-100 KB range, and the Stalk and 
Oilseed varieties had fewer and smaller ROHs, reflecting 
ongoing breeding processes.

We also compared two different computational 
approaches for detecting ROH, i.e. PLINK and an in-
house algorithm we developed. While PLINK tended to 
identify longer ROHs, our algorithm was more conserva-
tive, identifying shorter and fewer ROH segments with 
greater precision.

Moreover, our research identified ROH hotspots in 
cultivated species associated with key genes such as 
DREB2B, NHL12, RPV1, and EIX2, which are crucial for 
stress tolerance and immune response in plants. These 
findings suggest that these genes may play important 
roles in enhancing the adaptability of lettuce to extreme 
environmental conditions and disease resistance.

In summary, this study provides valuable insights into 
the genetic structure of cultivated and wild Lactuca spe-
cies, with implications for lettuce breeding, germplasm 
conservation, and sustainable agricultural production. 
The patterns of ROH distribution reflect the complex 
interplay of genetic diversity, breeding history, and envi-
ronmental adaptation in these species.
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