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To accelerate the research process of molecular marker-assisted breeding in Procambarus 
clarkii, this study conducted transcriptome sequencing of P. clarkii muscle tissue using 
the Illumina NovaSeq platform. Microsatellites (SSRs) were analyzed for distribution and 
sequence characteristics using MIcroSAtellite (MISA), and genetic diversity was studied 
in seven cultured populations. The results showed that the sequencing yielded between 
9.9 to 12.7 Gb of clean data, and after assembly, produced between 52,244 to 83,367 
contigs, identifying a total of 11,304 SSR loci. The SSRs were predominantly dinucleotide 
and trinucleotide repeats, accounting for 33% and 27% of the total loci, respectively. The 
average observed heterozygosity (Ho) across the seven different regional aquaculture 
populations ranged from 0.374 to 0.502, while the average expected heterozygosity (He) 
ranged from 0.502 to 0.604. The average polymorphic information content (PIC) for the 
populations was greater than 0.450, indicating substantial genetic variability. According 
to Nei’s genetic distance, an Unweighted Pair Group Method with Arithmetic Mean 
(UPGMA) cluster tree divided the seven different regional aquaculture populations into 
two major clades: one comprising Yunnan (YN) and Qianjiang (QJ) and the other 
comprising the remaining five populations. The study found that 93.52% of the variation 
originated within populations, with only 6.48% of genetic variation attributable to 
differences between populations. These results lay a foundation for further assessment of 
the genetic diversity of P. clarkii, innovative utilization of germplasm resources, and 
in-depth studies into its molecular genetics and evolutionary mechanisms. 

INTRODUCTION 

The red swamp crayfish (Procambarus clarkii), commonly 
known as the crayfish, is native to Central and South Amer
ica as well as the northeastern region of Mexico. It was in
troduced to Nanjing, China from Japan during the 1920s 
and 1930s.1 Over the years, crayfish has matured as China’s 
most widely farmed shrimp species through a combination 
of market driven initiatives, government support, and con
sumer demand. However, the limited availability of wild re
sources, coupled with a mismatch between seed quality and 
market supply capabilities, has created a bottleneck that 
hinders the sustainable and scalable development of the P. 
clarkii industry. The prolonged reliance on self-propagat
ing seedling breeding methods has led to a degradation of 
germplasm.2 While cross-regional hybrid breeding methods 
offer a potential solution, they are often fraught with un
certainty, resulting in variable quality within P. clarkii aqua
culture stocks. By investigating the population biodiversity 

of P. clarkii across various regions in China and identifying 
unique genetic markers specific to different areas, we can 
facilitate targeted cross-breeding between distinct popula
tions. This will help the target cross-breeding between ge
netic populations in different regions to impede the genetic 
decline caused by inbreeding eventually contributing to the 
sustainable development of the P. clarkii industry in China. 

With the advancement and application of molecular bi
ology techniques, an increasing number of scholars are as
sessing population genetic diversity and structure at the 
molecular level. Microsatellites, also known as simple se
quence repeats (SSRs) or short tandem repeats (STRs), con
sist of sequences that repeat a small number of nucleotides 
multiple times in tandem.3 Microsatellite markers are char
acterized by their widespread distribution in the genome, 
high quantity, co-dominant inheritance, good polymor
phism, ease of operation, and high reproducibility. These 
features make them extensively used in genetic and evolu
tionary biology studies, including assessments of popula

Corresponding author. Qing Han, e-mail: 362396289@qq.com a 

Zeng D, Zhang Y, Du M, Shao L, Xia H, Han Q. Development and Utilization of
Transcriptome SSR Markers in Procambarus clarkii. Israeli Journal of Aquaculture -
Bamidgeh. 2025;77(2):222-230. doi:10.46989/001c.140561

https://doi.org/10.46989/001c.140561
https://doi.org/10.46989/001c.140561


tion genetic diversity, analysis of genetic structure, iden
tification of kinship, construction of genetic maps, and 
molecular marker-assisted breeding.4‑6 The development 
and application of second-generation high-throughput se
quencing technologies have created new opportunities for 
mass development of SSR markers, now applied in various 
aquatic species such as Megalobrama amblycephala,7 Qua
sipaa spinosa,8 Portunus trituberculatus,9 and Litopenaeus 
vannamei.10 However, the development of microsatellites 
based on transcriptomic data in P. clarkii remains relatively 
underexplored. 

Genetic analysis of P. clarkii cultivated strains from var
ious regions can provide a basis for the conservation of ge
netic resources and scientific breeding of this species. This 
study aims to identify and screen microsatellite markers 
using transcriptome sequencing of muscle tissue from P. 
clarkii, thereby offering a scientific reference for targeted 
conservation and genetic breeding efforts. Subsequently, 
thirteen microsatellite loci were selected to analyze the ge
netic diversity of seven P. clarkii farming populations, clar
ifying the genetic richness and differentiation among these 
groups. This analysis is intended to support further studies 
on the genetic diversity of P. clarkii populations and related 
breeding programs. 

MATERIALS AND METHODS 

RNA EXTRACTION AND SEQUENCING 

Adult samples of P. clarkii from seven different regions 
(Changsha (CS), Hebei (HB), Hainan (HN), Jiangsu (JS), 
Qianjiang (QJ), Shishou (SS), and Changde (WT)) were se
lected for experimentation. Six individuals from each re
gion were sampled, and mixed total RNA was extracted 
from dorsal muscle tissue. The RNA samples were subjected 
to quality control, requiring a concentration of ≥ 100 ng/
μL, a total amount of > 2 μg, OD260/280 ratios between 
1.8 and 2.2, an OD260/230 ≥ 2.0, and a RIN value ≥ 6.5 as 
assessed by the Agilent 2100 Bioanalyzer. A ds cDNA li
brary with 5’ phosphorylated blunt ends was constructed, 
followed by high-throughput sequencing on the Illumina 
Nova platform using a (2×150) bp paired-end sequencing 
mode, resulting in FastQ data. The library construction and 
sequencing were outsourced to Shanghai Tianhao Biotech
nology Co., Ltd. 

SSR LOCI SCREENING AND ANALYSIS 

Using rnaSPAdes software, the filtered reads were assem
bled at the transcript level with reference to closely related 
species genomes available in the NCBI public database 
(https://www.ncbi.nlm.nih.gov/genome/66438?genome_as
sembly_id=358089). SSRs were analyzed within the assem
bled sequences using MIcroSAtellite (MISA) identification 
tool. The surrounding 50 bp sequences of the SSRs were ex
tended to obtain new sequences, which were aligned to the 
reference genome to determine the regional coordinates of 
the SSRs in the reference genome. SSR sequences’ number, 

repeat types, frequency, and repeat motif types were calcu
lated using Excel software. 

PRIMER DESIGN AND SSR GENOTYPING 

A total of 230 adult P. clarkii specimens were selected from 
seven different aquaculture populations: 33 from CS, 33 
from HB, 33 from HN, 33 from JS, 32 from QJ, 33 from SS, 
and 33 from YN. DNA was extracted from dorsal muscle tis
sue of these specimens and subjected to quality assessment 
using a NanoDrop2000 to ensure genomic DNA quality: 
concentration ≥ 20 ng/μL and total amount ≥ (200+n*30) 
ng (where n is the number of panels). Based on an initial 
transcriptome screening, 20 SSRs were identified, for which 
eight pairs of high-precision polymorphic microsatellite 
primers were designed. Additionally, five pairs of polymor
phic microsatellite primers were sourced from reported lit
erature.11,12 The sequences of these 13 primer pairs are 
listed in Table 1. Primer synthesis and subsequent high-
throughput sequencing were outsourced to Shanghai Tian
hao Biotechnology Co., Ltd. Primers were combined into 
a multiplex PCR primer panel, and multiple PCR ampli
fications were conducted using the genomic DNA of the 
samples as a template. After quality control, amplification 
products from all multiplex PCR primer panels using the 
same sample’s genomic DNA were mixed, ensuring equal 
quantities of amplification products at each locus. Primers 
with index sequences were used to introduce Illumina-com
patible specific tag sequences to the library ends through 
PCR amplification. Equal amounts of all sample Index PCR 
amplification products were mixed, and the final FastTar
get™ sequencing library was obtained through gel extrac
tion and recovery, followed by high-throughput sequencing 
on the Illumina HiSeq platform. 

DATA ANALYSIS 

The raw sequencing data obtained were subjected to quality 
control, and SSR genotyping results were derived from the 
filtered data. Popgene 32 software was used to calculate 
the number of alleles (Na), effective number of alleles (Ne), 
Shannon’s diversity index (I), observed heterozygosity (Ho), 
expected heterozygosity (He), and polymorphic information 
content (PIC). Additionally, Hardy-Weinberg equilibrium 
tests were performed on the SSR loci, and a subspecies phy
logenetic tree was constructed using the UPGMA method. 
The genetic structure of the populations was analyzed us
ing the Analysis of Molecular Variance (AMOVA) method. 
The most suitable number of subpopulations was predicted 
using Structure software. 

RESULTS 

SEQUENCING QUALITY ASSESSMENT 

Sequencing of the seven samples on the Illumina Nova 
platform generated raw reads, which were filtered to re
move low-quality sequences, yielding clean reads. The Q20 
values exceeded 98%, and Q30 values were above 95%, with 
GC content ranging from 49.2% to 50.7%, indicating high 
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Table 1. Information of 13 polymorphic microsatellite primers       

No. SSR site Repeat sequence Primer sequence (5’-3’) 

1 MRZY010010061.1 （TGC）9 F: CCAGCCTGGTGAGTGACTCTTTA 

R: AACTCAAACATGCCGAGTGACAT 

2 MRZY010015679.1 （CA）9 F: TGCCATAACGACGAACCATAAAG 

R: GACGTAATTATTGATGCCGTGGA 

3 MRZY010037823.1 （CT）7 F: ACTGATGGTGACCGACATCTTGT 

R: CAGGTGATGCTTTCCCTCATAGA 

4 MRZY010049122.1 （AG）8 F: TTGCAGAACTGTTTCCACAATCA 

R: ATTTATGGCCCTACATGTGCAAC 

5 MRZY010083307.1 （TG）9 F: GACCTCAAATACCGATTGGGAAC 

R: GATCCATAATGCTTCTGGGTGCT 

6 MRZY010099509.1 （AC）11 F: CAGCCCAGGTTCTCAGGATAGTT 

R: TTTCCAACCTACTTTTCACCAACC 

7 MRZY010109927.1 （TG）8 F: GATTGACCTGGGGATATTCTTGC 

R: CACCTGCAAAAACATGTTCAAAG 

8 MRZY010268220.1 （CCA）7 F: CCTGCAAGAAGCATCATCTCTGT 

R: TTGCTCTTATGTGTTGGGCTTTC 

9 PclG07 （TCTA）7 F: CCTCCCACCAGGGTTATCTATTCA 

R: GTGGGTGTGGCGCTCTTGTT 

10 PclG15 （TATC）4 F: GGCGTGACGCCAACGTGTCTT 

R: GGCTGGCCACTTTGTTAGCCTGAG 

11 PclG33 （GT）36 F: TTCGAGGCGTTGCTGATTGTAAGT 

R: CAAGGAAGCGTATAGCCGGAGTCT 

12 PclG37 （CA）13 F: TAAATAAGTGGCGTGTAAGACGAG 

R: TAACTAAGCCAGGGTGGTCTCCAG 

13 PclGl6 （TCTA）17 F: CTCGGAATGTCCACCTGAGA 

R: TCATTATGGATTTTGTCAATCTAT 

Table 2. Data quality assessment results     

Sample name Clean bases Clean reads Q20 content/% Q30 content/% GC content/% 

CS 11229918633 88944712 98.7 96.1 49.8 

HB 10345975221 80871212 98.7 96.3 50.4 

HN 12135810658 92949462 98.6 96.0 49.7 

JS 11673919494 89765924 98.6 95.9 50.0 

QJ 9910982340 77179598 98.5 95.8 49.0 

SS 12703059736 100918798 98.6 96.1 49.7 

WT 11666297827 93222188 98.7 96.2 49.4 

sequencing quality (Table 2). These results provide a solid 
foundation for subsequent data assembly and analysis. 

QUANTIFICATION AND DISTRIBUTION OF SSR LOCI IN 
TRANSCRIPTOMES 

Using the MAS software, a total of 11,304 SSR loci were 
identified across the cultured populations of P. clarkii from 
seven different regions. The types of SSR repeats were pri
marily categorized into six classes, with dinucleotide and 
trinucleotide repeats being the most prevalent, comprising 

3,699 and 3,055 loci respectively, accounting for 33% and 
27% of the total SSRs. This was followed by mononucleotide 
and tetranucleotide repeats, which numbered 2,537 and 
1,486 respectively, representing 22% and 13% of the total. 
Pentanucleotide and hexanucleotide repeats were less com
mon, each constituting 4% and 1% of the total SSRs (Figure 
1a). In the muscle transcriptome of P. clarkii, the number of 
SSR repeat units ranged from 3 to 19, showing a decreas
ing trend with increasing repeat unit numbers. The major
ity of SSR loci (97.29%) had repeat units between 3 and 10; 
those with 11 to 15 repeats comprised 277 loci, account
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Figure 1. The number and distribution of SSR in the transcriptome of           P. clarkii   

ing for 2.52% of the total, while those with 16 to 19 repeats 
were the least, with 21 loci making up 0.19% (Figure 1b). 
SSR analysis of the transcriptomes from different regions 
of P. clarkii showed that 572, 203, 698, 428, 709, 522, and 
430 region-specific SSR loci were uniquely identified in CS, 
HB, HN, JS, QJ, SS, and WT, respectively. Additionally, 1,399 
SSR loci were shared among all seven populations (Figure 
1c). 

POLYMORPHISM ANALYSIS OF EIGHT MICROSATELLITE 
LOCI DEVELOPED FROM TRANSCRIPTOME SEQUENCING 

In a sample of 230 individuals, 35 alleles were detected 
across eight SSR loci, with the number of alleles per locus 
ranging from 3 to 9 and an average allelic number (Na) 
of 4.375. The loci MRZY010010061.1, MRZY010037823.1, 
MRZY010109927.1, and MRZY010268220.1 exhibited the 
lowest Na, with only three alleles each; MRZY010015679.1 
had the highest, with nine alleles. The effective number of 
alleles (Ne) ranged from 1.754 to 3.413, with an average 
of 2.589; the Shannon information index (I) ranged from 
0.641 to 1.284, averaging 1.038; observed heterozygosity 
(Ho) ranged from 0.219 to 0.657, with an average of 0.450; 
expected heterozygosity (He) ranged from 0.430 to 0.707, 
averaging 0.595; and the PIC ranged from 0.341 to 0.650, 
averaging 0.527. The loci MRZY010010061.1 and 

MRZY010109927.1 had a PIC of 0.25 to 0.50, indicating 
moderate polymorphism, while the remaining six loci had 
values greater than 0.5, indicating high polymorphism. Sig
nificant deviations from Hardy-Weinberg equilibrium were 
observed at five loci (p < 0.05) potentially due to inbreeding 
or sampling effects (Table 3). Despite these deviations, all 
loci demonstrated sufficient polymorphism for population 
genetic studies, with an average PIC value (0.527) indicat
ing high overall informativeness. 

GENETIC POLYMORPHISM ANALYSIS OF CULTURED 
POPULATIONS OF P. CLARKII FROM SEVEN DIFFERENT 
REGIONS 

Genetic diversity was assessed in 230 samples from cul
tured populations of P. clarkii originating from seven dif
ferent regional aquaculture populations using 13 pairs of 
polymorphic microsatellite primers. The relevant genetic 
diversity parameters are presented in Table 4. The average 
number of Na across the seven populations ranged from 
3.769 to 4.385, with an overall average of 4.110. The Ne 
varied from 2.216 to 2.726, Ho ranged from 0.374 to 0.502, 
and He was between 0.502 and 0.604. The population from 
Yunnan (YN) exhibited the lowest average PIC at 0.450, 
whereas the Hebei (HB) population displayed the highest 
average PIC at 0.533. All seven populations had a PIC 
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Table 3. Polymorphism analysis of 8 microsatellite markers developed based on transcriptome           

Site name Na Ne I Ho He PIC HWE 

MRZY010010061.1 3 1.855 0.706 0.404 0.461 0.368 0.000*** 

MRZY010015679.1 9 2.770 1.176 0.291 0.639 0.573 0.000*** 

MRZY010037823.1 3 2.877 1.078 0.617 0.652 0.579 0.031ns 

MRZY010049122.1 5 2.370 1.101 0.530 0.578 0.533 0.794ns 

MRZY010083307.1 5 2.995 1.284 0.383 0.666 0.621 0.000*** 

MRZY010099509.1 4 3.413 1.281 0.657 0.707 0.650 0.210ns 

MRZY010109927.1 3 1.754 0.641 0.219 0.430 0.341 0.000*** 

MRZY010268220.1 3 2.677 1.035 0.500 0.626 0.550 0.000*** 

Mean 4.375 2.589 1.038 0.450 0.595 0.527 0.129 

Table 4. Genetic diversity parameters of     P. clarkii   populations cultured in seven regions      

Population Na Ne I Ho He PIC 

YN 4.231 2.216 0.925 0.374 0.502 0.450 

HN 4.077 2.376 0.951 0.404 0.532 0.472 

CS 4.154 2.443 1.010 0.443 0.561 0.495 

JS 4.000 2.514 1.003 0.480 0.561 0.497 

SS 3.769 2.609 1.021 0.493 0.580 0.516 

QJ 4.385 2.649 1.070 0.456 0.579 0.521 

HB 4.154 2.726 1.075 0.502 0.604 0.533 

mean 4.110 2.505 1.008 0.450 0.560 0.498 

greater than 0.450, indicating that these cultured popula
tions possess medium to high levels of genetic polymor
phism. Among these, the Hebei (HB) population showed 
the highest genetic diversity, whereas the YN population 
had the lowest. 

GENETIC DIFFERENTIATION ANALYSIS OF P. CLARKII 
CULTURED POPULATIONS FROM SEVEN DIFFERENT 
REGIONS 

Based on the genetic distances among the seven cultured 
populations of P. clarkii, a phylogenetic tree was con
structed using the Unweighted Pair Group Method with 
Arithmetic Mean (UPGMA) to visually represent the phy
logenetic relationships between these populations. As de
picted in Figure 2a, the seven populations were divided 
into two major clades. The YN and QJ populations formed 
one clade independently, while the other five populations 
grouped into another clade, beginning with the Shishou, 
Hubei (SS) and Hainan (HN) populations, followed by the 
Changsha, Hunan (CS), Jiangsu (JS), and Hebei (HB) popu
lations. 

Population structure analysis using the Bayesian cluster
ing approach in the Structure software indicated the most 
likely number of genetic clusters. The relationship between 
Δk values and the number of clusters (k) showed that the 
first peak of Δk corresponded to k=3, suggesting that three 
clusters represent the most probable population structure 
(Figure 2b). When k=3, a clustering diagram of the seven 
populations was constructed, as shown in Figure 2c, indi

cating some degree of gene flow among these geographi
cally distinct groups. 

The variation within and between the seven cultured 
populations of P. clarkii, involving 230 individuals. The re
sults indicated that 6.48% of the genetic differentiation 
originated between populations, while 93.52% arose from 
within populations (Table 5). 

DISCUSSION 

SSR markers are neutral and largely unaffected by envi
ronmental pressures, making them particularly effective in 
objectively reflecting the fundamental genetic differences 
between individuals from different geographical regions. 
Thus, SSRs are highly effective and accurate for detecting 
genetic variations within organisms.13 Compared to tradi
tional methods of SSR marker development, the application 
of transcriptome sequencing technology has significantly 
enhanced the efficiency and accuracy of SSR marker devel
opment, providing a powerful tool for genetic research and 
applications.5 In recent years, high-throughput transcrip
tome sequencing has been extensively applied to the de
velopment of SSR markers in aquatic animals. Studies on 
species such as Squaliobarbus curriculus,14 Pelteobagrus ful
vidraco,15 and Macrobrachium rosenbergii16 have used this 
technology to develop SSR markers in bulk and analyze 
the genetic structure and diversity of different cultured 
populations, laying a foundation for further assessment of 
species genetic diversity and the innovative utilization of 
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Figure 2. Genetic pedigree maps of     P. clarkii   cultured populations originating from seven distinct regions.        
Analyses using STRUCTURE reveal that individuals cluster into 3 groups. The length of each colored segment indicates the proportion of the individual’s genome derived from each 
ancestral population. 

Table 5. Sources of variation in cultured populations of        P. clarkii   across seven regions    

Source of variation Df Variance component Percentage of variation/% 

Among populations 6 0.56 6.48 

Within populations 223 1.84 21.21 

Within samples 230 6.26 72.31 

Total 459 8.66 100.00 

germplasm resources. In this experiment, SSR genetic 
markers were screened at the transcriptome level from P. 
clarkii sourced from seven different regions nationwide, 
successfully identifying 11,304 SSR loci. Microsatellites 
show interspecies variability in distribution and abun
dance; generally, more evolutionarily advanced species 
have a higher proportion of lower-order repeat units in 
their microsatellites.17 The SSRs in P. clarkii predominantly 
consist of dinucleotide repeats, consistent with reports in 
Penaeus monodon.18 This pattern is also observed in other 
aquaculture species, such as Coilia nasus19 and Coreius 
guichenoti,20 where the distribution of SSR types in the 
transcriptomes follows this rule. The PIC is an important 
metric for measuring the polymorphism of genetic markers. 

In this study, the PIC values of the eight developed SSR 
loci ranged from 0.341 to 0.650. According to PIC criteria, 
values greater than 0.5 indicate high polymorphism, values 
between 0.25 and 0.50 suggest moderate polymorphism, 
and values less than 0.25 indicate low polymorphism. The 
microsatellites developed in this study all exhibited high 
polymorphism (averaging 0.527), making them highly prac
tical for genetic studies in populations of this species. 

Genetic diversity is a critical component of biodiversity, 
with higher genetic diversity indicating greater evolution
ary potential and a stronger capacity for species to adapt 
to environmental changes.21 Preserving high genetic di
versity within populations is therefore essential for long-
term species sustainability.22 Understanding the genetic di
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versity of P. clarkii populations from different regions is a 
crucial prerequisite for scientific breeding. Thus, this study 
utilized 13 polymorphic SSR markers to analyze the 
germplasm resources of P. clarkii cultured populations from 
seven different regions. The selected loci exhibited moder
ate to high polymorphism, enabling a more accurate reflec
tion of the true genetic diversity levels within these groups. 
The results indicated that the sampled populations from 
the seven regions generally exhibited moderate to high lev
els of genetic diversity (average PIC ranging from 0.450 to 
0.533). These levels were lower than those found by Gao 
et al.23 in their analysis of P. clarkii populations from six 
typical lake regions in Jiangsu, Shandong, Hunan, Anhui, 
Jiangxi, and Hubei (average PIC ranging from 0.42 to 0.59), 
but higher than those reported by Liu et al.24 for P. clarkii 
from fourteen locations in Jiangxi, Zhejiang, Guangdong, 
and Hubei provinces (average PIC ranging from 0.33 to 
0.43). Consistent with previous findings,25 cultured popula
tions displayed reduced genetic diversity compared to their 
wild counterparts, likely due to inbreeding and reliance 
on closed breeding systems. Notably, we observed lower-
than-expected heterozygosity levels, with most microsatel
lite loci deviating from Hardy-Weinberg equilibrium. Such 
deviations from random mating expectations strongly sug
gest the presence of population substructure and inbreed
ing depression within cultured stocks, likely due to re
stricted gene flow and artificial selection pressures. To 
mitigate genetic erosion while preserving desirable produc
tion traits, regular genetic monitoring, the incorporation 
of wild genetic material through controlled breeding pro
grams, and the establishment of regional broodstock ex
change networks are recommended. 

The variation in genetic diversity among regional aqua
culture populations may be related to different stocking 
and breeding practices in the selected regions. A compre
hensive analysis indicates that the Yunnan population has 
the lowest genetic diversity and is most closely related to 
the Qianjiang, Hubei population. The main aquaculture ar
eas and migration routes for P. clarkii cover provinces such 
as Hubei, Hunan, and Jiangsu, while Yunnan is not a pri
mary aquaculture region for this species.26 It is hypoth
esized that the P. clarkii populations in Yunnan primarily 
originated from stock introduced from Hubei, a major aqua
culture province. Subsequent non-standard breeding prac
tices and the lack of genetic input from external wild pop
ulations have significantly reduced the genetic diversity of 
the P. clarkii population in Yunnan.27 Additionally, moder

ate genetic differentiation was observed among the seven 
P. clarkii populations, with the majority of variation oc
curring within populations rather than between them. Re
duced gene flow may be a significant factor contributing to 
the genetic differentiation observed between populations. 
Consequently, it is advisable to enrich the genetic diversity 
of progeny populations by introducing stocks from differ
ent regions with diverse genetic backgrounds and more dis
tantly related groups, as well as by incorporating wild pop
ulations known for their high genetic diversity. 
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