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long lifespan, and ease of asexual and seed reproduction, this 
kind of tree has become a model system among forest trees 
(Woolbright et al. 2008; Zhang et al. 2019). With advances 
in sequencing technologies, several species of Populus have 
been successively obtained, including P. trichocarpa (Tus-
kan et al. 2006), P. pruinosa (Yang et al. 2017), P. alba (Liu 
et al. 2019b), P. euphratica (Zhang et al. 2020), P. simonii 
(Wu et al. 2020) and P. deltoides (Bai et al. 2021). These 
genomic resources provide a fundamental basis for identi-
fying genetic variations and developing molecular markers 
between or within Populus species.

Next-generation sequencing (NGS) technology allowed 
us to obtain a large amount of short read data across many 
plant individuals in a fast and cost-effective way (Song et 
al. 2015). With available bioinformatics tools, such as BWA 
(Li and Durbin 2009) and SAMtools (Li et al. 2009), a large 
number of single nucleotide polymorphisms (SNPs) can be 
identified and genotyped from the sequencing data of each 

Introduction

The genus Populus comprises approximately 30 tree spe-
cies, naturally distributed in the Northern Hemisphere 
(Strauss 1994). Some species not only have many attractive 
biological characteristics but also possess great economic 
and ecological value (Tong et al. 2016). They are generally 
diploid plants (2n = 38), and their genome size is close to 
that of rice, approximately 480  Mb, 4 times that of Ara-
bidopsis thaliana. Due to their small genome, fast growth, 
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Abstract
Insertion or deletion polymorphism (InDel) is one of the main genetic variations in plant genomes. However, there are 
few studies on InDels across the whole genome in Populus. In this study, we investigated genome-wide InDels in Populus 
deltoides and Populus simonii and InDel segregation in their F1 hybrid population with restriction-site associated DNA 
sequencing (RAD-seq) data. A total of 119,066 InDels were identified in P. deltoides and P. simonii according to the 
reference genome of Populus trichocarpa, including 58,532 unique InDels in P. deltoides, 54,469 unique InDels in P. 
simonii, and 6,065 common InDels in both. Meanwhile, the distribution of these InDels was analyzed along chromosomes, 
indicating that the distribution patterns for both species were largely similar, but the average InDel density was slightly 
higher in P. deltoides than in P. simonii. GO annotation and enrichment analysis of those genes harboring InDels showed 
the same patterns between the two poplar species. It is interesting to find that the ratio (~ 46%) of the common InDels 
within genes to all common InDels was higher than that of the InDels within genes to all InDels in P. deltoides (~ 35%) 
or in P. simonii (~ 34%), possibly indicating that those InDels are more conservative between poplar species. Moreover, 
investigation of the InDel segregation patterns demonstrated that a large number of Mendelian InDels could be selected 
for genetic mapping in the F1 hybrid population. RAD-seq provides genome-wide insights into the InDel distributions in 
P. deltoides and P. simonii and the segregation patterns in their progeny, providing valuable genomic variation information 
for genetic and evolutionary studies in Populus.
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molecular breeding (Feng et al. 2020; Weber et al. 2002). 
Two InDels with the same length are extremely unlikely to 
appear in the same genomic location, which means that the 
shared InDels are considered to have the same origin, thus 
avoiding the difficulties of subsequent analysis caused by 
complexity and specificity (Shedlock and Okada 2000).

In our previous studies, an F1 hybrid population descended 
from a female P. deltoides and male P. simonii was estab-
lished and successively sequenced with restriction-site asso-
ciated DNA sequencing (RAD-seq) technology (Tong et al. 
2016; Mousavi et al. 2016). Many high-quality (HQ) SNPs 
were extracted across the population to construct high-
density genetic linkage maps and to then perform quanti-
tative trait locus (QTL) analysis of growth traits, without 
considering InDels. In this study, we used RAD-seq data to 
investigate the distribution of InDels in P. deltoides and P. 
simonii. Moreover, the segregation patterns of these InDels 
were also analyzed with progeny from the F1 hybrid popu-
lation. The results facilitate the understanding of the char-
acteristics of InDels in P. deltoides and P. simonii, and the 
polymorphic InDel markers that follow Mendelian segrega-
tion law provide a valuable resource for constructing InDel 
genetic maps, conducting marker-assisted selection (MAS) 
breeding, and locating quantitative trait loci (QTLs).

Results

Mapping reads to the reference genome

A total of 915.5 Gb RAD-seq data containing 3,159,482,930 
paired-end (PE) reads were obtained from P. deltoides and 
P. simonii and 47 progeny in the F1 hybrid population 
(Table  1). After quality control with the NGS QC toolkit 
(Patel and Jain 2012), we obtained 846.9 Gb of HQ read data. 
The female parent P. deltoides yielded 5.90 Gb (32,457,232) 
of HQ reads, whereas the male parent P. simonii retained 
12.2 Gb (68,406,849) of HQ reads. A total of 828.8 Gb of 
HQ reads were obtained from the 47 progeny. With the short 
read mapping program BWA, 4.92 Gb (27,101,240) of the 
HQ reads from the female parent and 9.96 Gb (55,888,722) 
from the male parent were properly mapped to the refer-
ence genome of P. trichocarpa. In the progeny, a total of 
687.0 Gb (2,340,191,288) of HQ reads were mapped to the 
reference genome. The mapped HQ reads of the female and 
male parents reached 13-fold and 25-fold effective genome 
coverage depths, respectively. For the progeny, the effective 
coverage depth ranged from 15- to 47-fold. Table 1 sum-
marizes the raw, HQ, and mapped data of the female and 
male parents as well as the average for the 47 progeny. More 
detailed information for each sample data is presented in 
Table S1.

individual (Liu et al. 2013). SNPs are the most abundant 
variations in DNA sequences found in most organisms 
(Ganal et al. 2009; Hu et al. 2014; McCouch et al. 2010), 
but another form of DNA variation, i.e., a polymorphism 
in the length of the DNA sequence caused by insertion or 
deletion of one or more nucleotides (InDels) at a certain site 
in the genome (Weber et al. 2002), has received relatively 
little attention compared to widely studied SNPs (Liu et al. 
2013). However, InDels represent the second most abun-
dant form of genetic variation in humans and plants (Pena 
and Pena 2012; Song et al. 2015), and they offer the advan-
tages of a multiallelic nature, codominant inheritance and 
extensive genome coverage (Das et al. 2015). Compared 
with SNPs, InDels can be easily identified based on their 
size (Song et al. 2015). Indeed, InDels have become pow-
erful molecular markers for species diagnostics (Yamaki et 
al. 2013), evolutionary studies (Weber et al. 2002), genetic 
linkage map construction (Song et al. 2015; Li et al. 2015), 
and marker-assisted selection (MAS) breeding (Liu et al. 
2013). Recently, Zhu et al. (2018) performed restriction-
site associated DNA sequencing (RAD-seq) to identify SNP 
and InDel markers for constructing a high-density SNP 
linkage map in Vitis. Meanwhile, Kizil et al. (2020) used 
double digested restriction site-associated DNA sequencing 
(ddRAD-seq) data to develop InDel markers for 95 sesame 
cultivars.

Although the mechanism for the formation of InDels 
remains elusive, various studies have been conducted to 
investigate their distribution and associated sites or regions 
in the genome as well as their impact on proteins. Tian et al. 
(2008) indicated that the occurrence of InDels was generally 
associated with proximal nucleotide divergence. However, 
more studies have shown that InDels have a greater impact 
on protein structure and function than SNPs (Ramakrishna 
et al. 2018). It is well known that InDels can change pro-
tein conformation and lead to major trait differences in 
mitochondrial genes (Lin et al. 2017). Therefore, InDels 
can be used to develop phylogenetic markers. InDel mark-
ers not only have high stability and accuracy but are also 
easy to amplify through polymerase chain reaction (PCR), 
so they have been proven to be convenient and effective in 

Table 1  Summary of the RAD-seq data for the P. deltoides and P. simo-
nii and their progeny (average) with the number of bases in brackets
Sample Sample 

number
Raw reads 
number (Gb)

HQ reads 
number 
(Gb)

Mapped 
reads num-
ber (Gb)

P. deltoides 1 34,569,761 
(6.31)

32,457,232 
(5.90)

27,101,240 
(4.92)

P. simonii 1 71,183,852 
(12.71)

68,406,849 
(12.20)

55,888,722 
(9.96)

Progeny 47 64,972,964 
(19.08)

60,603,042 
(17.63)

49,791,304 
(14.61)
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highest number of InDels was detected on chromosome 1 
in both species because its length is the longest. In contrast, 
chromosome 19 possessed the lowest number of InDels in 
each species. Overall, the number of InDels on chromo-
somes was largely proportional to chromosome length, with 
a correlation coefficient of 0.891 for P. deltoides and 0.897 
for P. simonii. Furthermore, we calculated the number of 
InDels per 1 Mb on each chromosome. The average number 
of InDels was 166 per 1 Mb in P. deltoides, ranging from 138 
for chromosome 11 to 192 for chromosome 9. Meanwhile, 

Distribution of InDels in P. deltoides and P. simonii

A total of 64,597 InDels were obtained in P. deltoides, 
including 32,862 (50.9%) inserted InDels and 31,735 
(49.1%) deleted InDels, while in P. simonii 60,534 InDels 
were detected, of which 29,828 (49.3%) were inserted 
InDels and 30,706 (50.7%) were deleted InDels (Table 2). 
Here, the inserted and deleted InDels refer to those in which 
one of the alleles is inserted and deleted compared with the 
reference, respectively. Table 2 lists the number of InDels 
detected across the 19 chromosomes. As expected the 

Table 2  Summary of the number and frequency of InDels within chromosomes in P. deltoides and P. simonii
Chr. Length (Mb) Female 

InDels (No.)
Male InDels 
(No.)

Female frequency
(InDels/Mb)

Male frequency
(InDels/Mb)

Female unique 
InDels (No.)

Male unique 
InDels (No.)

Com-
mon 
InDels 
(No.)

1 49.8 8232 7775 165 156 7460 7003 772
2 25.3 4531 4180 179 165 4131 3780 400
3 21.7 3811 3510 176 162 3418 3117 393
4 24.2 3833 3515 158 145 3474 3156 359
5 25.0 4104 4003 164 160 3712 3611 392
6 27.6 4972 4498 180 163 4516 4042 456
7 15.6 2564 2392 164 153 2325 2153 239
8 19.2 3558 3423 185 178 3197 3062 361
9 13.0 2496 2262 192 174 2248 2014 248
10 22.8 3715 3693 163 162 3362 3340 353
11 19.3 2654 2515 138 130 2422 2283 232
12 15.6 2404 2186 154 140 2207 1989 197
13 15.7 2554 2346 163 149 2305 2097 249
14 17.8 3031 2726 172 153 2724 2419 307
15 15.3 2656 2442 174 160 2427 2213 229
16 14.7 2415 2300 164 156 2182 2067 233
17 15.2 2272 2274 149 150 2068 2070 204
18 16.3 2591 2339 159 143 2349 2097 242
19 15.7 2204 2155 140 137 2005 1956 199
Total 389.8 64,597 60,534 166 155 58,532 54,469 6065

Fig. 1  Distribution of the InDel 
length in P. deltoides and P. 
simonii. The x-axis represents 
the InDel length, where the 
negative numbers indicate the 
deletions and positive numbers 
indicate the insertions. The 
y-axis represents the number of 
InDels at each length
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InDels in each species was essentially proportional to the 
chromosome length, with a correlation coefficient of 0.897 
for P. deltoides and 0.900 for P. simonii. Furthermore, chro-
mosome 1 harbored the largest number of unique InDels, 
with 7,460 unique in P. deltoides, 7,003 unique in P. simonii, 
and 772 common InDels unique to both. In contrast, chro-
mosome 19 contained the fewest InDels, with 2,005 unique 
InDels in P. deltoides, 1,956 unique InDels in P. simonii, 
and 772 common unique InDels in both. Except for chromo-
some 17, the number of InDels in each chromosome of P. 
deltoides was greater than that in P. simonii.

The distribution of InDel length was also investigated in 
the two species (Fig. 1). In P. deltoides, single-nucleotide 
InDels were the most common type, followed by dinucle-
otide InDels, and these two types accounted for 46.3% of 
the total InDels. Among all InDels, 90.3% were less than 
or equal to 10 bp, 5.8% were between 11 and 15 bp, and 
3.9% were greater than 15  bp long. In P. simonii, single-
nucleotide and dinucleotide InDels accounted for 45.3% 
of the total InDels, with 89.9% less than or equal to 10 bp, 
5.9% between 11 and 15 bp, and 4.2% more than 15 bp long 

in P. simonii the average number was 155 with a range from 
130 for chromosome 11 to 178 for chromosome 8.

Considering the positions, we found 6,065 (~ 5%) InDels 
at the same loci in the genomes of the two species. There 
were 58,532 and 54,469 unique InDels in the two species, 
accounting for 49% and 46% of all InDels identified, respec-
tively (Table  2). We observed that the number of unique 

Table 3  Distribution of the InDel length in P. deltoides and P. simonii
Length (bp) P. deltoides 

InDels (No.)
Percent-
age (%)

P. simonii 
InDels (No.)

Per-
cent-
age 
(%)

1 19,445 30.1 17,984 29.7
2 10,441 16.2 9441 15.6
3 7825 12.1 7160 11.8
4 8452 13.1 7836 13.0
5 ~ 7 7571 11.7 7258 12.0
8 ~ 10 4588 7.1 4746 7.8
11 ~ 15 3731 5.8 3545 5.9
> 15 2544 3.9 2564 4.2
Total 64,597 100 60,534 100

Fig. 2  Circular representation 
of the distribution of InDels in 
P. deltoides and P. simonii along 
the 19 chromosomes. (A) The 
19 chromosomes are shown in 
different colors. (B) The number 
of InDels is shown in sliding 
windows of 1 Mb in each chro-
mosome for P. deltoides. (C) 
The number of InDels is shown 
in sliding windows of 1 Mb in 
each chromosome for P. simonii
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InDels were located in intergenic regions, but only 34.32% 
(20,775) of InDels were located in genic regions, of which 
12,729 InDels were in intron regions, 6,394 were in UTR 
regions and 1,652 were in CDS regions. We also found that 
there were 2,790 common InDels for both species located 
in the gene regions, including the CDS, UTR, and intron, 
accounting for 46.00% of the total number of common 
InDels. A total of 37,861 unique InDels from the two spe-
cies were located in the gene regions, of which P. deltoides 
and P. simonii contained 19,876 and 17,985, accounting for 
34% and 33% of the total number of their unique InDels, 
respectively. Among the 37,861 unique InDels, 11,828 (P. 
deltoides: 6,232 and P. simonii: 5,565) were located in UTR 
regions, 23,233 (P. deltoides: 12,184 and P. simonii: 11,049) 
in intron regions, and 2,800 (P. deltoides: 1,429 and P. simo-
nii: 1,371) in CDS regions. Interestingly, we found that the 
ratio (~ 46%) of the common InDels within genes to all 
common InDels was higher than that of the InDels within 
genes to all InDels in P. deltoides (~ 35%) or in P. simonii 
(~ 34%), possibly indicating that those InDels are more con-
servative between poplar species.

It is also interesting to investigate the distribution of 
the number of InDels in the CDS region per gene because 
they possibly accumulated during evolution. We identified 
1,710 and 1,652 InDels in the CDS regions of P. deltoides 
and P. simonii, respectively. In P. deltoides, InDels in the 
CDS region were distributed in 1,543 different genes, with 
507 genes harboring two or more InDels. In P. simonii, 
InDels were distributed in 1,450 different genes, with 510 
genes harboring two or more InDels (Table 5). On average, 
1.11 InDels per gene were detected in P. deltoides, while 
1.14 InDels per gene presented in P. simonii. InDels in 
the CDS region can result in two different types of vari-
ants, frameshift (FS) and nonframeshift (NFS) (Lin et al. 
2017). There were more NFS InDels than FS InDels in the 
CDS region (Table S5). We detected 570 and 545 FS InDels 
in P. deltoides and P. simonii, respectively. FS InDels are 

(Table 3). Apparently, there was a tendency for the number 
of InDels to gradually decrease in accordance with increas-
ing length.

Figure 2 shows the distribution of InDel numbers in slid-
ing windows of 1 Mb along each chromosome for the two 
species. The InDel number was unevenly distributed on a 
single chromosome. In P. deltoides, the number of InDels 
per 1 Mb ranged from 11 to 274 (Table S2). Among them, 
the largest density of InDels was found on chromosome 8, 
while the lowest density was found on chromosome 6. In 
P. simonii, the number of InDels per 1 Mb ranged from 4 
to 258, with the largest density on chromosome 15 and the 
lowest on chromosome 8 (Table S3). Moreover, we found 
102 high-density regions with > 200 InDels per Mb and 15 
low-density regions with < 50 InDels per Mb in P. deltoides. 
Similarly, 59 high-density and 13 low-density regions were 
found in P. simonii (Table S4). Most of the chromosomes in 
both parents were composed of a mixture of high-density 
and low-density InDel regions that were randomly distrib-
uted in chromosomes. It was noticed that in both species, 
there were 8 chromosomes containing no low-density InDel 
regions. In addition, in P. simonii, there were no high-den-
sity regions on chromosome 11, and neither high-density 
nor low-density regions were found on chromosome 12.

Functional annotation of InDels

The annotation of the P. trichocarpa reference genome 
v4.0 was used to uncover the distribution of InDels within 
distinct genomic regions. According to the gene structure 
of the reference genome, InDels occurred more frequently 
in intergenic regions than in genic regions. In P. deltoi-
des, 64.91% (41,931) of InDels were located in intergenic 
regions, whereas 35.09% (22,666) of InDels were located 
in genic regions, of which 13,864 InDels were in intron 
regions, 7,092 were in UTR regions and 1,710 were in CDS 
regions (Table  4). In P. simonii, 65.68% (39,759) of the 

Table 4  Location distribution of the InDels in P. deltoides and P. simo-
nii with percentages in brackets
Locations InDels in

P. deltoides
InDels in
P. 
simonii

Unique 
InDels
in P. 
deltoides

Unique 
InDels
in P. 
simonii

Com-
mon 
InDels

CDS 1710 (2.65) 1652 
(2.73)

1429 (2.44) 1371 
(2.52)

281 
(4.63)

UTR 7092 
(10.98)

6394 
(10.56)

6263 
(10.70)

5565 
(10.22)

829 
(13.67)

Intron 13,864 
(21.46)

12,729 
(21.03)

12,184 
(20.82)

11,049 
(20.28)

1680 
(27.70)

Intergenic 41,931 
(64.91)

39,759 
(65.68)

38,656 
(66.04)

36,484 
(66.98)

3275 
(54.00)

Total 64,597 (100) 60,534 
(100)

58,532 (100) 54,469 
(100)

6065 
(100)

Table 5  Distribution of numbers of InDels per gene in the CDS regions
Number of InDels Number of genes in P. 

deltoides
Number of 
genes in P. 
simonii

1 1036 940
2 301 289
3 92 93
4 54 59
5 10 20
6 13 13
7 5 5
8 8 11
9 5 2
≥ 10 19 18
Total 1543 1450
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instances of multiple InDels in the same gene could serve as usually considered more deleterious. It is possible that some 

Fig. 3  Gene Ontology (GO) functional annotations of genes containing InDels within the CDS region for P. simonii (A) and P. deltoides (B). The 
horizontal axis indicates the GO classification types, and the vertical axis represents the number of annotated protein-coding genes
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that the heterozygosity of P. simonii was slightly lower than 
that of P. deltoides. Interestingly, the number of SNPs in 
P. simonii was also slightly less than that in P. deltoides, 
which were called with the same RAD-seq data and refer-
ence genome as in our previous study (Tong et al. 2016), 
resulting in a total of 836,895 SNP sites in the same two 
parents. We noticed that the total number of SNPs found in 
the two species was approximately 6-fold greater than that 
of InDels. Such a phenomenon, that the number of SNPs 
was much greater than that of InDels, could be expected 
because SNPs are the most abundant genomic variants 
in most species (Ganal et al. 2009; McCouch et al. 2010; 
Hu et al. 2014). For example, Liu et al. (2019a) identified 
7,511,731 SNPs and 255,218 InDels between two tea culti-
vars, Camellia sinensis var. sinensis and Camellia sinensis 
var. assamica, where the number of SNPs is approximately 
28-fold larger than the InDels.

The average densities of InDels in P. deltoides and 
P. simonii were approximately 166 and 155 InDels/Mb, 
respectively, which were higher than that of pepper (71 
InDels/Mb) (Qin et al. 2014) but much lower than those 
of cucumber (916 InDels/Mb) (Qi et al. 2013) and tomato 
(1,448 InDels/Mb) (Lin et al. 2014). The main reason for 
such significant difference may be attributed to the unique 
genome composition or structure of different plant species 
(Liu et al. 2019a). Simultaneously, we found that the aver-
age density of InDels on chromosome 19 of P. deltoides and 
P. simonii was slightly lower than that on the other chromo-
somes except for chromosome 11. This may be related to 
the implication that chromosome 19 was considered to be 
responsible for sex determination through a ZW system in 
Populus (Yin et al. 2008).

It is important to understand the positions of genetic 
variations in the genome. In P. deltoides, the majority of 
InDels (64.91%) were more frequently located in intergenic 
regions, which may be related to the lower pressure of nat-
ural selection and/or domestication in these regions (Bar-
reiro et al. 2008), while the rest (22,666) were found to be 
in genetic regions, of which only 1,710 InDels were within 
CDS regions (Table 4). A similar situation was also observed 
in P. simonii. The results showed that a small number of 
InDels were distributed in the CDS region, which could be 
explained by the fact that the CDS region only accounts for 
a small part of the whole genome in Populus and is more 

compensatory InDels, thus restoring the translation frame 
and resulting in less deleterious mutation (Liu et al. 2015).

InDels that occur in functionally important regions of 
genes (typically CDS regions) can affect gene function 
through frameshifts and structural changes in proteins 
(Zhang et al. 2016). To better understand the potential func-
tions of InDels within genes, GO term enrichment analysis 
of genes containing InDels within the CDS region was per-
formed. These genes were classified into three categories: 
biological processes, cellular components, and molecular 
functions. We found that these genes in the two species 
exhibited similar categorizing patterns (Fig.  3). Catego-
ries based on biological processes revealed that the mutant 
genes were related to 22 biological processes; the three most 
overrepresented GO terms were cellular process, metabolic 
process and single-organism process, suggesting that these 
mutated genes were involved in a broad range of physiolog-
ical functions. In P. deltoides, these genes were ultimately 
classified into 14 categories based on cellular components, 
while in P. simonii, they were classified into 17 categories; 
the three GO terms cell, cell part and organelle were the 
most abundant. Based on the molecular function category, 
these genes were ultimately classified into 15 categories; 
binding and catalytic activity were mainly enriched, while 
other functions only accounted for a small part.

Analysis of InDel segregation in the progeny

At each site of all the InDels in the two species (Table 2), we 
called genotypes across the two parents and 47 progeny and 
performed a chi-squared test for the Mendelian segregation 
ratio. If one of the parental genotypes or 20% of the prog-
eny genotypes were not called at an InDel site, the site was 
removed from the dataset. Consequently, a total of 11,141 
InDel sites were identified for segregation in the progeny 
and followed Mendelian segregation ratios of 1:1 and 1:2:1 
with p ≥ 0.01 (Tables S6-S8). The segregation types of these 
InDels included ab×aa, aa×ab, and ab×ab, with numbers of 
5,811, 5,294, and 36, respectively, where the first two letters 
represent the female parent genotype and the last two the 
male parent genotype (Table 6).

Discussion

In this study, by mapping the HQ RAD-seq reads to the refer-
ence genome of P. trichocarpa, we found 64,597 and 60,534 
InDels in female P. deltoides and male P. simonii, respec-
tively. Because there were 6,065 common InDels in the two 
species, these InDels amounted to a total of 119,066 unique 
variant sites (Table 2). The number of InDels in P. simonii 
was slightly less than that in P. deltoides, which indicated 

Table 6  Mendelian segregation patterns of InDels markers
Female genotype Male 

genotype
Expectation seg-
regation ratio

Num-
ber of 
InDels

ab aa 1:1 5811
aa ab 1:1 5294
ab ab 1:2:1 36
Total 11,141
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reference genome sequence. However, for such a purpose, 
the sample size should be increased to much larger than the 
current study to allow more precise linkage analysis.

Materials and methods

Plant materials and sequence data

The plant materials came from an F1 hybrid population 
of P. deltoides and P. simonii, which was generated from 
2009 to 2011 (Tong et al. 2016). The female P. deltoides 
‘I-69’ was chosen from Siyang Forest Farm (SFF), Jiangsu 
Province, China, while the male P. simonii ‘L-3’ was col-
lected from forestland in Luoning County, Henan Province, 
China. Approximately 500 progeny were planted in Xiashu 
Forest Farm of Nanjing Forest University, Jurong County, 
Jiangsu Province, China. In previous studies, we used the 
enzyme EcoRI to digest the genomic DNA and performed 
RAD sequencing of the two parents and their 418 progeny 
(Tong et al. 2016; Mousavi et al. 2016). The PE read data 
for each individual are available based on the SRR acces-
sion numbers as listed in Tong et al. (2020). Because most 
individuals have lower genome coverage data, we chose the 
two parents and 47 progeny with the highest coverage data 
for identifying InDel markers and performing the segrega-
tion analysis in this study. The accession numbers for these 
selected individual data are also listed in Table S1.

Identification of InDels

The procedure of calling InDel genotypes for each indi-
vidual was as follows. (1) The command “mem” of BWA 
(Burrows–Wheeler Aligner) software (Li and Durbin 2009) 
was used to align the RAD-seq PE reads to the reference 
genome of P. trichocarpa (v4.0; http://www.phytozome.
net), generating a SAM (sequence alignment/map) format 
file for each sample. We chose P. trichocarpa as the refer-
ence sequence because it is the first genome sequence in 
Populus and has been updated many times since its publica-
tion. Simulating the digestion of this reference genome by 
EcoRI showed that there are a total of 110,418 enzyme sites, 
of which 35,990 are within 18,660 genes. (2) Each SAM file 
was converted to a BAM file and then sorted and indexed 
with SAMtools software (Li et al. 2009). (3) With the BAM 
files, BCFtools software was used to generate BCF files. 
(4) Two parental VCF (variant call format) (Danecek et 
al. 2011) files were generated from the BCF files with the 
command “bcftools call -m –v”. (5) The InDel sites were 
extracted from the parental VCF files and saved as a list site 
file for calling InDel genotypes. (6) For each individual, a 
VCF file was generated with its BCF file and the list site file 

conserved than other regions (Liu et al. 2019a). InDels 
occurring in the CDS region often have a greater impact 
on genes. FS InDels change the coding sequence of the 
reading frame starting from the locus of insertion/deletion, 
producing different protein sequences or premature termi-
nation of protein sequences (Lin et al. 2017). These effects 
are generally considered deleterious, so these InDels may be 
removed from the population through purification selection 
(de la Chaux et al. 2007; Taylor et al. 2004). However, it is 
possible that multiple InDels in the same gene can also be 
used to restore the coding sequence of the reading frame to 
ameliorate the deleterious effects caused by FS InDels.

Since Populus belongs to outbred forest trees with a 
long generation time and high heterozygosity, it is almost 
impossible to obtain a genetic mapping population like in 
inbred lines such as the traditional BC and F2 populations 
(Wu et al. 2000; Zhang et al. 2009). An F1 hybrid population 
is usually derived by crossing two individuals for linkage 
mapping in outbred species, especially in forest trees (Grat-
tapaglia and Sederoff 1994; Tong et al. 2020). Maliepaard et 
al. (1997) summarized that the molecular makers in such an 
F1 population possibly segregate in various types, such as 
ab×aa, aa×ab, and ab×ab. Subsequently, great efforts have 
been made to develop statistical methods for genetic linkage 
mapping with these different segregation types of markers 
(Wu et al. 2002; Tong et al. 2010). In our previous studies 
(Tong et al. 2016, 2020; Mousavi et al. 2016), we only used 
SNPs to construct the linkage maps of P. deltoides and P. 
simonii. However, it is interesting to use InDels as molecular 
markers for genetic linkage mapping (Song et al. 2015; Li 
et al. 2015). We therefore investigated the segregation pat-
terns at all detected InDel sites across the 47 progeny in the 
current study. As a result, only 9.36% (11,141) of the total 
InDel loci were found to follow the Mendelian segregation 
ratio with p ≥ 0.01. Other InDel loci were excluded because 
they either had more missing genotypes (≥ 10) or presented 
distorted segregation (p < 0.01) in the progeny. This result 
was similar to the situation for calling SNPs in our previous 
study (Tong et al. 2016), in which 836,895 SNPs were iden-
tified but only 2,545 (0.30%) were used for linkage map-
ping due to uncalled genotypes or distorted segregation. As 
expected, and similar to the result in SNP calling (Tong et al. 
2016), the majority of Mendelian InDels were segregated in 
the ratio of 1:1 with segregation types of ab×aa and aa×ab 
(Table 6). This can be attributed to the fact that the two par-
ents belong to different species, and each has high heterozy-
gosity in Populus. Our results demonstrated that abundant 
InDels could be selected as Mendelian markers with RAD-
seq data for genetic linkage mapping studies in an F1 hybrid 
population. Unlike the traditional PCR-based method (Song 
et al. 2015; Li et al. 2015), each sample in the mapping 
population was genotyped by mapping its short reads to a 
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