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ABSTRACT

Large indels greatly impact the observable pheno-
types in different organisms including plants and
human. Hence, extracting large indels with high pre-
cision and sensitivity is important. Here, we devel-
oped IndelEnsembler to detect large indels in 1047
Arabidopsis whole-genome sequencing data. Inde-
lEnsembler identified 34 093 deletions, 12 913 tan-
dem duplications and 9773 insertions. Our large indel
dataset was more comprehensive and accurate com-
pared with the previous dataset of AthCNV (1). We
captured nearly twice of the ground truth deletions
and on average 27% more ground truth duplications
compared with AthCNV, though our dataset has less
number of large indels compared with AthCNV. Our
large indels were positively correlated with transpo-
son elements across the Arabidopsis genome. The
non-homologous recombination events were the ma-
jor formation mechanism of deletions in Arabidop-
sis genome. The Neighbor joining (NJ) tree con-
structed based on IndelEnsembler’s deletions clearly
divided the geographic subgroups of 1047 Arabidop-
sis. More importantly, our large indels represent a
previously unassessed source of genetic variation.
Approximately 49% of the deletions have low link-
age disequilibrium (LD) with surrounding single nu-
cleotide polymorphisms. Some of them could affect
trait performance. For instance, using deletion-based
genome-wide association study (DEL-GWAS), the ac-
cessions containing a 182-bp deletion in AT1G11520

had delayed flowering time and all accessions in
north Sweden had the 182-bp deletion. We also found
the accessions with 65-bp deletion in the first exon
of AT4G00650 (FRI) flowered earlier than those with-
out it. These two deletions cannot be detected in
AthCNV and, interestingly, they do not co-occur in
any Arabidopsis thaliana accession. By SNP-GWAS,
surrounding SNPs of these two deletions do not
correlate with flowering time. This example demon-
strated that existing large indel datasets miss phe-
notypic variations and our large indel dataset filled
in the gap.

INTRODUCTION

Genomic variations include single-nucleotide polymor-
phisms (SNPs), small indels, and structural variations
(SVs). In plant, one important challenge is to identify ge-
nomic variations that affect observable phenotypes. Pre-
vious studies mostly focused on SNPs and small indels.
Some interesting discoveries have been made. Fang et al.
(2) reported that some loci associated with lint yield and
fiber quality in cotton. SNPs in the promoter regions of
FLOWERING LOCUS T and FLOWERING LOCUS C
orthologs correspond to the different rapeseed ecotype
groups (3).

However, recent studies revealed that single-nucleotide
polymorphisms (SNPs) and small indels cannot com-
pletely explain the phenotypic differences (4,5). Abun-
dant evidence from genetics and molecular biology has
clearly demonstrated large indels (insertions or deletions
of size > 50 bp), in particular, play a major role to ex-
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plain the phenotypic variances that affecting a series of
important agronomic and quality traits in crops. For ex-
ample, Wang et al. (6) reported that an insertion in the
promoter region of the ZmVPP1 gene, encoding a vac-
uolar H+ pyrophosphatase, in maize associated with en-
hancement of photosynthetic efficiency and root develop-
ment. Wang et al. (7) reported that a tandem duplication
at GL7 (Grain Length on Chromosome 7) locus in rice,
which increased grain length and improved grain appear-
ance. Elevated copy numbers of Ppd-B1 (Photoperiod-B1)
gene in wheat were found to be related to early flower-
ing and day neutral (8). A 30.2-kb duplicated segment at
the Female locus led to the development of gynoecy in
cucumber (9).

Previous studies also demonstrated that large indels as-
sociate with ecogeographical adaptations. For example,
Maron et al. (10) reported that the tandem triplication
of MATE1 (malate transporter) gene in maize associ-
ated with superior aluminum tolerance and these maize
lines originate from regions of highly acidic soils. A copy
number variation (CNV) in ZmWAK (wall-associated ki-
nase) gene is conferred resistance to head smut in maize.
The ZmWAK gene was absent in many modern maize
lines but present in wild relatives (11). The insertion of
a 1-kb sequence upstream of HvAACT1 (Al-activated cit-
rate transporter) gene enables barley to adapt to acidic
soils (12).

Although large indels are important, the number of dis-
covered phenotypic large indels are far smaller than that of
phenotypic SNPs. The main hurdle is that existing methods
cannot accurately identify large indels from whole genome
sequencing data. No single method can call large indels with
high accuracy. Different methods have different strengths
and weakness, depending on the applied strategies. To im-
prove sensitivity and specificity, one approach is to com-
bine the results from multiple methods (13). A number of
previous studies used this approach (14–16). Through en-
sembling different methods, like DELLY (17), BreakDancer
(18), Pindel (19), Manta (20) and Lumpy (21), these stud-
ies predicted variations with relatively high accuracy (22).
Fuentes et al. (23) combined multiple approaches and de-
veloped a SV prediction pipeline in 3000 rice genomes. The
sensitivity of their pipeline is 60% for deletions and is very
low for tandem duplications. The specificity of their pipeline
for deletions, tandem duplications were 86% and 60%, re-
spectively. Brandler et al. (24) utilized three complementary
algorithms to detect SVs in 235 autism spectrum disorder
(ASD) genomes. They assessed the sensitivity of deletion
by applying their methods to 27 individuals in the 1000G
Project. The sensitivity for detecting deletion was 75%, 61%
and 25% for lengths >1000 bp, 100–1000 bp and <100 bp,
respectively.

Here, we present a sensitive and accurate large indel caller
IndelEnsembler that enables us to call large indels appear-
ing in >1% of Arabidopsis samples. We applied IndelEnsem-
bler on 1047 Arabidopsis genomes and called large indels
against the TAIR10 (Arabidopsis Col-0) reference genome.
We showed that IndelEnsembler is highly accurate and it
can discover novel phenotypic indels of size > 50 bp that
cannot be found in previous studies.

MATERIALS AND METHODS

Overview of the discovery pipeline IndelEnsembler

We independently ran Lumpy (21), Manta (20), SurVIndel
(25) and TranSurVeyor (26) on the short paired-end reads
of each of the 1047 samples. Lumpy is a general proba-
bilistic framework that calls variants by integrating multiple
sequence alignments signals, including read-pair and split-
read. Manta is a fast assembly-based caller that can accu-
rately discover genomic variants. It calls a large fraction of
variants to base-pair resolution. SurVIndel is a statistical
method that focuses on detecting deletions and tandem du-
plications using discordant paired reads, clipped reads as
well as insert size distribution. It is effective in calling dele-
tions and tandem duplications that are in repetitive regions.
TranSurVeyor proposed a realignment strategy to resolve
the problem of transposition calling from high-throughput
next-generation sequencing. TranSurVeyor shows at least
3.1-fold improvement of F1-score compared with exist-
ing database-free methods. We ran the above four tools
using default parameters (see supplementary method for
detail).

In this study, we focused to call three types of SVs: dele-
tions (DELs), tandem duplications (DUPs) and insertions
(INSs). Lumpy provided DELs, Manta provided all three
types, SurVIndel provided DELs and DUPs while TranSur-
Veyor provided INSs (due to transposition). We ignored
DUPs called by Lumpy because, when evaluated on our 7
benchmark datasets (as elaborated in Evaluation of large
indel callsets), they had unusually low precision (average
precision = 0.23, compared to 0.49 for Manta and 0.52
for SurVIndel). For each sample, we merged the large in-
dels provided by the four callers, in order to generate a fi-
nal single-sample large indel callset. The merging procedure
was as follows. Initially, the final set is made of all the calls
from SurVIndel. Next, we use our large indel comparison
routine to identify large indels in Manta not in our current
final set, and we add them. Finally, we repeat for Lumpy
and TranSurVeyor. Given the final callset for each sample,
we cluster large indels across samples as described in ‘Large
indel clustering’. The output is a set of unique large indels
across the 1047 samples, where each large indel is associated
with a list of samples that display it.

Large indel clustering

We developed a flexible and efficient algorithm for cluster-
ing of large indels (i.e. DELs/DUPs/INSs) based on graph
theory. The algorithm requires a compatibility criterion that
defines whether any two large indels are compatible, i.e. they
can be assigned to the same cluster. Our goal is to divide the
indels into clusters so that every indel is compatible with ev-
ery other indel in the same cluster, while at the same time
minimizing the number of clusters we generated.

First, we define a simple compatibility criterion that de-
termines whether two large indels can be clustered together.
In order for two indels to be compatible, they must be of
the same type (i.e. both are DELs, both are DUPs or both
are INSs), they must alter the same chromosome and the
sum of the distance between their left breakpoints and the
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distance between their right breakpoints must be at most
200 bp.

Next, we define the graph used by our clustering algo-
rithm. We represent each indel as a vertex in a graph. Two
vertices are connected by an edge if the corresponding indels
are compatible. Our clustering algorithm wants to partition
the vertices into a set of clusters such that every cluster is
a clique (i.e. a set of pairwise connected vertices), and we
want the number of clusters to be as small as possible. This
problem is known in graph theory as minimum clique cover
problem. Finding an optimal minimum clique cover is com-
putationally unfeasible for large graphs, so we use a simple
heuristic. The detailed algorithm is shown as a pseudocode
in supplementary method. Let the neighborhood of a vertex
v be the set of vertices connected to v. We sort the vertices
of the graph by neighborhood size, in descending order. For
each vertex v, we check its neighbors. For each neighbor that
already belongs to a clique, we test whether v can be added
to that clique. Finally, among all the cliques that v can join,
we choose the largest. If v cannot join any clique, we create
a new clique with v as its sole element.

Finally, for each clique, we output a consensus indel by
choosing the median start coordinate and the median end
coordinate among the indel belonging to the clique. We also
output the list of the samples that display that indel.

DEL/DUP/INS comparison routine

In order to compare DELs/DUPs/INSs, we used a simple
repeat-aware routine introduced in Rajaby and Sung (25).
Given two DELs/DUPs/INSs, the routine reports whether
they are equivalent. First of all, the two DELs/DUPs/INSs
must alter the same chromosome and be of the same type,
otherwise they are considered as different large indels.

For comparing DELs and DUPs, we use two differ-
ent criteria: a strict criterion, and a relaxed criterion. Two
DELs/DUPs are the same according to the strict criterion
if (a) the sum of the distances between their left breakpoints
and the distance between their right breakpoints is at most
200 bp and (b) the smallest of the two is covered for at least
90% by the largest one. If all conditions are satisfied, the
two DELs/DUPs are deemed to be the equivalent. When
the strict criterion fails and both DELs/DUPs are located
in the same repetitive region (according to TRF (27) anno-
tations of the reference genome), we apply the relaxed cri-
terion. Two DELs/DUPs are the same according to the re-
laxed criterion if (a) the difference in length is at most 200 bp
and (b) the two deleted or duplicated sequences have high
similarity score, i.e. when aligned with an affine gap penalty
scoring scheme (+2 match, −−2 mismatch, −4 gap open,
−1 gap extend), the score is greater than or equal to the
length of the smaller event. When comparing two INSs, we
require that the distance between the two insertion sites is
at most 200 bp. If both INSs report an inserted sequence,
we also require that they have high similarity score.

Evaluation of large indel callsets

We evaluated the performance of IndelEnsembler us-
ing 7 publicly available Arabidopsis thaliana genomes
(https://1001genomes.org/data/MPIPZ/MPIPZJiao2020/

releases/current/strains/). For each sample, short reads
and an assembled genome are provided. We produced a
catalogue of indels using IndelEnsembler on short reads,
and we used Assemblytics (28) to generate a ground truth
catalogue to assess recall (Supplementary Table S1). Given
the ground truth G and the set of called large indels C for
the same sample, we compared each large indel in G with
every large indel in C using our large indel comparison
routine. If at least one match was found, we considered
the large indel in G to be correctly called. Recall was the
number of correctly called large indels divided by the size
of G.

By aligning the assembled genomes to the reference
genome using Minimap2 (29), a state-of-the-art tool for
alignment of long sequences, we noticed that some of
the calls were not reported by Assemblytics but were
clearly supported by the aligned contigs. Therefore, we
employed a different strategy for assessing precision. For
a given sample, we evaluated the precision of the called
DELs/DUPs/INSs as follows. We aligned its assembled
genome to the reference using Minimap2. Calls that fall
in regions of the reference not covered by any assembled
contigs could not be validated and were discarded from
the comparison. For each remaining called DEL, we ex-
tracted the portion of assembled contig aligned to puta-
tive deleted region: if the alignment displayed a deletion
of size at least 50 bp and within 200 bp of the size of
the called DEL, we considered the called DEL to be a
true positive. Called INSs and DUPs were validated simi-
larly: a DUP/INS must be displayed at most 200 bp away
from the called DUP/INS site, respectively, and the size of
the DUP/INS must be at least 50 bp and within 200 bp
of the size of the called DUP/INS. For both DELs and
INSs/DUPs, we also employed a repeat-aware relaxed crite-
rion, identical to what we introduced in ‘large indel compar-
ison routine’. Precision was computed as the number of true
positives divided by the size of the called catalogue, after ex-
cluding DELs/DUPs/INSs that could not be validated. F1-
score of precision and recall provides a weighted averaging
of both precision and recall. It is defined as the harmonic
mean between precision and recall, i.e. F1-score = 2 × (re-
call × precision)/(recall + precision).

Finally, we estimated the recall of the full catalogue of
large indels called on the 1047 Arabidopsis samples, both for
our method and for AthCNV. We used the same Assemblyt-
ics ground truth sets for the seven samples that we used to
assess single-sample recall, and we followed the same pro-
cedure. Interestingly, AthCNV does not report whether a
CNV deletes or inserts copies, therefore we had to consider
each CNV as both deletion and tandem duplication, poten-
tially overestimating its recall.

SNPs/large indels annotation

SNP data (1001 genomes snp-short-
indel only ACGTN.vcf.gz) were downloaded from the
1001 Genomes Project server. From 1047 accessions for
which we used to call large indels, we obtained ∼12.9
million SNPs. By VCFtools (0.1.17) (30), we filtered SNPs
with parameters ‘––maf 0.05 –max-missing 0.9’. Then, an
in-house Python script further filtered the SNPs based on
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hybrid rate lower than 0.05. As a result, 845,188 SNPs were
kept. The annotations and effects of SNPs and large indels
on gene function were predicted using SnpEff software
(31). The centromere positions were defined as described
previously (32).

LD analysis of DEL

For each common DEL (MAF > 5%) in the population, the
nearest flanking 150 SNPs upstream and 150 SNPs down-
stream were selected for LD (r2 values) calculated. For every
SNP-SNP pair, r2 values were computed. Then, the pairs
are ranked by decreasing r2 values and a median SNP-SNP
rank was calculated. We also calculated the r2 values for
the 300 SNP–DEL pairs. The relative LD metric of DEL
to SNP is denoted as the number of times the r2 values of
the SNP-DEL pairs was greater than the SNP-SNP median
rank. DEL variants with the relative LD metric less than
100 were classified as low-LD with flanking SNPs. DEL
variants with the relative LD metric between 100 and 200
were classified as mid-LD with flanking SNPs, while DEL
variants with the relative LD metric greater than 200 were
classified as high-LD with flanking SNPs.

Mechanism of DEL formation and Deleted genes enrichment
analysis

This study used BreakSeq deletion formation mechanism
analysis pipeline (33) to infer the deletion formation mech-
anisms. Note that IndelEnsembler called the nucleotide res-
olution breakpoints of all deletions. DEL-genes that were
covered by DELs for ≥90% of their length were used to
perform functional enrichment analysis. Enrichment anal-
ysis was performed with Panther Tools (Panther database
v.16.0; Mi et al. (34)). The classification of the gene duplica-
tion types (tandem versus segmental) were conducted based
on information retrieved from the Plaza v.4.0 database (35).

GWAS using the SNP and DEL datasets

SNP/DEL-GWAS was performed for flowering time under
10◦C and 16◦C using a mixed linear model (MLM) in EM-
MAX (36), using a kinship matrix. The kinship matrix was
computed by the EMMAX ‘-kin’ command with default
parameters. We plotted Manhattan and QQ plots using the
R package ‘CMplot’. Circos v0.69 (37) was used to plot-
ted large indels and the distribution of deletion formation
mechanisms in the genome.

Neighbor-joining cluster analysis

TagSNPs were selected using PLINK v.1.90 (38) with pa-
rameter ‘–blocks’ to construct Neighbor joining (NJ) tree
of SNPs. We take individual DEL calls as alleles of genetic
markers to construct NJ tree of DELs. The NJ tree was
constructed using TreeBeST v1.9.2 (39) software with 1000
replicates of bootstrap. An online tool Interactive tree of
life (iTOL) v3 (40) was used to display the NJ tree. Princi-
pal component analysis of all tagSNPs was performed using
Genome-wide Complex Trait Analysis (GCTA) v1.91.7 (41)
software with default parameters.

RESULTS

Discovery pipeline IndelEnsembler

IndelEnsembler is an ensemble method for identifying
deletions (DELs), tandem duplications (DUPs) and inser-
tions (INSs) (either novel or due to transposition) from
next generation sequencing data. It merges calls from dif-
ferent callers: Lumpy (21), Manta (20), SurVIndel (25)
and TranSurVeyor (26). These callers were chosen because
they use different approaches that complement each other:
Lumpy relies on discordant pairs and split reads, Manta
uses an assembly-based approach, SurVIndel offers better
recall in repetitive regions by using statistical methods to
detect the large indels, and TranSurVeyor specialises in in-
sertions due to transposition. More details are reported in
Materials and Methods.

To illustrate the goodness of IndelEnsembler, we applied
IndelEnsembler to call large indels from the genome rese-
quencing dataset of 1047 Arabidopsis thaliana accessions
(NCBI SRA with id SRP056687), which is used in the study
of (42). The paired-end reads in this dataset were mapped
to the reference genome Tair10 (Arabidopsis Col-0) using
BWA-MEM 0.7.10. Indels were called independently on
each sample using IndelEnsembler. Similar or identical calls
were clustered across samples using a novel in-house algo-
rithm (see supplementary methods), retaining calls detected
in at least 1% samples. Finally, we remove calls longer than
500 kb as well.

The final callset consists of 34 093 DELs, 12 913
DUPs and 9773 INSs, with size ranges of 50–494 176 bp
(median 309 bp) for DELs, 50–494 500 bp (median 182 bp)
for DUPs and 50–1762 bp (median 311 bp) for INSs (Figure
1A and Supplementary Table S5-7). We observe that dupli-
cation and insertion events are rarer than deletion events.
There are several reasons for this imbalance. First, inser-
tion and deletion are a relativity concept. When we com-
pare one thousand Arabidopsis genomes to the reference
genome Tair10 (which is Col-0), deletions (insertions, resp.)
in Col-0 are insertions (deletions, resp.) in other Arabidopsis
genomes. Because the Arabidopsis genomes are affected by
the expansion of transposable elements (TEs), all TEs insert
in other Arabidopsis thaliana genomes will be predicted as
deletions in Col-0 (56). Second, insertion and duplication in
Arabidopsis genomes are much harder to detect using short
next generation sequencing (NGS) reads compared to the
deletion events (23). Therefore, a large proportion of non-
deletion events may go undetected.

Evaluation of IndelEnsembler

We evaluated the performance of IndelEnsembler using
seven Arabidopsis thaliana samples, for which short paired-
end reads and assembled genomes are provided in (43). In-
delEnsembler was run using the short reads of each sam-
ple independently. For assessing recall, a benchmark cata-
logue of large indels (Supplementary Table S1) is created
by aligning Tair10 reference with the assembled genome of
each sample using Assemblytics (28); then, the detected in-
dels are compared with the ground truth to compute the
recall. For precision, since the assemblies are incomplete,
precision was only assessed using the detected indels that
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fall within an assembled contig. More details are given in
Methods.

Supplementary Figure S1A–C shows the recall and pre-
cision of IndelEnsembler for DEL, INS and DUP, respec-
tively, for the seven samples. As expected, DELs are the eas-
iest class of variations to detect, and the mean recall of Inde-
lEnsembler across the seven samples is 0.93, while the mean
precision 0.8. INSs were more challenging to predict, with
the mean recall 0.55 and the mean precision 0.79. DUPs
are by far the most difficult class of indels to detect (26),
and the mean recall is 0.4 while the mean precision 0.47. It
must be noted that tandem repeats, where DUPs primarily
occur, are notoriously difficult to capture in assembles and
therefore the statistics for DUPs may be underestimated, es-
pecially precision. This is also supported by the fact that As-
semblytics reports an unusually low number of DUPs (Sup-
plementary Table S2). We examined how the sequencing
depth affects the performance of IndelEnsembler in terms
of F1-score. We generated datasets with different sequenc-
ing depths (5×, 10×, 15×, 20×, 30× and 50×) in Arabidop-
sis, Soybean and B. napus (see Supplementary Methods) for
performance evaluation. For the performance comparison,
we also evaluated the performance of GRIDSS (44) and
Manta since GRIDSS and Manta are the current best meth-
ods for calling indels (45). Figure 1B–D shows the F1-score
of GRIDSS, Manta and IndelEnsembler in detecting dele-
tions, insertions and tandem duplications in Arabidopsis.
As expected, the F1-score of IndelEnsembler increases as
the sequencing depth increases. In particular, when the se-
quencing depth is low, IndelEnsembler performs much bet-
ter than GRIDSS and Manta. We also observed that the im-
provement of F1-score of IndelEnsembler reach the plateau
when the sequencing depth is above 15×. Same tendency
was observed in Soybean and B. napus (Supplementary
Figure S1D–I). These results suggested that IndelEnsem-
bler performs better than or on par with GRIDSS and
Manta.

AthCNV (1) is the previously published catalogue of
large indels in the 1047 A. thaliana. It was also compiled us-
ing an ensemble of SV callers, although the specific callers
used were different from the ones used in IndelEnsembler.
The complete catalogue of accepted large indels in AthCNV
consists of 89 140 entries. However, AthCNV does not re-
port the list of large indels for the seven benchmark sam-
ples, so a direct comparison is not possible. We compare
AthCNV and IndelEnsembler indirectly. We expect that
most of the ground truth large indels appearing in the seven
benchmark samples will also appear in the 1047 Arabidop-
sis thaliana. Therefore, we estimated the completeness of
IndelEnsembler and AthCNV by checking the number of
ground truth large indels that are captured by each method
in the 1047 Arabidopsis thaliana. Note that AthCNV does
not distinguish whether the events are DELs or DUPs,
therefore we matched each AthCNV event with both bench-
mark DELs and DUPs, which could lead to an overesti-
mation of AthCNV completeness. Furthermore, AthCNV
does not report clear INSs, so we could not compare them.
Despite IndelEnsembler reporting less large indels (56 779),
we consistently capture nearly twice of the ground truth
DELs (on average 84% for IndelEnsembler and 44% for
AthCNV). We also capture on average 27% more DUPs

(Figure 1E, F). This suggests that the callset of IndelEnsem-
bler is considerably more complete.

Zmienko et al. (1) partitioned the 89 140 DELs/DUPs
in AthCNV into 19 003 events of length >500 bp (called
LargeCNVAthCNV) and 70 137 events of length between
50 and 500 bp (called SmallCNVAthCNV). Zmienko et
al. (1) mentioned that LargeCNVAthCNV was more accu-
rate and they focused their analysis to LargeCNVAthCNV
only. To compare AthCNV and IndelEnsembler, we
also partitioned the 56,779 large indels in IndelEnsem-
bler into 19 296 events of length >500 bp (called
LargeCNVIndelEnsembler) and 37 483 events of length be-
tween 50 and 500 bp (called SmallCNVIndelEnsembler). We
observed that LargeCNVIndelEnsembler and LargeCNVAthCNV
have good overlap (Supplementary Figure S2A and Supple-
mentary Table S3). 17 134 events in LargeCNVAthCNV over-
lapped by at least 1 bp with that in LargeCNVIndelEnsembler.
Therefore, IndelEnsembler and AthCNV have similar per-
formance for calling large indels of size >500 bp.

Next, we compare SmallCNVIndelEnsembler and
SmallCNVAthCNV. They do not have a good over-
lap (Supplementary Figure S2B). Only 34 538 events
in SmallCNVAthCNV have at least 1 bp overlap with
that in SmallCNVIndelEnsembler. 35 599 events ap-
peared in SmallCNVAthCNV–only and 20 383 events
appeared in SmallCNVIndelEnsembler–only. Although
SmallCNVIndelEnsembler–only contained less events, it ro-
bustly captured nearly thrice of the ground truth DELs
compared with SmallCNVAthCNV–only (Supplementary
Table S4). SmallCNVIndelEnsembler–only also captured more
DUPs compared with SmallCNVAthCNV–only (Supplemen-
tary Table S4). This indicates that SmallCNVAthCNV has a
lot of false positives.

Statistics of large indels for 1047 Arabidopsis genomes

As the indels of size 50–500 bp predicted by AthCNV have
high false positive rate, AthCNV (1) focused the subsequent
analysis on large indels of size >500 bp only. However, large
indels of length between 50 and 500 bp also greatly impact
on the observable phenotypes (6,46–48). Since our large in-
del dataset is more complete compared with AthCNVs, this
paper provides a comprehensive analyze for all large indels
of size >50 bp. First, Figure 2A shows the frequency distri-
butions for DELs, DUPs and INSs. Their frequency distri-
butions follow the power law, consistent with the expecta-
tion from the neutral theory of evolution (49).

Figure 2B shows the size distribution for each type of
large indels between 50 and 1000 bp. Unlike DEL and
INS, DUPs show a peak around 107 bp. We observed that
the DUPs in the peak are enriched with DNA/MuDR
and LTR/Gypsy TEs but severely depleted in RC/Helitron
TEs (Supplementary Figure S2C). Supplementary Table
S8 presents statistics of DELs, DUPs and INSs on differ-
ent chromosomes. The result indicated that the number of
DELs (r = 0.91, P = 3.24 × 10–2, Pearson’s correlation),
DUPs (r = 0.89, P = 4.33 × 10–2, Pearson’s correlation) and
INSs (r = 0.97, P = 5.76 × 10–3, Pearson’s correlation) were
positively correlated with chromosome size. The TAIR10
release contains 27 416 protein coding genes, 924 pseudo-
genes, 3,903 transposable element genes and 1359 ncRNAs.
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Figure 2. Large indels distribution and spatial distribution of deletions based on the different formation mechanisms. (A) Frequency spectrum of deletions
(yellow) duplications (grey) and insertions (blue) amongst 1047 Arabidopsis thaliana accessions. (B) Size distribution of large indels in our discovery set.
(C) Enrichment/depletion of large indels in various gene types. (D) Enrichment/depletion of large indels in various genomic regions. (E) Distribution of
different DEL formation mechanisms. Outer circle represents number of DELs per mechanism. Inner circle represents cumulative genomic size of these
events. (F) Tracks (outer to inner circles) indicate the following: a–d, insertions, duplications, deletions and transposable elements (TEs) per 200 kb (red
color indicates more); e–h, deletions per 200 kb per mechanism (NHR, TEI, NAHR, VNTR), range max: 179, 11, 507, 49. (G) Pearson’s correlation of
deletion, duplication, insertion and four mechanism with TEs. Pearson’s correlation coefficients (r) of DEL, DUP, INS, NHR, TEI, NAHR and VNTR
with TE were 0.58, 0.43, 0.79, 0.46, 0.15, 0.35, respectively; P < 2.2 × 10–16, P < 2.2 × 10–16, P < 2.2 × 10–16, P < 2.2 × 10–16, P = 6.6 × 10–16,
P = 1.6 × 10–5, P = 5.7 × 10–14, respectively. (H) Sizes of deletions formed by different mechanisms.

Large indels occur more often in transposable element genes
and pseudogenes (Figure 2C) and intergenic regions (Figure
2D); however, large indels depleted in protein genes (Figure
2C) and genic regions (Figure 2D).

Mechanisms of DEL formation and spatial distribution of
large indels

We tried to infer the deletion formation mechanisms for
the 34 093 DELs (see Methods) by the BreakSeq dele-

tion formation mechanism analysis pipeline (33). There are
four possible deletion formation mechanisms: (i) non-allelic
homologous recombination (NAHR) (50); (ii) nonhomol-
ogous recombination (NHR) (51), involving nonhomolo-
gous end-joining (NHEJ), fork stalling and template switch-
ing (FoSTeS) or microhomology-mediated break-induced
repair (MMBIR); (iii) mobile element insertion, involv-
ing retrotransposons or DNA transposons (TEI) and (iv)
expansion or shrinkage of a variable numbers of tandem
repeats (VNTR). We successfully inferred the formation
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Table 1. Summary of genome coverage by DEL/DUP/INSs

Region type
No. of

variants

Mean coverage (%)
of the given region

typea

Genome 56 878 40.50
Centromeres 12 101 87.37
Outside centromeres 44 777 36.37
Overlapping protein-coding genes 15 240 26.77
Overlapping pseudogenes 2108 68.29
Overlapping TEs 27 155 78.57

aCalculated from the following formula: coverage in individual region of a
given type = number of bases overlapped by any DEL/DUP/INS/number
of all bases in this region × 100%; average value is reported in the table.

mechanisms of 33 737 deletions (Figure 2E). NHR was
found to be the major formation mechanism of DELs, de-
termined either by deletion count (73.94%) or total deletion
length (61.98%). In addition, we determined that NAHR
accounted for 20.3% deletion events, the remaining 3.64%
and 2.11% deletion events were attributed to TEI and
VNTR, respectively (Figure 2E).

We next analyzed the spatial distribution of large in-
dels and the four different classes of deletions formation
mechanisms (Figure 2F). We observed a strong enrichment
of these four types of deletions on centromeres. Their oc-
currences have high correlation with that of TEs (Pear-
son’s correlation coefficient r = 0.58, 0.43, 0.62, 0.79, 0.46,
0.15, 0.35, respectively; P < 2.2 × 10–16, P < 2.2 × 10–16,
P < 2.2 × 10–16, P < 2.2 × 10–16, P = 6.6 × 10–16,
P = 1.6 × 10–5, P = 5.7 × 10–14, respectively), espe-
cially for the NHR formation mechanisms (Figure 2G).
This observation suggested that TE enriched regions rep-
resent an important source of deletions. This result is also
consistent with the previous study that the number of
presence/absence variation (PAV) gene was positively cor-
related with transposon elements density in Arabidopsis
thaliana (52). By relating the formation mechanisms to dele-
tion sizes, we observed a broad size range in NAHR, NHR
and TEI, whereas there was a relatively small range of dele-
tion sizes in VNTR (Figure 2H). These results were consis-
tent with the previous study in Oryza (53).

Genomic content in DEL/DUP/INS regions

We observed uneven genome coverage by large indels
called by IndelEnsembler (Table 1). In particular, 80–96%
of the chromosome centromeric regions were covered by
DEL/DUP/INSs. Also, a very large number of genes
(13 102) overlapped with large indels (Figure 3A and Sup-
plementary Table S9). (As a comparison, though AthCNV
called more large indels, only 7712 genes are covered by
AthCNV-based large indels.) We also observed a large num-
ber of TEs overlapped with large indels. They constituted
76.95% of all TEs. We hereafter refer to genes and TEs cov-
ered by DEL/DUP by at least 1 bp as DEL/DUP-genes
and DEL/DUP-TEs, respectively. INS inserted within 2kb
upstream of genes and TEs as INS-genes and INS-TEs, re-
spectively.

We further studied 7167 DEL/DUP/INS-genes that were
covered by DEL/DUP/INSs for ≥90% of their length (Fig-
ure 3A). These genes were significantly overrepresented

in protein-coding genes of unclassified type (binomial test
with Bonferroni-corrected P-value < 0.05; Figure 3B) and
unclassified based on the Molecular Function, Biological
Process, and Cellular Component Gene Ontology (GO)
terms. Terms related to cellular process, developmental
process and nucleus were significantly underrepresented in
the DEL/DUP/INS-genes data set (Supplementary Table
S10). This indicated that DEL/DUP/INS-genes are not
core genes of Arabidopsis.

We also examined if these 7167 DEL/DUP/INS-genes
are enriched in tandem duplication regions. We found that
17.04% of DEL/DUP/INS-genes are in tandem duplica-
tion regions (additionally, 9.74% underwent both segmental
and tandem duplications; Figure 3C). On the other hand,
only 12.87% of all Arabidopsis genes are in tandem dupli-
cated regions. Consistent with the results in Zmienko et al.
(1), these observations indicate that the regions of tandem
duplications are sites that accumulate rearrangements and
consequently, show high structural diversity.

Next, we studied the DEL/DUP/INS-TEs. We have
19 984 DEL-TEs, 13 459 DUP-TEs and 7595 INS-TEs.
Supplementary Table S11 classified these DEL/DUP/INS-
TEs by the TE superfamilies of Arabidopsis. ∼70% of
DEL/DUP/INS-TEs belong to the four main TE su-
perfamilies: DNA/MuDR, LTR/Copia, LTR/Gypsy and
RC/Helitron TEs. Supplementary Tables S12–S14 summa-
rized the proportions of TE superfamilies that are covered
by DEL-TEs, DUP-TEs and INS-TEs. We observed that
DEL/DUP-TEs were slightly depleted in RC/Helitron TEs
and enriched in LTR/Gypsy TEs (Supplementary Figure
S3A, B). However, for DEL/DUP-TEs that were proximal
to genes, they were slightly enriched in RC/Helitron TEs
but severely depleted in LTR/Gypsy TEs. They were also
moderately enriched in DNA/MuDR elements. These re-
sults were consistent with that in Zmienko et al. (1). INS-
TEs showed a different distribution. INS-TEs were slightly
enriched in RC/Helitron TEs. For INS-TEs that are proxi-
mal to genes, they are even more significantly enriched in
RC/Helitron TEs while severely depleted in LTR/Gypsy
TEs (Figure 3D and Supplementary Table S13). Previous
studies showed that Helitron TEs tends to be inserted into
AT-rich regions while the promoter regions were usually en-
riched with ATs. Therefore, Helitron may affect gene ex-
pression through insertion into the promoter region (54–
57). INS-TEs were slightly enriched in RC/Helitron TEs,
probably because 64.45% INS-TEs were proximal to genes,
which was higher than 55.49% for DEL-TEs and 52.52%
for DUP-TEs.

Interplay between the DEL/DUP /INS-related genes and
TEs

To investigate the relationship between genes and TEs, we
compared the genomic distributions of DEL-genes, DEL-
TEs, NONDEL-genes and NONDEL-TEs (NONDEL-
genes and NONDEL-TEs are genes and TEs, respectively,
that do not overlap with any DEL). Both DEL-genes and
DEL-TEs were located closer to the chromosome cen-
tromeres than their NONDEL-counterparts and this ten-
dency was much stronger for TEs than for genes (Sup-
plementary Figure S4A). We also repeated the same anal-
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Figure 3. Genomic Content in Regions Overlapped by DEL/DUP/INSs. (A) Fractions of annotated Arabidopsis genes with various degrees of over-
lap with DEL/DUP/INSs. (B) Over- and underrepresented protein types and GO terms among the DEL/DUP/INS-genes. All terms are either signifi-
cantly enriched or depleted (binomial test with Bonferroni-corrected P-value < 0.05). (GO:0009987: cellular process; GO:0032502: developmental process;
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overlapped with tandem duplicated and/or segmental duplicated regions. (D) Repeat families composition for all Arabidopsis TEs, all INS-TEs and all
gene-proximal INS-TEs (located within ±2 kb distance).

ysis for DUP and INS. Same tendency was observed in
DUPs (Supplementary Figure S4B) and INSs (Supplemen-
tary Figure S4C). This result is consistent with the finding
in Zmienko et al. (1).

We analyzed the relative positions of DEL/DUP/INS-
TEs to their nearby genes. In Fig. 5E of Zmienko et al. (1),
it is observed that DEL/DUP/INS-TEs are mostly overlap
with the genes or on the upstream of their nearby genes. Un-
like Zmienko et al. (1), we showed that significantly more
TEs called by IndelEnsembler are inserted in the upstream
flanking regions of their nearby genes, but not significantly
overlap with genes (Figure 4A–C). This result tells the im-
portance of predicting the base-level breakpoints of the in-
dels, which improves the resolution of the figures. Figure
4A–C also indicated that the gene–TE pairs with the same
variation statuses were located closer to each other than
pairs with the opposite statuses.

We also analyzed the locations of gene-TE pairs. Un-
like Zmienko et al. (1), the localization of DEL gene-
DEL TE pairs and DEL gene-NONDEL TE pairs were
biased to centromeres (Figure 4D), while the localization
of other statuses of gene-TE pairs were biased toward
non-centromeres (Wilcoxon rank sum test with continuity
correction for the difference between DEL gene-DEL TE

pairs and NONDEL gene-DEL/NONDEL TE pairs, P-
value < 2.2e–16; Wilcoxon rank sum test with continuity
correction for the difference between DEL gene-NONDEL
TE pairs and NONDEL gene-DEL/NONDEL TE pairs,
P-value < 2.2e–16). Same tendency was observed in DUPs
(Figure 4E) and INSs (Figure 4F). Our observations con-
firmed the presence of selective constraints reciprocally im-
posed on genes and TEs, which is an important factor con-
tributing to their present variation and genomic distribu-
tion patterns.

A genome-wide association study (GWAS) of flowering time

Although large indels have been recognized as the causative
mutations for many traits (23), previous studies mainly link
phenotypic diversity to SNPs only. If large indels have a
strong linkage disequilibrium (LD) with the adjacent SNPs,
the effect of large indels have been assessed by those studies;
otherwise, the effect of large indels is unassessed. To deter-
mine whether large indels represent a previously unassessed
source of genetic variation, we checked how frequently the
common deletions (minor allele frequency (MAF) > 5%)
were linked to adjacent SNPs (58,59). Surprisingly, 48.91%
of the common deletions had low LD with nearby SNPs
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Figure 4. Links between genes and TEs variation and localization. (A) Distances of proximal TEs around DEL-genes. (B) Distances of proximal TEs
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in our deletion sets, suggesting that they represent a source
of genetic diversity not assessed by SNPs (see methods and
Figure 5A, B and Supplementary Figure S5 and Supple-
mentary Table S15). We found a positive correlation be-
tween MAF and LD states of deletions. Deletions with high
MAF are more often classified as high linkage disequilib-
rium (Figure 5B), indicating that some deletions were under
adaptive selection.

To check if some of these deletions are phenotypic, we
used our deletions (and SNPs obtained from The 1001
Genomes Consortium (42)) to perform a genome-wide as-
sociation study for flowering time under 10◦C and 16◦C, re-
spectively. We indeed found two significant loci for flower-

ing time under 16◦C on chromosome 1 and chromosome
4 that could not be represented by local SNPs (Figure 5C
and Supplementary Figure S6 and Supplementary Figure
S7). The locus on Chr1 is a 182 bp deletion located in
the exon of AT1G11520, which encodes spliceosome associ-
ated protein-like protein. Meaningfully, the 227 Arabidopsis
thaliana individuals containing the 182 bp deletion had de-
layed flowering time than those not containing the deletion
(Figure 5D). The locus on Chr4 was a 377 bp deletion and
resulted in a 65 bp deletion in the first exon of AT4G00650
(FRI), which encodes FRIGIDA-like protein that was a ma-
jor determinant of natural variation in Arabidopsis flow-
ering time and activates expression of the floral repressor

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/49/19/10879/6395340 by guest on 19 April 2024



Nucleic Acids Research, 2021, Vol. 49, No. 19 10889

    ***    ***

0

20

40

60

80

100

120

140

160

FT10

AT1G11520 Allele

Fl
ow

er
in

g 
tim

e 
(d

)

FT16

Alt (n = 227)   Ref (n = 820)

    ******

0

20

40

60

80

100

120

140

160

FT10

FRI Allele

Fl
ow

er
in

g 
tim

e 
(d

)

  Ref (n = 943)

FT16

Alt (n = 104)

DEL ranks over SNP median

C
ou

nt

0 50 100 150 200 250 300

0
10

00
20

00
30

00

high

mid

low

0.1 0.2 0.3 0.4 0.5
MAF

Ty
pe

group

admixed
asia
central_europe
germany
italy_balkan_caucasus
north_sweden
relict
south_sweden
spain
western_europe

AT1G11520 FRILow Mid High

30

4

15

64

82

24

8

6

17

67

9

5
182-bp deletionChr01:3,873,029

n = 820

AT1G11520

n = 227

3,873,619

A C F

B

E D

Figure 5. An overview of significant deletions. (A) Histogram of the relative LD metrices for common DELs. (B) Boxplots showing distribution of minor
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AT4G00650 (FRI). Different geographic groups are represented by different color. The numbers below the red bars indicate the number of accessions with
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FLOWERING LOCUS C (FLC, AT5G10140). Many early
flowering accessions carry this loss-of-function FRI alleles
(60). The 104 accessions with this deletion flowered ear-
lier than those without it, consistent with the observation
above (Figure 5E and Supplementary Figure S7). The dele-
tions on AT1G11520 and AT4G00650 had mid and low LD
with nearby SNPs, respectively. This indicated that these
two deletions were unassessed genetic diversity, which are
important genetic variants for studying Arabidopsis thaliana
flowering time. In addition, those two deletions do not ap-
pear in the previous results of AthCNV dataset (1). This
suggested that there are still some genomic variations that
were undetected and our large indel dataset can comple-
ment the existing catalog of know phenotype-related ge-
nomic variations present in Arabidopsis genome.

Interestingly, the two deletions on AT1G11520 and
AT4G00650 cannot co-occur in the same Arabidopsis
thaliana individual (Figure 5F). The distribution of acces-
sions with deletion on AT1G11520 are mainly in north Swe-

den (64 accessions) and south Sweden (82 accessions) (Sup-
plementary Table S16). Significantly, all accessions in north
Sweden have the 182 bp deletion on AT1G11520. This may
be due to the accessions in north Sweden located in the area
of low temperature, and the delay of flowering time of ac-
cessions with deletion on AT1G11520 can improve survival.
The distribution of accessions with deletion on AT4G00650
are mainly in central Europe (68 accessions) (Supplemen-
tary Table S16).

We also detected three deletions that significant asso-
ciated with flowering time under 10◦C or 16◦C (Supple-
mentary Table S17). A 321 bp deletion on Chr1 which re-
sulted in a 135 bp delete on AT1G35360 (Supplementary
Figure S8A), a transposable element gene, belong to copia-
like retrotransposon family, the 33 individuals with this
deletion flowered later than those without it (Supplemen-
tary Figure S8B). Another locus occurring on Chr1 was
a 3,572 bp deletion that resulted in a 1,086 bp delete on
AT1G63070 (Supplementary Figure S8C). AT1G63070 is a
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pentatricopeptide (PPR) repeat-containing protein. The 26
accessions with this deletion flowered later than those with-
out it (Supplementary Figure S8D). We also found a 3105
bp deletion that resulted in the deletion of three genes (Sup-
plementary Figure S8E). AT3G06990 and AT3G07000 are
Cysteine/Histidine-rich C1 domain family protein. The 21
accessions with this deletion flowered later than those with-
out it (Supplementary Figure S8F).

We also used our insertions to perform a genome-wide
association study for flowering time under 10◦C and 16◦C,
respectively (Supplementary Figure S9). We detected some
insertions that significant associate with flowering time un-
der 10◦C or 16◦C (Supplementary Table S18). There are 12
accessions with a 433 bp insertion located on the second
exon of AT1G26570 (Supplementary Figure S10A). These
12 accessions flowered later than the other accessions (Sup-
plementary Figure S10B). We also found a 1030 bp insertion
located on the intron of AT4G37235 (Supplementary Fig-
ure S10C). The 22 accessions with this insertion flowered
later than those without it (Supplementary Figure S10D).
Lastly, we found a 302 bp insertion located on the seventh
exon of AT5G40230 (Supplementary Figure S10E). The 18
accessions with this insertion flowered later than those with-
out it (Supplementary Figure S10F). The above examples
showed that our large indel callset is useful. They provided
us an opportunity to investigate the causative agent of the
observed phenotypic variation in Arabidopsis thaliana.

Neighbor-joining cluster analysis of 1047 Arabidopsis
thaliana

Although ongoing work demonstrates the importance of
large indels as a source of genetic variations during evolu-
tion (61), little evolution works have been performed using
large indels. To explore the evolution of 1047 A. thaliana, we
took common individual DEL calls (MAF ≥ 0.05) as ge-
netic markers to perform neighbor-joining cluster analysis
based on Nei’s genetic distances (Figure 6A) (62). Similarly,
we also took genome-wide SNP calls to infer a NJ tree for
the same set of A. thaliana (Supplementary Figure S11A).
The NJ tree inferred from both DELs and SNPs are con-
sistent. The 1047 A. thaliana accessions were classified into
different subclades that corresponded to their geographic
groups (42). Interestingly, the common ancestor of the ac-
cessions of north Sweden was a descendant of the common
ancestor of south Sweden in both of DEL-based and SNP-
based NJ trees, suggesting that the north Sweden might de-
rive from south Sweden. We also check the average number
of shared DELs in accession pairs between south Sweden
and north Sweden. This number is significantly larger than
the average number of shared DELs in both (i) accession
pairs between north Sweden and other groups (Figure 6C)
and (ii) accession pairs between south Sweden and other
groups (Figure 6D). This is another evident that accessions
of north Sweden are derived from south Sweden.

Similarly, the DEL-based principal component analysis
(PCA) of 1047 Arabidopsis thaliana accessions also showed
that the accessions of north Sweden were evolutionary
closer to that of south Sweden, supporting the results of
NJ tree (Figure 6B). Our DEL-based PCA were clear than
CNV-based PCA in Zmienko et al. (1) to reflected the global

distribution of the accessions from east (Asia) to west (Ger-
many and western Europe) for PC1 and north (north Swe-
den) to south (Spain and relict) for PC2.

Significantly, our results were in agreement with the pre-
vious proposed two-wave expansion model of Arabidopsis
thaliana across Eurasia, through the analysis of the extent
of relict introgression in the non-relict genomes (63). The
first wave started from the populations of different glacial
refugia and expanded northwards at the end of last ice age.
Subsequently, a second wave started from a population of
central Europe, which expands to Italy, Balkan and Cau-
casus, and finally to Asia along the east-west axis. The sec-
ond wave is supported by our DEL-based NJ tree (Figure
6A), where the accessions of Asia, Italy-Balkan-Caucasus
and central Europe are mostly in the same branch of the
tree. The three groups are separated into three parts and
we can clearly see that central Europe derives Italy-Balkan-
Caucasus, which derives Asia. Note that the SNP-based NJ
tree (Supplementary Figure S11A) also show similar obser-
vation, but it is less clear. The footprint of the first wave
after the two-wave expansions is that the relict accessions
are mainly found in the south and north of species range
(63). This footprint is supported by the fact that the average
number of shared DELs in both (i) accession pairs between
relict and north Sweden and (ii) accession pairs between
relict and Spain are significantly higher than that between
relict and other groups (Figure 6E). The above results in-
dicated that our DELs not only have a significant influence
on traits (58,61,64) but also have important roles in evolu-
tionary analysis.

DISCUSSION

This study integrated different methods into one pipeline
IndelEnsembler to call large indels. We generated a database
of large indels from the sequencing data of 1047 Arabidop-
sis obtained from the 1001 Genomes. We detected ∼34 000
nucleotide resolution deletions, ∼13 000 tandem duplica-
tions and ∼10 000 insertions longer than 50 bp that are dis-
tributed across the Tair10 reference genome. Our large in-
del dataset enabled us to investigate their functional impact.
Consistent with previous studies (23,65), we observed that
large indels are not enriched in coding sequences. In total,
52.02% of the deletions and 48.23% of the tandem dupli-
cations were 1 bp overlapping with transposable elements,
56.02% of the insertions were overlapped with TEs or were
located within 2-kb upstream regions of the TEs, which sig-
nificantly contribute to genomic variation in plants (66).
Large indels tend to enrich in centromeres and locate in re-
gions with high density of transposable elements, consistent
with the result reported in cucumber (1,9).

Our large indel datasets enabled us to examine the dis-
tribution of deletion formation mechanisms in Arabidop-
sis. We observed that NHR is the most frequent formation
mechanism. The formation mechanisms of >3.59% dele-
tions are related to TEI, indicated that the importance of
transposable and retrotransposable elements in shaping the
Arabidopsis genome. Four formation mechanisms of dele-
tions were positively correlated with TEs, which suggested
that TE enriched regions represent an important source of
DELs (9).
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Figure 6. Neighbor-joining cluster analysis of deletions in 1047 Arabidopsis thaliana. (A) The NJ tree is constructed based on deletions of 1047 Arabidopsis
thaliana accessions. Different colors on the NJ tree correspond different groups. The group of north Sweden, south Sweden, Asia, Italy-Balkan-Caucasus
and central Europe were shaded. Reference genome Col-0 and 4 accessions used for evaluating the performance of IndelEnsembler were marked. (B) The
PCA plot of deletions of 1047 Arabidopsis thaliana. (C) Boxplots that show the number of shared DELs between accessions of north Sweden and accessions
of all other groups (differences between north Sweden versus south Sweden relative to north Sweden with other groups were statistically analyzed based on
two-tailed Student’s t-tests, *** P-value < 0.001). (D) Boxplots that show the number of shared DELs between accessions of south Sweden and accessions
of all other groups. (Differences between south Sweden versus north Sweden relative to south Sweden with other groups were statistically analyzed based
on two-tailed Student’s t-tests, *** P-value < 0.001). (E) Boxplots that show the number of shared DELs between accessions of relict and accessions of all
other groups. (Differences between relict versus north Sweden relative to relict with other groups were statistically analyzed based on two-tailed Student’s
t-tests; Differences between relict versus spain relative to relict with other groups were statistically analyzed based on two-tailed Student’s t-tests, ***
P-value < 0.001).

Among the identified common deletions, 48.91% had low
linkage disequilibrium with nearby SNPs, indicated that
they represent genetic variants currently overlooked. We
further demonstrated the utility of our deletion datasets for
Neighbor-joining cluster analysis. Results indicated that the
DEL-based NJ tree is similar to the SNP-based tree. More-
over, DEL-based tree separates different subspecies more
clearly.

More importantly, our large indel dataset enriches phe-
notypic variants. We demonstrated the discovery of phe-
notypic large indels by performing genome-wide associa-
tion analysis to screen candidate genes for flowering time
in Arabidopsis. This technique yielded fewer significant as-
sociations than traditional SNP-GWAS but could focus on
absent loci in the reference genome and obtain accurate

positions. We directly detected two deletions that have sig-
nificant association with flowering time. First, the deletion
of the gene AT1G11520 increases the flowering time, and
all north Sweden accessions contain this deletion. On the
contrary, another deleted gene FRI decreases the flowering
time. These two deletions cannot present in the same acces-
sion. We also identified a few other deletions and insertions
that are associated with flowering time. These phenotypic
loci were misses in AthCNV (1). Further experiments will
be needed to establish a causal link between these indels
and the associated phenotype. We foresee that GWAS anal-
yses based on structural variations should become routinely
performed on the population level projects, with the goal
to identify much more gene-trait associations. Our large in-
del resource will be of important value for the Arabidopsis
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research and enables the discovery of phenotypic diver-
sity related genes. Although short-reads originating from
SVs are often aligned poorly (especially for the complex
genome), population scale SV callings are mostly based
on short-read sequencing (9,23,58,67,68) since short read
sequencing is cheaper than third-generation sequencing
(69). On the other hand, long read sequencing technolo-
gies (PacBio single molecule, real-time (SMRT) sequencing
and Oxford Nanopore Technology (ONT) sequencing) en-
able the detection of SVs at single base pair resolution even
in repetitive regions. As the cost of long read sequencing is
decreasing, the development of long read analysis methods
provides opportunities to improve SV calling in population
level (70).

DATA AVAILABILITY

The information of the accessions used for large indels dis-
covery are provided in Supplementary Table S19. The ge-
nomic coordinates of large indels identified are listed in
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cessed the large indels. Users could fetch the information
of large indels by entering the gene ID or gene region, the
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their overlapped genes in Arabidopsis. IndelEnsembler has
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