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Abstract

Transposons can create allelic diversity that affects gene expression and phenotypic diversity. The detection of transposon polymorphisms
at a genome-wide scale across a large population is difficult. Here, we developed a targeted sequencing approach to monitor transposon
polymorphisms of interest. This approach can interrogate the presence or absence of transposons reliably across various genotypes. Using
this approach, we genotyped a set of 965 transposon-related presence/absence polymorphisms in a diverse panel of 16 maize (Zea mays
L.) inbred lines that are representative of the major maize breeding groups. About 70% of the selected regions can be effectively assayed
in each genotype. The consistency between the capture-based assay and PCR-based assay are 98.6% based on analysis of 24 randomly se-
lected transposon polymorphisms. By integrating the transposon polymorphisms data with gene expression data, ~18% of the assayed
transposon polymorphisms were found to be associated with variable gene expression levels. A detailed analysis of 18 polymorphisms in a
larger association panel confirmed the effects of 10 polymorphisms, with one of them having a stronger association with expression than
nearby SNP markers. The effects of seven polymorphisms were tested using a luciferase-based expression assay, and one was confirmed.
Together, this study demonstrates that the targeted sequencing assay is an effective way to explore transposon function in a high-through-
put manner.
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Introduction

Transposons were first discovered by Barbara McClintock in
maize (Fedoroff 2012). They are segments of DNA sequence that
can change position within a genome. There are at least two ma-
jor classes of transposons, retrotransposons and DNA transpo-
sons, with each having many subclasses. The two classes
transpose via different intermediates; retrotransposons use an
RNA intermediate while DNA transposons use a DNA intermedi-
ate (Wicker et al. 2007).

Transposons account for ~85% of the maize genome
(Schnable et al. 2009), and are distributed throughout the chromo-
somes, including the heterochromatic centromeres and the eu-
chromatic arms. In the B73 reference genome nearly 50% of all
genes are located within 1kb of an annotated transposon
(Anderson et al. 2019), suggesting a potential role of transposon in
regulating gene expression. Consistently, there are a growing set
of examples in which the causative basis for quantitative trait
loci (QTL) underlying natural phenotypic diversity was found to
be transposon insertions that influence expression of nearby
genes. The traits that are affected by transposons span a range of
diverse biological processes; including flowering time (Salvi et al.
2007; Huang et al. 2018), drought tolerance (Mao et al. 2015; Wang
et al. 2016), disease resistance (Yang et al. 2013), ear development

(Liu et al. 2015; Jia et al. 2020), and branching (Studer et al. 2011).
Transposons can cause large genetic variations and have a com-
plex interplay with the epigenome (Noshay et al. 2019). They can
either repress or enhance gene expression (Slotkin and
Martienssen 2007). Though initially regarded as “junk DNA,”
transposons are becoming recognized as an important potential
source of regulatory elements (Feschotte 2008; Lisch 2013).
Transposon polymorphisms can be detected by PCR-based
assays but this is difficult for large transposons or terminal
inverted repeat sequences, both of which can lead to PCR amplifi-
cation failure. Transposons can also be detected by next-genera-
tion sequencing, but mapping of sequencing reads to reference
genomes can be complex due to the complicated organization
and repetitive nature of transposons. Therefore, many bioinfor-
matics pipelines have been developed specifically to detect the
presence/absence polymorphism of transposons (Quadrana et al.
2016; Stuart et al. 2016). Those methods usually rely on the
paired-reads that are mapped discordantly or the reads that can
be successfully mapped to the reference genome by splitting or
by soft-clipping. These methods have been applied in Arabidopsis
and tomato, and the number of detected polymorphisms
depends on the sequencing depth and the genome organization
(Quadrana et al. 2016; Stuart et al. 2016; Dominguez et al. 2020).
Several studies have developed sequence capture-based assays
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to detect polymorphisms of the transposon families that are of
interest (Baillie et al. 2011; Quadrana et al. 2016, 2019). In these
methods, the capture probes are designed to match the termini
of transposons of interest (Supplementary Figure S1). These
probes can enrich regions flanking transposons and can detect
insertion of transposons based on sequencing reads that span
both the transposons and the flanking regions. This approach is
powerful for detecting novel insertions that are not present in the
reference genome. Therefore, this has been applied in studies to
detect new transposons insertions due to recent transposition
events (Baillie et al. 2011; Quadrana et al. 2019). While the pres-
ence of reads spanning transposon and flanking regions indicates
transposon insertions, the absence of such reads does not imply
transposon absence since failure in capture can also result in
lack of junction-spanning reads. Therefore, these methods have
limited power in the detection of the true absence of transpo-
sons.

In maize, large-scale characterization of transposon function
is limited due to the lack of an effective high-throughput assay
that can interrogate transposon polymorphisms in a large popu-
lation. Based on the reported case studies of transposons in gene
regulation and the wide occurrence of transposons in maize ge-
nome, it is worth developing effective assays to systematically
study transposon function in maize. Here, we provided a capture-
based approach that can detect the presence/absence variation
of transposons across a large panel of population. We character-
ized and verified the function of several transposons in gene ex-
pression by integrating with transcriptome data, suggesting the
potential to identify transposons that have a role in phenotypic
diversity.

Materials and methods
Materials

The 16 inbred lines that are used for targeted sequencing of the
interested regions are selected from a panel of >500 inbred lines
that are collected all over the world (Yang et al. 2011). They repre-
sent the three maize groups, including tropical/semitropical
(TST), stiff stalk (SS), and non-stiff stalk (NSS). Seedling leaves
were used for DNA extraction using standard CTAB method. The
genetic distance of these lines were constructed based on
1,060,926 SNPs using the SNPhylo package (Lee et al. 2014).

Insertion/deletion identification and annotation

We hypothesized that transposons might create sequence varia-
tion that can lead to differential gene expression. To test this
idea, we used genes with cis-expression QTL (eQTL) detected by Li
et al. (2013). We retained genes for which the cis-eQTL can explain
>50% of the variance in gene expression. The 5000 bp upstream
of transcriptional start site of these genes were obtained for the
two parental genotypes, B73 and Mol7. Genes with missing
sequences in any one of the two genotypes were not used. A pair-
wise alignment was performed using MUMmer (Margais et al
2018), and Insertion/deletion (InDels) were identified using NCBI
BLAST+ (Cock et al. 2015). The relative position of the InDels in
the promoter sequences were recorded and were used to derive
the position of the InDels in the B73 or Mo17 reference genomes.
The InDels were annotated using RepeatMasker (http://www.
repeatmasker.org, last accessed: 2019/12/23) and those that are
covered by transposon (named as TE-InDel) were retained. In
some cases, multiple transposons were identified within the in-
sertion sequence, likely due to nested transposon insertions. In
such circumstances, the transposon superfamily of the TE-InDel

was based on the transposons that covered the longest sequences
of the insertion. Only InDels that are with a size of 100-5000 bp
were retained since many of the transposons that have been
reported to associate with expression and phenotypic changes
are within this size range (Salvi et al. 2007; Studer et al. 2011; Yang
et al. 2013; Liu et al. 2015; Mao et al. 2015; Wang et al. 2016; Huang
et al. 2018; Jia et al. 2020).

Probe design and sequencing

The 200bp flanking sequences of the TE-InDels were identified
on each side, and were blasted against the entire B73 genome.
Only the set of TE-InDels that contain unique sequences on both
sides were used for design of capture probes in order to minimize
the possibility to capture off-target regions. The 200bp flanking
sequences on both sides were used to design capture probes
which are of sizes of 50bp. The end of probe that is close to the
TE-InDels were required to be within 10bp of the insertion
boundaries to maximize our probability of finding junction reads
that are effective for InDel identification (Supplementary Figure
S1). In few cases where qualified probes cannot be designed, the
distance between the probes to the insertion boundary was
allowed to be within 50bp.

To prepare the DNA sequencing libraries, 200 ng genomic DNA
of each line was sheared by Biorupter (Diagenode, Belgium) to ac-
quire 150-200bp fragments. The ends of DNA fragment were
repaired and Illumina adaptor was added (Fast Library Prep Kit,
iGeneTech, Beijing, China). The libraries were captured with
AlExome Enrichment Kit V1 (iGeneTech, Beijing, China) and se-
quenced on Illumina platform (Illumina, San Diego, CA, USA)
with 150bp paired-end reads. The probe synthesis, library prepa-
ration, and sequencing were performed by iGenetech (Beijing,
China).

Alignment and InDel calling

The sequencing reads were aligned to both the B73 and Mo17 ref-
erence genomes using Tophat2 (Kim et al. 2013). Each of the
mapped reads was then subjected to the following process to de-
termine whether it spans the InDel boundary (Supplementary
Figure S2). First, the position of the insertion site in the two refer-
ence genomes B73 and Mo17 was determined. For the line with
the insertion, both the left and right positions were recorded. For
the line without the insertion, only one single position was
recorded. Next, we extended the position of the insertion site to
each direction for 10bp and recorded the new positions covered
by the region (a length of 20bp, named as “20-bp region”). The po-
sition of each mapped read was then compared with the new
positions. Supplementary Figure S2 illustrates the situation of
how insertion or deletion was determined. In cases where a line
(with unknown insertion or deletion) is aligned to the reference
genome with the insertion, a read was determined to span the in-
sertion boundary if the “20-bp region” is completely within the re-
gion that the read was mapped. A presence of insertion was
called if both the left and right boundaries were covered by at
least one read. An absence of insertion was called if no reads
were found to cover both the left and right boundaries. Missing
data (FALSE in the figure) were called if only one boundary was
found to have covered reads. In cases where a line was aligned to
the reference genome without the insertion, an absence of inser-
tion is called if a read spanning the boundary was identified. A
presence of insertion is called if no read spanning the boundary
as identified. Finally, the results from the two alignments (one to
the reference with the insertion and one to the genome without
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the insertion) were combined. Only consistent calls between the
two alignments were kept.

PCR-based genotyping

Two kinds of PCR with different purposes were carried out, one to
validate the TE-InDel calling results based on targeted sequenc-
ing, and one to explore the function of TE-InDel in a large panel
of 140 lines. For the first purpose, a set of 24 TE-InDels were ran-
domly selected and PCR amplified in the same 16 lines that are
used for targeted sequencing. For the second purpose, a set of 18
TE-InDels were randomly selected from the set that are signifi-
cantly associated with gene expression based on t-test of the 16
lines. All designed to span the InDels
(Supplementary Table S1). The PCR product was run on the
agrose gel, and missing data were recorded as NA.

Primers were

Association between TE-InDels and gene
expression

To test association between TE-InDel and gene expression in the
panel of 16 lines, we first choose a set of TE-InDels that can be
tested. We require the TE-InDel to have at least 4 genotypes with
data for both the TE-InDel calling and expression. We also re-
quire each of the two groups with or without the insertion must
have at least two genotypes. Expression data was from kernels
15days after pollination. A t-test was performed for each TE-
InDel using the R function t-test. A cut-off of P < 0.05 was consid-
ered significant. The mean expression level of the insertion group
was compared with that of the deletion group, bigger value in the
insertion group suggests a positive effect of the insertion on gene
expression and smaller value indicates a negative effect.

In the large panel of 140 lines, an association analysis control-
ling for both population structure and individual relatedness was
used to test the effect of the TE-InDel on gene expression using
TASSEL (Bradbury et al. 2007). We also included the SNPs that are
located on the 5kb flanking regions. These SNPs were identified
in a previous study (Liu et al. 2017). A P-value of less than 0.05
was considered significant.

Luciferase-based assay

To test the effect of TE-InDels on gene expression, a dual-
Luciferase (LUC) transient expression assay was performed using
maize protoplasts. The basic vector (35Smini_pGreen_luc_0800)
contains the firefly LUC gene that is driven by a minimal se-
quence from the 35S promoter (mini35S). The same vector also
contains a renilla LUC (REN) gene driven by a strong 35S pro-
moter, which serves as an internal control to ensure similar
transformation efficiency among comparisons. The TE-InDel
sequences, not including any flanking sequences, were placed be-
fore the mini35S of the basic vector. Two types of vectors with
the TEs orienting in opposite direction relative to the LUC gene
was constructed. The vector containing the transposon (TE+) to-
gether with the basic vector (which serves as the control) was
transformed into the maize mesophyll protoplasts that are pre-
pared from B73 seedlings leaves grown in the darkness for about
10days. The plasmids were transformed into the mesophyll pro-
toplasts using polyethylene glycol-mediated transformation (Yoo
et al. 2007). Both LUC and REN activities were measured using the
dual-LUC reporter assay system (Yeasen, Shanghai and Promega,
Madison, WI, USA). At least five biological replicates were per-
formed for this assay. Relative LUC activity was calculated by
normalizing the LUC activity to the REN activity.

Data availability

All the data generated in this study are available at NCBI with the
accession number: SRP285835. The authors affirm that all data
necessary for confirming the conclusions of the article are present
within the article, figures, and tables. Supplemental Material avail-
able at figshare: https://doi.org/10.25387/g3.14346113.

Results

The capture-based assay can detect transposon
polymorphisms robustly

We were interested in exploring the hypothesis that transposon
polymorphisms might create expression differences between
alleles in maize. To test this hypothesis, we focused on transpo-
sons that are located within the promoter regions of genes with
cis-eQTL in the recombinant inbred line (RIL) population derived
from B73 and Mo17 (Li et al. 2013). This set of genes was used since
high-quality genome sequences were available for the two paren-
tal haplotypes to allow identification of promoter polymorphisms
(Schnable et al. 2009; Sun et al. 2018). The regions 5000 bp upstream
of the gene were used to identify transposon-related Insertion/
deletions (TE-InDel). In total, 965 TE-InDels were identified for 758
genes (Figure 1, Supplementary Table S2). About 78% of genes
have one InDel in the 5000 bp upstream regions, and the rest have
two or more InDels (Supplementary Figure S3A). The proportion of
transposon-related sequence within the TE-InDels varies from
3.86% to 100%, with 879 (91%) having >50% of the insertion se-
quence classified as a transposon (Supplementary Figure S3B). The
965 TE-InDels include 454 that have an insertion in B73 and 511
that have an insertion in Mol7. We also included 83 InDels in
which the insertion does not contain any sequence annotated as a
transposon (non-TE InDels), resulting in a total of 1048 InDels.

A capture-based sequencing platform was developed to geno-
type these InDels across multiple genotypes (Supplementary
Figure S1). Probes were designed on the two flanking sides and
were used to enrich the target regions from libraries that are pre-
pared for next-generation sequencing. We first assayed these
InDels in B73 and Mo17 because the availability of the reference
genomes for these two genotypes allows the development of cri-
teria for classifying InDels (Supplementary Figure S2) and the
evaluation of the feasibility of this capture-based assay. The cap-
ture assays resulted in ~13 and ~25M reads for B73 and Mo17,
respectively (Table 1). The mapping rate for B73 and Mo17 to ref-
erence genome (B73) is 90.4% and 38.8%, respectively. The lower
mapping rate of Mol7 is consistent with the fact that Mol17 is
polymorphic at these target regions from B73. Between 10.0% and
59.9% of the mapped reads are located within the target regions,
indicating the enrichment is effective. In fact, 87.9% (Mo17) and
100.0% (B73) of the target regions have read coverage (Table 1).

We developed criteria to classify the presence/absence of each
insertion (Supplementary Figure S2, see details in Materials and
Methods). Figure 1B shows an example of alignment of three li-
braries from three genotypes (B73, Mo17, and B110) to either B73
or Mo17 reference genome. In this example, the insertion is pre-
sent in B73 and absent in Mo17. Alignment of the reads from B73
to the B73 reference genome exhibits coverage that continues
over the junction of the InDel while Mo17 reads align to the flank-
ing regions but do not cover the insertion. In contrast, alignment
of the Mo17 reads to the Mo17 reference genome confirms con-
tinuous alignment of reads over the InDel junction but in B73
there is a lack of coverage over the InDel junction (Figure 1B). The
third genotype (B110) is predicted to contain the insertion as it
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Figure 1 Robustness of the capture-based assay in transposon detection. (A) The workflow of this study. There are four major steps such as selecting
candidate genes, identifying and annotating transposon insertions, characterizing transposon polymorphisms in diverse maize lines, and verifying
transposon function. (B) An IGV view of alignments of three sequencing libraries to either B73 genome with an insertion (upper panel) or Mo17 genome
without an insertion (lower panel). The classification result for each library is shown on the right of each panel. The vertical dashed lines show the
location of the InDel junction. (C) Comparison of the insertion presence/absence classifications from the targeted assay with known presence/absence

results based on the reference sequence. NA, missing data.

Table 1 Summary on alignment to maize B73 genome

Genotypes Raw reads Mapped reads On-target reads Average coverage Regions coverage > 0
B73 12,548,382 11,341,596 (90.4%) 6,792,119 (59.9%) 506.09 965 (100.0%)
Mo17 25,147,250 9,751,882 (38.8%) 971,629 (10.0%) 70.73 848 (87.9%)
B110 13,224,482 9,151,529 (69.2%) 5,637,324 (61.6%) 418.28 955 (99.0%)
By4960 8,861,600 4,626,230 (52.2%) 1,407,021 (30.4%) 102.81 951 (98.5%)
By804 10,127,444 4,818,905 (47.6%) 2,321,220 (48.2%) 170.49 939 (97.3%)
CI7 12,947,424 6,165,547 (47.6%) 3,240,742 (52.6%) 237.64 959 (99.4%)
CIMBL105 11,426,934 4,982,199 (43.6%) 2,231,517 (44.8%) 162.81 882 (91.4%)
CIMBL114 9,311,788 3,957,129 (42.5%) 1,409,165 (35.6%) 104.44 844 (87.5%)
CIMBL145 10,481,814 7,028,876 (67.1%) 4,155,910 (59.1%) 308.96 965 (100.0%)
Dan340 34,015,224 20,126,710 (59.2%) 5,365,614 (26.7%) 399.39 962 (99.7%)
GEMS21 11,279,860 8,708,811 (77.2%) 4,991,779 (57.3%) 369.23 965 (100.0%)
HZS 10,649,782 4,780,612 (44.9%) 2,363,116 (49.4%) 177.19 940 (97.4%)
K22 8,968,980 4,559,151 (50.8%) 2,201,676 (48.3%) 163.95 926 (96.0%)
TY5 12,931,076 6,585,927 (50.9%) 2,753,636 (41.8%) 204.76 951 (98.5%)
Zheng30 16,332,382 7,440,071 (45.6%) 3,684,958 (49.5%) 271.52 958 (99.3%)
Zong31 16,613,548 7,928,667 (47.7%) 4,492,919 (56.7%) 330.22 960 (99.5%)

exhibits a pattern highly similar to B73 (Figure 1B). In this exam-
ple, alignment to either B73 or Mol7 gives consistent classifica-
tion. However, there are also cases where the two alignments
give conflicting classifications. In these cases, simultaneous use
of alignments to both references (B73 and Mo17) to retain only
consistent classification eliminates these potentially incorrect
calls (Supplementary Figure S4).

We proceeded to classify the InDels based on the alignment to
both B73 and Mo17. A total of 887 (887/965, 91.9%) TE-InDels can
be assigned for B73 capture data (Figure 1C), including 421 inser-
tions and 466 deletions. When these classifications were com-
pared to the expected result based on the B73 reference genome
sequence, 12 are inconsistent, including 3 presence classifica-
tions and 9 absence classifications in the targeted assay. For
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Mo17, 730 out of the 965 (75.6%) TE-InDels can be classified. The
lower classification rate compared to B73 (730 vs 887) is probably
related to lower depth of read that can be mapped near the target
regions (Table 1; Supplementary Table S3). Almost all of the clas-
sifications (728/730) from the targeted sequencing assay are con-
sistent with the results from the Mo17 reference genome (Figure
1C). When comparing the TE- and non-TE-InDels, the classifica-
tion rate, and the consistency rate are largely similar
(Supplementary Figure S4). This suggests that the targeted se-
quencing assay is applicable and reliable in classifying transpo-
son-related insertions or deletions. The following analyses will
focus on the TE-InDels.

Detection of transposon polymorphisms in a
panel of diverse maize lines

The capture-based approach to classifying the presence/absence of
insertion sequences was then applied to a diverse panel of maize in-
bred lines. Fourteen lines representing three maize populations were
selected (Supplementary Table S3). On average, 49.1% of the reads
can be mapped to the genome and an average of 41.8% of the
mapped reads are within the target regions (Table 1, Supplementary
Table S3). For each line, there are nearly 700 TE-InDels (72.5%) that
can be classified (Figure 2A). The number of classified TE-InDels in
each line is more correlated with the number of mapped reads at
the target regions than with overall mapped reads (Supplementary
Figure S5), suggesting some variation in target enrichment among
the captures. While the number of TE-InDels that can be classified
tends to be higher in the reference B73 and Mo17 genomes, there are
relatively similar numbers of classifications across the broad diver-
sity in this panel (Figure 2A and Supplementary Figure S6). Absence
of the insertion is more easily detected than presence (Figure 2A),
probably due to additional sequence variation that can occur near
the insertion site. Nearly three-quarters (721/965) of the TE-InDels
can be called in at least 10 of the 16 assayed lines (Figure 2B), sug-
gesting that most of the TE-InDels can be classified in a diverse pop-
ulation with a low rate of missing data.

To assess the accuracy of the TE-InDel calls based on the tar-
geted sequencing approach, a subset of 24 randomly selected TE-
InDels were genotyped using a PCR assay. For the 384 potential
data points (24 x 16), 339 and 322 can be obtained using the PCR
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Figure 2 Detection of transposons in diverse inbred lines. (A) Number of TE-InDels that are detected in each inbred line. The

Number of TE-InDels

and the sequencing assay, respectively (Figure 2C). In total, 288
data points can be assayed in both methods, with 98.6% (284/288)
of the calls being consistent (Figure 2C). For the four data points
that are inconsistent, all of them are presence of the insertion in
the PCR results (Supplementary Table S4). This provides evidence
that the capture-based approach is quite reliable.

Transposon polymorphisms are associated with
variation in gene expression

The set of TE-InDels assessed in this study were identified near
genes with cis-eQTL (Li et al. 2013). Thus, we evaluated whether
they were correlated with gene expression levels by using expres-
sion data from a previous study (Liu et al. 2016). For a subset of
844 of these TE-InDels, there are at least two genotypes with the
insertion and two genotypes without the insertion (Figure 3A). A
comparison of the expression levels for haplotypes with and
without the insertion reveals that 152 (18%) exhibit a significant
expression change and these are largely (74%) in the direction
consistent with the cis-eQTL. Among the significant changes, the
presence of the transposon is often (62%) associated with higher
expression for the nearby gene (Figure 3A).

To assess the role of these TE-InDels in gene expression in a
larger population, a subset of 18 TE-InDels with significant effects
in the panel of 16 genotypes were chosen to assay their association
with gene expression in a panel of 140 inbred lines using PCR-
based classification of the insertion (Figure 3B, Supplementary
Table S5). After performing an association analysis controlling for
population structure and individual relatedness, 10 of the 18 TE-
InDels exhibit a significant association with gene expression in a
consistent direction with the original eQTL results. Among these
10 significant effects there are five examples in which the TE inser-
tion is associated with higher expression and five examples in
which the presence of the TE is associated with lower expression.

To explore whether the TE-InDel itself is the causative poly-
morphism for the differences in gene expression, or it is mere in
linkage disequilibrium with nearby causative polymorphisms, an
association analysis using both the TE-InDels and the SNPs lo-
cated within 5kb on either side of the TE-InDels (Liu et al. 2016)
was performed. The TE-InDel is the most significant marker for
one out of the 10 TE-InDels that can be assayed (Supplementary

C

244 83.85% 88.28%

25.3% o e
Sequencing assay PCR assay

1.39%, 4
721 M Missing data
74‘7% Valid data
M Incorrect
928641 e Correct
100 150

"In both methods

« » W, »

and “+” indicate

absence and presence of insertions, respectively. (B) For each TE-InDel the number of genotypes with a presence/absence classification was determined
and the distribution of the number of genotypes with classification is shown. On the right, the number of TE-InDels with classification in at least 10 or
less than 10 genotypes is shown. (C) Comparison between PCR-based assay and the targeted sequencing assay for 24 randomly selected TE-InDels. The
upper two charts show the proportion of genotype x TE-InDels that were classified in each assay and the lower chart shows the concordance of the calls

for classifications in the two assays.
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Figure 3 Associations between InDels and gene expression. (A) Summary of association of TE-InDels with gene expression. (B) The association between
TE-InDels and gene expression can be detected in a large panel of maize inbred lines. (C) LUC-based validation of the association between TE-InDels and

gene expression. P <0.01.

Table S6, Supplementary Figure S7). There is an additional TE-
InDel that is the second most significant marker (Supplementary
Figure S7).

To provide evidence of the causative effect the TE-InDels on
gene expression, the dual-LUC reporter assay was employed. In
this assay, the expression of LUC was driven by minimal 35S pro-
moter sequences. The expression of LUC was compared between
two vectors differing only in the presence of the TE-InDel inser-
tion sequence (Figure 1A). A difference in LUC expression would
be observed if the TE-InDel insertion sequence can cause an ex-
pression difference in the protoplast cells used for this assay.
Seven TE-InDels that are significant in the panel of 16 genotypes
(including 5 that are significant in the panel of 140) were assessed

(Supplementary Table S6). This set included 5 positive associa-
tions in which the presence of the TE is associated with higher ex-
pression of the nearby gene and two negative associations. While
six of the seven TEs tested are associated with a significant
change in LUC expression, only one (b0300) exhibits significant
effects with the expected direction of function (Figure 3C). This
association can be verified when the TE is present in either sense
or antisense orientation relative to the LUC gene. The observation
that only negative association could be verified could be caused
by various reasons. One possibility is the absence of transcription
factors or chromatin context that is necessary for the functional
impact of the transposon insertion. Together these results sug-
gest a diverse role of transposon in gene expression.



M Lietal. | 7

Features of transposons that are significantly
associated with gene expression

The insertion sequences for the 113 TE-InDels with significant
associations in a consistent direction in this study and the eQTL
study (Figure 3A) were further assessed for any common trends
(Supplementary Figure S8). In general, larger TE-InDels are
slightly more likely to have significant associations with gene ex-
pression (Supplementary Figure S8A). TE-InDels that are located
closer to transcriptional start sites are more likely to be associ-
ated with gene expression (Supplementary Figure S8B). In fact,
when we only consider TE-InDels that are located within 2kb up-
stream of the gene, we find a slight increase in the percentage of
TE-InDels significantly associated with gene expression
(Supplementary Figure S8C). We find examples of both DNA
transposons and retrotransposons with significant associations
with gene expression in both positive and negative directions
(Supplementary Figure S8D). The analysis of super-families of
transposons finds the Gypsy retrotranpsosons and the Helitron
and hAT DNA transposons have a slightly higher probability with
gene expression than other types of transposons (Supplementary
Figure S8D).

The chromatin characteristics of the insertion sequences for
TE-InDels were examined using previously generated chromatin
accessibility (Ricci et al. 2019) or DNA methylation (Liang et al.
2021) data. We first characterized the presence of accessible
chromatin regions (ACRs) within TE-InDel insertion sequences or
at insertion sites. A subset of the B73 TE-InDel insertions (14/64)
contains an ACR in B73 seedling leaf tissue, which may suggest
regions of these insertions are playing a role in influencing ex-
pression of the nearby gene. ACRs within Mo17 TE-InDel insertion
sequences could not be assessed as we did not have chromatin
accessibility data for Mol7. However, we could assess whether
the TE-InDel insertion in Mo17 inserted within a region that is ac-
cessible in the B73 insertion site. We found that 9 of the 49 Mo17
TE-InDel insertions with significant associations with gene ex-
pression are within B73 ACRs. We proceeded to assess the pres-
ence of unmethylated regions (UMRs) within the B73 or Mo17 TE-
InDel insertion sequences. There are many examples of TE-InDel
sequences in both B73 and Mo17 that contain a UMR with gener-
ally similar frequencies for TE-InDels with and without signifi-
cant associations with gene expression (Supplementary Figure
59). Although there is no enrichment for UMRs within TE-InDels
significant for eQTL association, the frequency of these TE-InDels
with UMRs is higher than the genome-wide frequency of TEs con-
taining UMRs. It is possible that other chromatin features around
the TEs may have an effect on the expression of nearby genes,
and suggests the presence of a complex interplay between TEs
and chromatin environments in gene regulation.

Discussion

In this study, we developed a capture-based assay for genotyping
the presence/absence of TE-InDels and showed that this assay
can be employed to determine whether insertion is present or ab-
sent across diverse genotypes. This approach is efficient for clas-
sifying TE-InDels with varying sizes and allows the detection of
many TE-InDels at population level with high reliability and low
missing rate. In theory, this assay can be applied to any loci for
which probes can be designed. One situation that can complicate
the use of this assay is the fact that the size and sequence of a
specific insertion can vary across different genotypes. This will
lead to lower mapping rate and missing classifications especially

for the TE-InDels where abundant sequence variations around
the insertion boundary are present. This problem could be mini-
mized by aligning the sequencing reads to more reference
genomes which are becoming available in maize (Jiao et al. 2017;
Springer et al. 2018; Sun et al. 2018; Yang et al. 2019; Haberer et al.
2020).

In combination with other-omics data, such as transcriptome,
this assay allows interrogation of transposon function in a high-
throughput manner. We found that 18% of the tested TE-InDels
are assoclated with variation in gene expression levels using just
a single tissue for monitoring gene expression levels. Targeted
analysis for several of the TE-InDels in a large panel suggests
that in some cases the insertion sequence has the most power
than nearby SNPs to detect expression variation. This suggests
that a subset of TE insertions is not well tagged by nearby SNPs
and that high-quality presence/absence calls for these insertions
could enable detection of novel significant associations with gene
expression (or other traits) compared to previous SNP-based anal-
yses (Fuentes et al. 2019; Akakpo et al. 2020). This is consistent
with previous findings in tomato which shows that only 1 out of
the 31 significant associations between transposon insertion
polymorphisms and traits could be identified by SNPs
(Dominguez et al. 2020). Moreover, the effect size of the transpo-
son polymorphisms is generally much larger than that of SNPs,
suggesting an important role of transposons in phenotypic diver-
sity.

Our findings that TE insertions can be associated with changes
in expression of nearby genes agree with previous reports that
transposons can create allelic variations in gene expression (Mao
et al. 2015; Wang et al. 2016). It is known that some transposons
can only affect gene expression under certain environmental
conditions. For example, the DNA transposon located in the pro-
moter region of ZmNAC111 is not associated with gene expression
under normal conditions, and is associated with gene expression
under drought treatment (Mao et al. 2015). Thus, it is possible
that more TE-InDels can be associated with gene expression if ex-
pression data from more tissues or growth conditions were in-
cluded for this analysis. In our analysis, we also found that TE
insertions exhibit a mixture of positive and negative influences
on the expression of nearby genes. This is consistent with previ-
ous findings (Dominguez et al. 2020). TEs may disrupt existing cis-
regulatory elements or provide novel cis-regulatory elements and
these can have diverse influences on the expression level for
nearby genes. Together with our results suggest a complex inter-
play between the presence of TEs and nearby gene expression.
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