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ABSTRACT

Genomic imbalance refers to the more severe phenotypic consequences of changing part of a chromo-
some compared with the whole genome set. Previous genome imbalance studies in maize have identified
prevalent inverse modulation of genes on the unvaried chromosomes (trans) with both the addition or sub-
traction of chromosome arms. Transposable elements (TEs) comprise a substantial fraction of the genome,
and their reaction to genomic imbalance is therefore of interest. Here, we analyzed TE expression using
RNA-seq data of aneuploidy and ploidy series and found that most aneuploidies showed an inverse mod-
ulation of TEs, but reductions in monosomy and increases in disomy and trisomy were also common. By
contrast, the ploidy series showed little TE modulation. The modulation of TEs and genes in the same
experimental group were compared, and TEs showed greater modulation than genes, especially in disomy.
Class | and Il TEs were differentially modulated in most aneuploidies, and some superfamilies in each TE
class also showed differential modulation. Finally, the significantly upregulated TEs in three disomies
(TB-7Lb, TB9Lc, and TB-10L19) did not increase the proportion of adjacent gene expression when
compared with non-differentially expressed TEs, indicating that modulations of TEs do not compound
the effect on genes. These results suggest that the prevalent inverse TE modulation in aneuploidy results
from stoichiometric upset of the regulatory machinery used by TEs, similar to the response of core genes to
genomic imbalance.
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INTRODUCTION The B chromosome can maintain itself in populations by

nondisjunction at the second pollen mitosis, which produces
Genome imbalance is a phenomenon in which changing the  the two sperm, followed by preferential fertilization of the egg
dosage of an individual chromosome (aneuploidy) has a more  py the B-containing sperm during the process of double ferti-
detrimental effect on the phenotype than changing the whole jization (Blavet et al, 2021). Utilization of translocations
set (ploidy). Such a phenomenon has been recapitulated across between various normal chromosome (A chromosome) arms
eukaryotic species, such as Datura stramonium (Blakeslee and the supernumerary B chromosome has allowed the dosage
et al.,, 1920; Blakeslee, 1921, 1934; Blakeslee and Belling, of the former to be varied in one (monosomy, hypoploid
1924), Drosophila melanogaster (Bridges, 1925), wheat (Sears, heterozygote), two (euploid heterozygote), and three doses
1953), and human (Schinzel, 2001). (trisomy, hyperploid heterozygote) (Birchler and Yang, 2021;

In maize, the study of aneuploidy is greatly facilitated by translo-

cations with the B chromosome. The supermumerary B chromo- b 4 plant Gommunications Shanghai Editorial Office in

some is nonessential but is capable of transcribing active genes association with Cell Press, an imprint of Elsevier Inc., on behalf of CSPB and
and impacting A-chromosome gene expression (Shi et al., 2022). CEMPS, CAS.
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Shi et al., 2021). Furthermore, hyperploid heterozygotes of each
translocation can be crossed as females by a haploid inducer
line to obtain disomic haploids (Yang et al., 2021). Although
maize is functionally a diploid organism, it behaves like an
ancient allotetraploid (Messing, 2009) that is tolerant of
producing a wider spectrum of aneuploids and ploidy series
(haploid, triploid, and tetraploid), thereby making maize a highly
suitable organism for systematic and comprehensive study of
genome imbalance.

Once molecular studies were initiated with aneuploids, moni-
toring the RNA or protein level of genes on the varied chromo-
some arms (defined as cis) showed gene dosage effects (i.e.,
gene expression was proportional to the chromosomal dose
changes). However, it was also found that a subset of genes in
the same varied region often displayed no change in levels of
RNA or protein products, a phenomenon called dosage compen-
sation. One classic case that provided insight into the basis of
dosage compensation involved testing the enzyme level of maize
alcohol dehydrogenase 1 (adh1) in a dosage series of the long
arm of chromosome 1 (1L). This structural gene was dosage-
compensated in a 1-4 dosage series of 1L (Birchler, 1979).
After dissecting 1L into smaller segmental dosage series, adh
showed a dosage effect in one region that included this
gene but was modulated inversely (i.e., gene expression
decreased as this chromosomal dose increased) by another
portion of 1L, suggesting that the basis of dosage
compensation of adh1 is the cancellation of a dosage effect by
an inverse effect (Birchler, 1981).

For genes on the unvaried chromosomes (trans genes), global
transcriptome analysis of disomy (two doses at the haploid level),
monosomy, and trisomy in maize showed that an inverse modu-
lation (or inverse effect) was the most common effect across the
genome (Shi et al., 2021; Yang et al., 2021). In other words, in
monosomies, reduced dosage of a chromosome arm causes
an increase in the expression of most of the trans genes, and in
disomies and trisomies, the addition of a chromosomal
segment causes reductions in gene expression (Shi et al., 2021;
Yang et al., 2021). In addition to the inverse effect, reductions in
monosomy or increases in trisomy have also been found (Shi
et al., 2021), referred to as direct effects or direct modulation.
Compared with trisomic diploids, disomic haploids produce
greater inverse modulation owing to their greater genome
imbalance (2-fold dosage change in disomy vs. 1.5-fold dosage
change in trisomy). There is also a more detrimental and severe
phenotype in disomic seedlings (Yang et al., 2021). The
magnitude of the inverse effects in disomies was correlated
with the size of the cis region across all examined regions.
When a greater number of genes showed an inverse effect in
trans, more cis genes trended toward dosage compensation,
showing a relationship between the inverse dosage effect and
dosage compensation for genes in the varied chromosomal
regions on a global scale (Birchler and Veitia, 2021; Yang
et al., 2021).

The Gene Balance Hypothesis was formulated to explain the
mechanism of genome imbalance; it posits that changing the
stoichiometry of subunits involved in multicomponent interac-
tions will affect the kinetics and mode of assembly, and can
thus disrupt the function of whole macromolecular complexes
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or multicomponent interactions (Birchler et al., 2005; Birchler
and Veitia, 2007, 2010, 2012, 2021). Thus, genes involved
in multicomponent interactions are typically dosage sensitive
and overrepresented among transcription factors, signal
transduction pathway genes, and chromatin modifiers (Birchler
et al.,, 2001). The effects of regulatory pathways depend not
only on the quantity of gene expression of any regulatory gene
affecting its targets but also on its quantitative relationship with
its interactors. Modeling the assembly of functional multisubunit
complexes (Bray and Lay, 1997; Veitia, 2002) suggests that by
monitoring the level of bridge components that interact with
multiple other subunits from low to high concentration, the
production of functional complexes proceeds through a peak
and then declines at higher concentrations because partial
complexes (non-functional) are produced that cannot proceed
to completion of the whole (functional). Thus, both under- and
overrepresentation of individual subunits can be detrimental.
These models parallel typical aneuploid effects at the
monosomic and trisomic levels (Lee et al., 1996a, 1996b; Shi
et al., 2021).

Evolutionary genomics provides support for this concept. Many
eukaryotes have experienced multiple rounds of whole-genome
duplication (WGD) (Wolfe and Shields, 1997; Simillion et al.,
2002; Maere et al., 2005; Aury et al., 2006; Blomme et al., 2006;
Thomas et al., 2006; Freeling, 2009; Jiao et al., 2011). Following
WGD, genomes are fractionated so that most genes return to
the singleton state, with exceptions that depend on the type of
gene function. Dosage-sensitive genes that are involved with
multicomponent interactions are overrepresented in the ex-
ceptions. On the other hand, gene pairs from small-scale
duplications show underrepresentation of genes involved in multi-
component interactions, thus complementing the effects of WGD
(Veitia, 2004; Hakes et al., 2007; Freeling et al., 2008; Korbel et al.,
2008; lonita-Laza et al., 2009; Rodgers-Melnick et al., 2012;
Tasdighian et al., 2017). Small-scale duplication would also mimic
the detrimental effects of aneuploidy, in that changing the copy
numbers of interacting genes would have an adverse effect.

In contrast to genes, transposable elements (TEs) are fluid over
evolutionary time and constitute the majority of the genome.
They are often silenced by the host genome but utilize the host
machinery when they are expressed. Modulation of TEs in aneu-
ploidy has not been systematically studied in any organism. TEs
can be grouped into two classes, class | and class Il, based on
their transposition mechanism. Class | elements are also called
retrotransposons. They “copy and paste” to increase their copies
inthe genome. An element’s RNA is used as a template to synthe-
size DNA molecules that insert into new chromosomal sites.
Class | elements are generally divided into two groups on the ba-
sis of transposition mechanism and structure: LTR and non-LTR
retrotransposons. Class Il elements, generally referred to as DNA
transposons, often contain terminal inverted repeats (TIRs) and
employ “cut and paste” transposition in which an element is
cut out of one site in a chromosome and pasted into a new site.
In addition to TIR elements, the class Il transposons also include
Helitron elements that usually contain a DNA helicase. These el-
ements lack TIRs. In plant genomes, DNA transposons are usu-
ally present at much lower levels than retrotransposons. Usually,
the majority of TEs in the genome remain silenced, but under
some conditions (e.g., after treatment with a demethylating
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agent, after tissue culture, or after chromosomal breakage), TEs
can be activated (Rhoades and Dempsey, 1982; Pouteau et al.,
1991; Hirochika et al., 1996; Griffin et al., 2016). Repression of
TE transposition involves a variety of mechanisms, including
histone modifications, DNA methylation, and other factors such
as chromatin-remodeling enzymes. Repression of TE transposi-
tion relies on RNA-directed DNA methylation (RdDM) (de novo
DNA methylation formation) and maintenance of methylation
through DNA methyltransferases, especially in euchromatic re-
gions (Sigman and Slotkin, 2016). For example, TEs near genes
require RADM to establish initial methylation, and later the DNA
methylation is retained and enhanced through cell division by
DNA methyltransferases (Sigman and Slotkin, 2016).

Here, we systematically analyzed the expression of TEs in both
haploid and diploid aneuploidy together with the ploidy series
and found that most aneuploidies showed inverse modulation
of TEs as the major response, whereas the ploidy series showed
little TE modulation. Furthermore, there was a trend of stronger
modulation of TEs than genes in the same experimental group.
Different classes of TEs were differentially modulated in most an-
euploidies, and some superfamilies of each TE class also showed
differential modulation. These results suggest that prevalent in-
verse TE modulation in aneuploidy results from stoichiometric
upset of the regulatory machinery used by TEs (e.g., for transcrip-
tion or repression), similar to the response of core genes to
genomic imbalance.

RESULTS

Widespread modulation of individual TEs in aneuploidy

Previous genome balance studies in maize have found greater
modulations in aneuploidies compared with the ploidy series
(Shi et al., 2021; Yang et al., 2021). To test changes in the
expression of TEs, we downloaded RNA-seq data for the aneu-
ploidy and ploidy series from NCBI (Shi et al., 2021; Yang et al.,
2021). The aneuploidy data included 17 disomies that have an
extra chromosomal segment at the haploid level and diploid
aneuploidies, including 14 monosomies, 16 trisomies, and 4
tetrasomies. The ploidy series included haploids, diploids,
triploids, and tetraploids. For convenience, disomies and their
haploid control were named h2D and h1D, respectively, and
monosomies, diploids, trisomies, and tetrasomies in each
aneuploid were referred to as 1D, 2D, 3D, and 4D (D designates
dosage of the chromosomal arm), whereas haploids, diploids,
triploids, and tetraploids in the ploidy series were named 1X,
2X, 3X, and 4X, respectively (X designates the basic
chromosome set). Duplication 4 (Dp4), which consists of the
A-B chromosomes of TB-4Lb and TB-4Sa, namely 4Lb-B and
4Sa-B, produces duplicated proximal chromosomal segments
(centromere 4 and surrounding regions). In addition, whereas
both the cis regions of 2Sa and 2Sa_deletion contain two noncon-
tinuous segments, the 2Sa_deletion has a deleted part in the first
segmentin 2S (Yang et al., 2021). All the RNA-seq data were from
the W22 background except for those of the triploid (3X), which
originated from the Mo17 inbred. The B-A translocations used
to generate aneuploids are described in Figure 1.

Because there are many truncated TEs from the same family in
maize (Hufford et al., 2021), instead of aligning the data to the
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W22 genome directly, we mapped the RNA-seq data to W22
TE exemplar sequences that consist of 57 955 intact and non-
overlapping TEs (Shi et al., 2022) after reads per kilobase of
transcript per million mapped reads (RPKM) normalization to
obtain the relative expression level. Principal component
analysis (PCA) of the biological replicates in each category
using normalized counts showed that most of the aneuploidy
and ploidy groups were separated from the respective control,
revealing that TE expression showed a distinctive expression
pattern in each group. However, in some groups, such as
disomy TB-1Sb (1S), two biological replicates did not cluster
with the remainder, distinct from the PCA of protein-coding
gene expression levels from the same plants, in which all disomic
plants were clustered together (Supplemental Figure 1; Yang
et al.,, 2021). To identify possible outliers, we calculated the
mean and standard deviation (SD) of the principal
components among biological replicates and examined
whether the values of PC1 and PC2 for each replicate were
within two SDs of the mean. The results indicated that no
replicates could be considered outliers (Supplemental Data
Set 1).

To further examine how genome imbalance affects the global TE
expression trend, ratio distributions were obtained to determine
TE expression in the aneuploidy and ploidy series. All of the orig-
inal B-A translocations used in this study, except TB-10L18 and
TB-10L19, were not in the W22 background when originally
generated (Beckett, 1991). During backcrossing to W22,
because B-A chromosomes have a dominant anthocyanin
gene, hyperploid heterozygotes (trisomy) were chosen based
on having a colorless endosperm and colored embryo (two
copies of the B-A chromosomes in the embryo) (Birchler and
Yang, 2021). Both genes and TEs on the A-chromosome
portion were maintained as in the original stock. Unlike genes
that can display good syntenic locations in different maize lines,
the TEs in different maize genomes show high levels of
variation (Hufford et al., 2021). Therefore, instead of plotting the
individual TEs from the varied and unvaried chromosome arms
separately, we plotted all individual TEs for each comparison
together. Read counts were averaged across biological
replicates. Expression of most of the TEs mapped to the
exemplar sequences in both experimental and control groups
was suppressed. After filtering out TEs with low expression, the
ratios of each expressed TE for each group comparison were
generated and then plotted as a ratio distribution. The results
showed that most of the TEs (~90%) remained silenced in both
aneuploids and controls, as only ~10% of the TEs remained
after filtering (mean (control) + mean (experimental group)) > 1
(RPKM) (Supplemental Data Set 2).

There is a generalized inverse effect in both haploid and diploid
aneuploidies. In other words, in h2D/h1D (disomy/haploid con-
trol), 3D/2D (trisomy/diploid control), and 4D/2D (tetrasomy/
diploid control), a greater number of genotypes show decreased
TE expression rather than increased expression. In 1D/2D (mono-
somy/diploid control), the removal of a chromosome arm causes
a trend of increased TE expression in most monosomies
(Figure 2; Supplemental Figure 2). For h2D/h1D, 11 out of 17
(1S, 1L, 2S, 3S, 3L, 4L, 5S, 5L, 6L, 7S, 8L) show an inverse
effect (major peak below 1.0, which is defined as no
modulation), but in some cases, the ratios of some TEs within
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Figure 1. Diagram of aneuploid and ploidy series data used in this study.

The disomy (10A + 1B-A) has an extra A chromosomal segment on the B-A chromosome. The monosomy has 19A chromosomes plus 1A-B chromosome
except for TB-5Sc (18A + 2A-B + 1B-A). Trisomy has a chromosome constitution of 19A, 1A-B, and 2B-A except for TB-5Sc (18A + 2A-B + 3B-A) and TB-
6Sa (20A + 1B-A). Tetrasomy has 19A, 1A-B, and 3B-A chromosomes except for TB-6Sa (20A + 2B-A). The A refers to chromosomes 1 to 10. Trisomy for
Dp4 has 19 copies of the A chromosomes plus one copy each of 4Lb-B and 4Sa-B, whereas tetrasomy has 18 A chromosomes and two copies each of
4L b-B and 4Sa-B. The chromosome that was studied is depicted in green compared with the rest of the genome, which is depicted in blue. For the B-A

translocation, for example, in TB-1La, the number “1” refers to chromosome 1. The uppercase letter “L” denotes the long arm, and the lowercase “a

represents the first B-A translocation produced for that chromosome. The B chromosome portion is shown in magenta. More disomy and diploid
aneuploid information, including genomically defined breakpoints, has been reported previously (Shi et al., 2021; Yang et al., 2021). The B chromosome

breakpoints have been defined (Blavet et al., 2021).

the same disomy trend above 1.0, indicating direct modulation.
For example, 2S_deletion has a major peak around 1.0 but also
shows a clear trend of both inverse and direct modulation. TE
expression in the remainder of the h2D/h1D comparisons (4S,
7L, 9S, 9L, and 10L) is directly modulated, with a major peak
above 1.0 (Figure 2A). TEs have slightly greater modulation in
h2D/h1D than in 1D/2D, as shown by a broad range of median
TE ratios in h2D/h1D (Supplemental Figure 2). The removal of a
chromosomal arm (1D/2D) tends to cause a greater modulation
than the addition of a chromosomal arm (3D/2D). In monosomy,
TE expression in most genotypes is modulated in both inverse
and direct directions, as shown in 1S, 3S, 4S, 5S, 5L, 7L, 8L,
9S, and 9L. The remainder of the 1D/2D comparisons show
direct modulation (major peak below 1.0), with 1L being
strongly directly modulated (Figure 2B; Supplemental Figure 2).
Most of the 3D/2D comparisons (11 out of 16) have a tighter

distribution with a peak around 1.0, suggesting that TE
expression is less modulated than in 1D/2D (Figure 2C;
Supplemental Figure 2). In 3D/2D for 1S, 3S, and 5L, the ratio
distributions show both up and down modulations. The TE
expression in tetrasomic 1L and Dp4 (Figure 1) is strongly
inversely modulated (major peak is 0.5), whereas TEs in 5S
tetrasomies were both up and down modulated (Supplemental
Figure 3). The other two tetrasomies do not show much
modulation in TE expression, with a sharp peak around 1.0.
Comparing tetrasomy to trisomy (4D/3D) suggests a
progressive effect of TE expression. As in the cases in 4D/3D,
58 does not exhibit much modulation (sharp peak at 1.0), and
Dp4 has a major peak close to 1.0. In 6S and 10L, a minor
effect (peak below but very close to 1) could be found in the
4D/2D comparison, and the major peak is at 1.0 in the 4D/3D
comparison (Supplemental Figure 3).
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Figure 2. Ratio distributions of h2D/h1D, 1D/2D, and 3D/2D.
(A) h2D/h1D.
(B) 1D/2D.

0 1.0203.04.05.0>6.0

0 1.0203.04.05.0>6.0

Ratio

(C) 3D/2D. The normalized TE counts from RNA-seq data were averaged for the biological replicates. TEs with a sum of averaged counts of experimental
and control <1 were regarded as having low expression and were filtered out. For each expressed TE, we calculated the ratio of the averaged normalized
value in the experimental group relative to the normalized counts in the control. These ratios were plotted in bins of 0.05. The x axis indicates the value for
each bin, and the y axis indicates the number of TEs per bin (frequency). A ratio of 1.0 (black line) represents no difference between the experimental
genotype and the control. These ratio values are demarcated with labeled vertical lines in purple (2.0) and red (0.5) in h2D/h1D and 1D/2D. In 3D/2D,
vertical lines are depicted in green (1.5) and pink (0.67). To avoid the extended nomenclature of B-A translocations, only information on the cis region is
shown in the figures; e.g., 1S refers to TB-1Sb, 1L designates TB-1La, and so forth. More B-A translocation information can be found in Figure 1.

A flattened ratio distribution is also found in nine disomies in h2D/
h1D (1L, 3L, 4S, 5S, 7S, 7L, 9S, 9L, and 10L). We examined
whether this effect is caused by the presence of a greater propor-
tion of TE outliers (ratios > 6 or < 1/6). To this end, the outliers
were excluded, and there was still a widespread TE modulation
in these disomies (Supplemental Figure 4). In 1D/2D and 3D/
2D, there is less modulation (a relatively tighter peak) of TEs in
these nine B-A translocation lines. These results indicate that a
greater genome imbalance may cause stronger TE modulation
in disomies or that the effect of aneuploidy between haploid
and diploid levels differs for other reasons.

Scatter plots were used to test the significance of the differential
expression of TEs. For the TEs that passed our filtering criteria
(mean (control) + mean (experimental group) > 1 (RPKM)),

most (~90%) showed no significant change in aneuploids,
except for 7L, 9L, and 10L, in which ~40% of TEs were signifi-
cantly upregulated or downregulated (Supplemental Data Set
2). In general, h2D/h1D have more significantly upregulated and
downregulated TEs than 1D/2D, 3D/2D, and 4D/2D, a result
that complements the finding of greater TE modulation in h2D/
h1D from the ratio distribution analysis (Supplemental Figure 5;
Supplemental Data Set 2).

Minor modulation of individual TEs in the ploidy series

To compare modulation in the ploidy series, expression of indi-
vidual TEs (same as above) in haploids (1X), triploids (3X), and tet-
raploids (4X) was compared with that of the diploid controls (2X).
In contrast to aneuploidies, the ratio distributions in 1X/2X, 3X/2X,
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Figure 3. Ratio distributions of the ploidy
series.

| Ratio distributions of TE expression in 1X/2X,
3X/2X, and 4X/2X. Ratio distributions were
plotted as described in Figure 2. The vertical

4X/2X

lines are depicted in purple (2.0) and red (0.5) in 1X/2X and 4X/2X. In 3X/2X, ratio values are demarcated with labeled vertical lines in green

(1.5) and pink (0.67).

and 4X/2X show much less spread, as illustrated by a tighter peak
around 1.0 in each comparison (Figure 3). The number of
differentially expressed TEs (DETEs) is 15 in 1X/2X, 1 in 3X/2X,
and 0 in 4X/2X, suggesting that changing the whole chromosome
set has less effect on TE expression than changing part of the
genome (Supplemental Figure 5; Supplemental Data Set 2).
Kolmogorov-Smirnov (K-S) tests for distribution differences
and Bartlett’s tests for distribution variances confirmed signifi-
cant differences between the aneuploidy and ploidy series
(Supplemental Data Set 3), indicating a greater level of
disruption of global TE expression in aneuploidy than in ploidy.

The TEs on the A chromosomes may be modulated by the
presence of the B chromosome, as most of the materials used
in this study bear one or two copies of the B chromosome or por-
tions of this supernumerary chromosome. A previous study sys-
tematically analyzed the effect of varied B-chromosome copy
numbers on A-chromosome genes; there may be a slight effect
of the presence of B chromosomes on A-chromosome TEs (Shi
et al., 2022).

Greater modulation of individual TEs than genes in
aneuploidy

Previous studies have identified a prevalent trend of an inverse ef-
fect of core protein-coding genes with either a deletion or addi-
tion of a chromosomal segment in cis (Shi et al., 2021; Yang
et al., 2021). To test the difference in modulation between TEs
and genes in the same aneuploid, the ratios of expression of
genes in trans and individual TEs were distributed on the same
plot. In general, the ratios of the levels of expression of TEs in
h2D/h1D, 1D/2D, 3D/2D, and 4D/2D show clearly different
distributions from those of genes (Figure 4; Supplemental
Figure 6), as confirmed by K-S and Bartlett’s tests (P value < 0.05,
V). The difference between TEs and genes is more evident in dis-
omy. For example, the peak of TE ratios in 1S approaches 0.5,
whereas in 7L, 9L, and 10L, the major peak is above 1.5. By
contrast, the genes show a trend of inverse modulation (peak
below 1.0), suggesting a different response of TEs and genes un-
der genome imbalance in these specific aneuploids (Figure 4A).

It must be noted that the trans genes in monosomy showed both
inverse and direct modulation, in which medians of ratios across
14 chromosomal arms range from 0.8 to 1.3 (Supplemental
Figure 7). However, with aneuploidy involving the addition of a
chromosomal segment (disomy, trisomy, and tetrasomy), gene
expression was generally inversely modulated (median of ratio
below 1.0) (Supplemental Figure 7). For TEs, the modulation
varied depending on the cis region being varied, as the major
peak of TEs ranged from 0.4 to 1.7 in 1D/2D, 0.7 to 1.3 in 3D/
2D, and 0.4 to 1.7 in h2D/h1D. Nevertheless, there is a trend of
inverse modulation of TEs in all aneuploids, i.e., increased TE
expression (median of ratio >1) in monosomy or decreased TE
expression (median of ratio <1) in disomy, trisomy, and

tetrasomy. Pearson correlation coefficients (PCCs) were
calculated to investigate whether the expression of TEs and
genes is correlated in different genotypic comparisons, and the
results showed that there is a trend but no significant
correlation; PCCs equal 0.44, 0.50, and 0.37 in disomy,
monosomy, and trisomy, respectively (Supplemental Figure 8).
In parallel, a ploidy series of haploids, triploids, and tetraploids
showed many fewer disturbances (a sharp peak near ratio 1.0)
in both gene and TE expression, illustrating that gene and TE
expression in balanced genomes are much less disrupted
globally (Supplemental Figure 6C).

Differential modulation of TE families from two TE
classes in aneuploidies

We next tested the responses of two classes of TEs in the aneu-
ploidy and ploidy series. Because TE sequences are highly repet-
itive, some reads from the RNA-seq data cannot be uniquely
mapped to the TE exemplar. However, TE families are connected
by lineage and sequence similarity, and we therefore adapted the
method from Anderson et al. (2019) to assess per-family expres-
sion in this study. Per-family TE transcript abundance was deter-
mined using reads that mapped uniquely to a specific TE as well
as reads that mapped to multiple locations that were all anno-
tated as members of the same TE family. The read counts were
summarized per TE family and normalized by the reads per million
(RPM). Ratios were obtained by comparing the experimental
groups to the controls and plotted separately for different TE
classes. The results showed that class | and class Il TEs have
distinct ratio distributions in all 1D/2D, 4D/2D, h2D/h1D, and
most 3D/2D comparisons (15 out of 16) (Figures 5, 6, and 7), as
confirmed by K-S tests (P value < 0.05, Supplemental Data Set
3A). Ratios from the two classes of TEs were tested for
variances, and all aneuploids showed significant differences
(Bartlett’s test) (Supplemental Data Set 3B). K-S and Bartlett’s
tests of the ploidy series also suggested significant differences
between the two classes of TEs, even though the expression of
few TE families was significantly changed in 1X/2X, 3X/2X, and
4X/2X (Supplemental Data Set 3; Supplemental Figures 9 and 10).

The h2D/h1D comparisons generally have more outlier ratios
both in class | and Il TEs than in diploid aneuploidies; by contrast,
there are few extreme values in the comparisons of haploid to
diploid control (1X/2X) in both TE classes. Further analyses
were performed to investigate the possibility of activation or
repression of the two TE classes in h2D/h1D among the outliers;
i.e., whether TEs were derepressed or repressed in disomy in
those families with high (=6) or low (<1/6) extreme ratios,
respectively. In terms of TE activation in disomy, we divided the
controls based on expression, RPM > 1 and RPM < 1, and calcu-
lated the proportion of the two groups. The results showed that
most of the TE families with outlier ratios >6 have an expression
(RPM) less than 1 in the haploid controls, suggesting the TEs in
the control are in a suppressed state, whereas the TEs were
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Figure 4. Overlapping plots for genes and TEs.
Ratio distributions were plotted as described in Figure 2.
(A) h2D/h1D.

(B) 1D/2D.

(C) 3D/2D. The ratio distributions for genes and TEs are depicted in red and cyan. The left y axis is the number of genes in each bin, and the right y axis is

the TE number.

activated in disomy (Supplemental Data Set 4). For example, in
disomy TB-10L19 (10L), there are 289 class | TE outlier ratios
(>6). About 85.5% (247/289) of them have a mean (RPM) <1 in
the haploid control, suggesting that most are still repressed in
the control. However, this result does not suggest that expression
of these class | families from these outliers in disomy TB-10L19
changes dramatically; most of them (85.5%, 227/289) only have
an expression level between 1 and 10 (RPM) in the disomy. For
those TE families with a low extreme ratio (<1/6), most showed
low to medium expression in the control (1 < RPM < 10) and
even further suppression in disomy (Supplemental Data Set 4).

As the two classes of TEs have significantly different ratio distri-
butions in aneuploids, we next tested whether class | TEs were
modulated to a greater extent than class Il TEs or vice versa.
The proportion of differentially expressed TE families (DETEFs)
was calculated for each TE class. If one of the two TE classes
was more modulated than the other, there might be a trend of a
higher percentage of DETEFs in that class. We calculated the per-
centage of DETEFs from the outlier (ratio < 1/6 or ratio > 6) and
non-outlier ratios (ratio > 1/6 and < 6). The results showed that
class | in h2D/h1D generally has a lower proportion of DETEFs
than class Il for the non-outlier families. For the families that pro-
duced outlier ratios, a higher proportion of DETEFs was found in
class | (Supplemental Data Set 5). This result suggests that class |
is modulated to a greater extent in outliers and less modulated in
non-outliers than class Il. Nevertheless, this trend is not obvious

in 1D/2D and 3D/2D comparisons (Supplemental Data Set 5).
This difference might be due to a generalized trend of less
modulation in diploid aneuploidies, as fewer outlier ratios were
found. For those non-outlier ratios, a greater number of compar-
isons had no more than 2% DETEFs (5 out of 14 comparisons in
1D/2D, and 10 out of 16 comparisons in 3D/2D) (Supplemental
Data Set 5). These results also confirm the findings from the
ratio distributions that h2D/h1D have a greater TE modulation
than the diploid aneuploidies.

TE superfamilies are differentially modulated in
aneuploidies

Because the two classes of TEs were modulated differently in an-
euploidies (Figures 5, 6, and 7), we investigated how the TE
superfamilies in each TE class were modulated. The expression
of each TE family was normalized by RPM. We further divided
class | into Ty1/Copia (RLC), Gypsy (RLG), Unknown LTR (RLX),
RTE (RIT), L1 (RIL), and SINE (RST) and class Il into Helitron
(DHH), hAT (DTA), CACTA (DTC), Pif/Harbinger (DTH), Mutator
(DTM), Tc1/Mariner (DTT), and Unknown TIR (DTX). We then
calculated the proportion of the family members in each super-
family in the DETEFs and compared it to the proportion of the
family members in each superfamily in the TE annotation file.
The multinomial fit test was performed to calculate the difference.
The results showed that there are generally more disomies in
h2D/h1D showing a differential modulation of superfamilies in
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Figure 5. Ratio distributions of two classes of TEs in h2D/h1D.
Ratio distributions were plotted as described in Figure 2.

(A) The ratio distribution of class | TEs.

(B) The ratio distribution of class Il TEs.

both class | and class Il TEs than in diploid aneuploidies
(Supplemental Data Set 6). RLG, RLX, and RST are the
three most common superfamilies that were differentially
modulated in class I. In class Il, DTA, DTH, and DHH were the
superfamilies that often showed differential modulation
(Supplemental Data Set 6).

TEs have minimal effect on adjacent gene expression in
aneuploidy

Previous studies have found that individual TEs can contribute
to the expression of nearby genes (Makarevitch et al., 2015)
or that nearby gene expression is negatively correlated with
the density of methylated TEs (Hollister and Gaut, 2009).
These results suggest that TEs may provide local enhancer
activities that stimulate gene expression. In this study, we
showed that the expression of individual TEs in h2D/h1D
tends to have more DETEs, especially in TB-7Lb (7L), TB9Lc
(9L), and TB-10L19 (10L), in which there are more than 2000 up-
regulated individual TEs in each of the comparisons. To investi-
gate whether increased TE expression upregulated adjacent
gene expression, we first identified TEs located in gene pro-
moter regions and separated the TEs into two groups, signifi-
cantly upregulated TEs and non-differentially expressed TEs in
h2D/h1D. Then we compared the proportion of upregulated
genes in these two groups. From the results of 7L, 9L, and

Ratio

10L, there is no increase in the proportion of upregulated genes
with an upregulated TE in the promoter region than that of
upregulated genes whose promoter region contains a non-
differentially expressed TE (Supplemental Data Set 7). For the
remainder of the disomies, there are insufficient upregulated
TEs (less than 20) for suitable comparisons.

DISCUSSION

Despite many recent advances in comprehensive gene expres-
sion studies on aneuploidy and polyploidy, changes in expression
of TEs under genomic imbalance have not been investigated in
any organism to our knowledge. In this study, we examined
global TE modulation in haploid and diploid maize aneuploids
with varied dosages of multiple chromosomal segments, as
well as a whole-genome ploidy series including haploids, dip-
loids, triploids, and tetraploids. This analysis enabled us to
address several questions about genomic balance. (1) How do
aneuploidy and polyploidy impact the expression of TEs globally?
(2) Does genomic imbalance have a similar effect on TE expres-
sion and protein-coding gene expression? (3) How are the two
classes of TEs modulated in aneuploidies? (4) Do the differentially
expressed TEs affect adjacent gene expression, which would
compound the effect of genomic imbalance? This study provides
insights into these questions.
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Figure 6. Ratio distributions of the two classes of TEs in 1D/2D.
Ratio distributions were plotted as described in Figure 2.

(A) The ratio distribution of class | TEs.

(B) The ratio distribution of class Il TEs.

Most TEs remained silenced in both the aneuploidy and
ploidy series, but aneuploidy showed greater
modulation of those that were expressed

In the genome, repression of TEs is initiated by DNA methylation
through the RdADM pathway followed by maintenance of methyl-
ation by DNA methyltransferases (Sigman and Slotkin, 2016). TE
activation can occur under some stress conditions, such as
protoplasting, tissue culture, and chromosomal breakage
(Rhoades and Dempsey, 1982; Pouteau et al., 1991; Hirochika
et al., 1996). In this study, nearly 90% of TEs failed to pass our
filtering criteria for TE expression, suggesting that most remained
silenced or were expressed at a very low level. However, for
those elements that were expressed, greater TE modulation in
aneuploidy than in the ploidy series suggests that changing parts
of the genome (aneuploidy) has a greater effect on the regulatory
machinery that affects TE expression than changing whole
chromosome sets (ploidy series). The prevalent inverse TE
modulation in aneuploidy suggests a relationship between the
response of TEs to genomic imbalance and that of core genes.

Greater modulation of TEs than of genes

Previous studies have found that different functional groups of
genes exhibit distinct modulations in aneuploidies (Hou et al.,
2018; Shi et al., 2021; Yang et al., 2021). Typically, transcription
factors and signal pathway genes show slight inverse
modulation, but some functional groups like structural
components of the ribosome are modulated to a greater extent.
Here, comparison of the modulation of TEs and core genes
under the same experimental conditions shows that TEs are
misregulated to a greater extent than core genes.

0 1.0 2.0 3.0 40 5.0>6.0
Ratio

o ——p——
0 10203040 5.0>6.0

Differential modulation of two classes of TEs in
aneuploids

Nearly 80% of the maize genome consists of two classes of TEs,
class | and class Il. Although the two TE families utilize different
mechanisms to perpetuate themselves, the first principle of TE
silencing in plant genomes is the importance of the chromosomal
position where the elements are located (Sigman and Slotkin,
2016). Small nonautonomous DNA transposons, particularly
Mutator, hAT, Helitron, and miniature TE derivatives (MITEs), pre-
fer to insert into or near a gene (Jiang and Wessler, 2001). The
expression of TEs near or within genes is regulated by RdDM
and maintenance TE-silencing mechanisms. Retrotransposons
are frequently found in heterochromatin, mainly in nested
clusters, intermingled with other TEs (SanMiguel and Vitte,
2009). Unlike euchromatic regions, in which RdDM s
responsible for TE repression, heterochromatic regions
require the chromatin-remodeling protein DECREASED DNA
METHYLATION1 (DDM1) for silencing (Fu et al., 2018; Sigman
and Slotkin, 2016; Zemach et al., 2013). Because the regulation
of class | and class Il TEs involves different mechanisms,
genomic imbalance of various portions of the genome is likely
to affect their expression differently. This is indeed the case in
our results, as class | and class Il TEs were differentially
modulated in most of the aneuploids.

Effect of TEs on adjacent gene expression

TEs can affect gene expression in different ways. For example,
TEs might contribute to the activation of maize genes in response
to abiotic stress, which suggests that TEs may provide local
enhancer activities that stimulate stress-responsive gene
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Figure 7. Ratio distributions of the two classes of TEs in 3D/2D.
Ratio distributions were plotted as described in Figure 2.

(A) The ratio distribution of class | TEs.

(B) The ratio distribution of class Il TEs.

expression (Makarevitch et al., 2015). Also, TEs regularly capture
fragments of genes. When the host silences these TEs, small
interfering RNAs homologous to the captured regions may also
target the genes. Such an intragenomic conflict may not
ultimately affect important genes but may lead to the
pseudogenization of less-constrained genes (Hollister and
Gaut, 2009; Bousios and Gaut, 2016; Muyle et al., 2020). In our
results, we found that three disomies (TB-7Lb, TB-9Lc, and TB-
10L19) showed significant upregulation of more than 2000 TEs.
By comparing the proportion of significantly upregulated genes
that have a nearby unchanged TE in the promoter region to those
with neighboring TEs that are significantly upregulated, we did
not find a trend of increase for the significantly upregulated TE
group in these three disomies. The results indicate that an inter-
action of TEs and genes in the context of aneuploidy does not
compound expression changes in response to genomic
imbalance.

METHODS

RNA-seq data and PCA plot analysis

The RNA-seq data were downloaded from NCBI using GEO accession
numbers GSE149186 and GSE156986. RNA-seq and PCA plot analyses
were described previously (Shi et al., 2021, 2022; Yang et al., 2021).
Low-quality reads were filtered out using fastq quality_filter (-Q 33 -q 20
-p 80); the remaining reads were mapped to External RNA Controls Con-
sortium (ERCC) sequences using bowtie2 —phred33 -no-unal so that

Ratio

reads that mapped to ERCC were removed. To deplete reads derived
from organelle genes, reads that uniquely mapped to maize organelle
genome sequences with no more than two mismatches (mitochondria
and chloroplast) using tophat2 were excluded from further analysis. The
remaining reads were then mapped to maize W22 TE exemplar sequences
that contain intact and non-overlapping TEs (Springer et al., 2018; Shi
et al., 2022) based on the TE GFF3 file using bowtie2 (-phred33 -N 0 -
no-unal -k 10) (Langmead and Salzberg, 2012).

For individual TE expression, uniquely mapped reads with zero mis-
matches were selected and normalized by RPKM. For per TE family
expression, reads that were uniquely mapped to a TE family or multi-map-
ped but annotated as members of the same TE family were summarized
and quantified by RPM using a Perl script. TEs with low expression
(mean of the control group + mean of the experimental group < 1
(RPKM for individual TE and RPM for TE family)) were excluded from
further study.

For gene expression, after filtering out ERCC and organelle reads, the re-
maining reads were mapped to the maize reference genome W22v2 using
TopHat2 with default parameters (Kim et al., 2013). Normalized read
counts were generated by Cuffdiff (raw-mapped-norm) for each
comparison (Trapnell et al., 2013). Genes with low expression (mean of
the control group + mean of the experimental group < 1 (RPKM)) were
excluded from further study. PCA plots were generated in R using
normalized read counts (Supplemental Figure 1). To determine whether
there were any outliers, the mean of PC1 or PC2 was subtracted from
the first principal component (PC1) or second principal component
(PC2), respectively, of each biological replicate. If the absolute value of
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the subtraction was greater than or equal to the standard deviation (|
PC1—-PC1mean|>2xSD or |PC2—PC2mean|>2xSD), the sample was
regarded as an outlier (Supplemental Data Set 1).

Ratio distributions and scatterplots

Ratio distributions and scatterplots were generated using the same
methods described in a previous study (Shi et al., 2021, 2022; Yang
et al., 2021). In brief, the ratio was generated by dividing the mean of
experimental counts (RPKM values) by the mean of control counts. The
ratios were plotted as a histogram. For the overlapping plots, the left y
axis is the number of genes in each bin, and the right y axis is the TE
number. For scatterplots, we performed differential TE expression
analysis with edgeR (empirical analysis of DGE [digital gene expression]
in R) using raw counts to test the significance of differential expression
levels between each treatment group and the control group (Robinson
et al., 2010; McCarthy et al., 2012). The FDR value and log,(fold change)
were used for the scatterplots. The log2 fold change (logFC) between
treatment and control was plotted on the x axis, and the mean of log2
of RPKMof the treatment and control group was plotted on the y axis.
Data points with an FDR <0.05 and a corresponding logFC >0 were
depicted in magenta, and points with an FDR <0.05 and a
corresponding logFC <0 were depicted in green. Otherwise, points were
shown in black.

K-S and Bartlett’s test

K-S and Bartlett’s tests were performed using R with extreme ratio values
(ratio > 6 or < 1/6) excluded. Details of the statistical tests were
described in a previous study (Shi et al., 2021). For an individual TE or
TE family, ratios of the expression of the individual TE or TE family were
generated for aneuploidy and ploidy series followed by the K-S test to
compare the two ratio lists and determine whether there was a significant
difference (P value < 0.05). Bartlett’s test was used to examine whether
the variances of the ratios were equal across different groups
(Supplemental Data Set 3).

Differential modulation analysis of TE superfamilies

To investigate the differential modulation of different TE superfamilies
(e.g., RLG, retrotransposon, LTR, Gypsy, RLG00001), we first filtered
out TE families with low expression. The number of each superfamily
was compared with the number of total families in class | or Il and then
multiplied by the number of significantly upregulated, significantly down-
regulated, and non-differentially expressed TE families in order to calcu-
late the expected numbers of significantly upregulated, significantly
downregulated, and non-differentially expressed TE superfamilies. With
the number of significantly upregulated, significantly downregulated,
and non-differentially expressed for each superfamily in the expressed
TE family, a multinomial fit test was performed. The null hypothesis ex-
pects that there is no differential modulation. This hypothesis would be re-
jected if the P value of the subsequent Chi-squared test was less than
0.05, and thus differential modulation would be accepted.

TE and adjacent gene expression

TEs were identified in the promoter regions of genes using the same
method described in a previous study (Makarevitch et al., 2015). In
general, for each gene, transposons located within 1 kb of the
transcription start site (TSS) were identified using the W22 reference
gene and TE annotations (Springer et al., 2018). The distance of a TE
from the TSS of each gene was determined using the closest tool from
the BEDTools suite (Quinlan and Hall, 2010); TEs upstream were given a
positive distance value, and TEs downstream were given a negative
distance value. To determine whether TEs affect nearby gene
expression, the TEs in the promoter regions of genes were divided into
two groups, non-differentially expressed TEs (FDR > 0.05) or significantly
upregulated TEs (FDR < 0.05 and log fold change with base 2 (log2fold_
change, or logFC) > 0). Then, the proportion of significantly upregulated

Plant Communications

genes (corrected P value [g value] < 0.05 and logFC > 0) in these two
groups was computed and compared.
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