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Genomic imbalance determines positive and negative
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Abstract

Genomic imbalance caused by changing the dosage of individual chromosomes (aneuploidy) has a more detrimental effect
than varying the dosage of complete sets of chromosomes (ploidy). We examined the impact of both increased and de-
creased dosage of 15 distal and 1 interstitial chromosomal regions via RNA-seq of maize (Zea mays) mature leaf tissue to
reveal new aspects of genomic imbalance. The results indicate that significant changes in gene expression in aneuploids oc-
cur both on the varied chromosome (cis) and the remainder of the genome (trans), with a wider spread of modulation
compared with the whole-ploidy series of haploid to tetraploid. In general, cis genes in aneuploids range from a gene-
dosage effect to dosage compensation, whereas for trans genes the most common effect is an inverse correlation in that
expression is modulated toward the opposite direction of the varied chromosomal dosage, although positive modulations
also occur. Furthermore, this analysis revealed the existence of increased and decreased effects in which the expression of
many genes under genome imbalance are modulated toward the same direction regardless of increased or decreased chro-
mosomal dosage, which is predicted from kinetic considerations of multicomponent molecular interactions. The findings
provide novel insights into understanding mechanistic aspects of gene regulation.

Introduction

It has been known for nearly a century that changing the
dosage of individual chromosomes or chromosomal seg-
ments (aneuploidy) has more phenotypic effects than
changing the dosage of the whole set of chromosomes in a
genome (ploidy) (Blakeslee et al., 1920; Blakeslee, 1921, 1934;
Sinnott and Blakeslee, 1922; Bridges, 1925). This phenome-
non became known as genetic imbalance and was

postulated to result from a dosage effect of the varied genes.
This concept has been studied molecularly in many organ-
isms such as Drosophila and maize (Zea mays) (Grell, 1962;
O’Brien and Gethmann, 1973; Birchler, 1979, 1981; Birchler
and Newton, 1981; Rabinow et al, 1991). Early studies illus-
trated that varying the dosage of a gene would produce a
directly proportional amount of gene product, known as a
gene-dosage effect (Grell, 1962; Carlson, 1972; O’Brien and
Gethmann, 1973). In other cases, however, genes on the
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varied chromosome produced a nearly equivalent amount
of gene product between aneuploids and diploids, a phe-
nomenon referred to as dosage compensation (Birchler,
1979, 1981; Birchler and Newton, 1981). Further, by investi-
gating the modulation of gene expression from the unvaried
portion of the genome, an inverse correlation between the
dosage of the varied chromosome and the amount of gene
product encoded elsewhere in the genome was observed
(Birchler, 1979; Birchler and Newton, 1981; Rabinow et al,
1991; Guo and Birchler, 1994) with positive modulations be-
ing found to a lesser degree. The basis of dosage compensa-
tion was determined in several studies to result from a
gene-dosage effect being cancelled by an inverse effect pro-
duced together by the varied segment of the genome
(Birchler, 1981; Birchler and Newton, 1981; Birchler et al,
1990). In contrast, relative changes in gene expression in a
whole-genome ploidy series were not as prominent (Birchler
and Newton, 1981; Guo et al, 1996, Yao et al, 2017;
Robinson et al,, 2018).

The genes responsible for these dosage effects were sought
in Drosophila and could be reduced to the action of single
genes (Rabinow et al, 1997; Birchler et al, 2001; Xie and
Birchler, 2012). When the molecular functions were identi-
fied, they included transcription factors (TFs), signal trans-
duction components, and chromatin proteins (Birchler
et al, 2001). Similar conclusions were reached in other taxa
and the unifying aspect was that they were typically mem-
bers of macromolecular complexes and multicomponent
interactions including with DNA (Seidman and Seidman,
2002; Veitia, 2002; Papp et al, 2003; Kondrashov and
Koonin, 2004; Veitia et al, 2013; Defoort et al, 2019; Shi
et al, 2020). Furthermore, copy-number variants of these
components are frequently associated with human diseases
(lonita-Laza et al, 2009; Makino and Mclysaght, 2010).
These findings led to the gene balance hypothesis, which
states that varying the stoichiometry of members of multi-
component interactions will affect their kinetics, mode of as-
sembly and function of the whole, thus causing negative
fitness consequences (Birchler et al, 2005 Birchler and
Veitia, 2007, 2010, 2012). This hypothesis is in parallel with
the phenotypic observation of aneuploids versus the whole-
genome ploidy series (Blakeslee, 1921). When there is a par-
tial rather than a whole-genomic change that alters the stoi-
chiometry of certain subunits relative to others, the function
of the whole multiunit complex would be altered.

A case of autosomal dosage compensation was examined
in Drosophila with regard to the alcohol dehydrogenase
gene (Birchler et al, 1990). When the segmental trisomy was
broken into smaller segments, the structural gene showed a
dosage effect and an adjacent small region, included in the
larger trisomy, had an inverse effect on the studied gene
(Birchler et al, 1990). When a phenotypic promoter-re-
porter construct was tested, the inverse effect was shown to
operate on the 5'-regulatory sequences. In a different sys-
tem, when an individual gene that produced an inverse dos-
age effect on the target white eye color gene was tested
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with promoter deletions, the deletion alleles were found not
to respond (Rabinow et al, 1991). These examples show
that promoter regions are necessary and sufficient to confer
the regulatory inverse effect on a target gene.

The gene balance hypothesis is also supported by evolu-
tionary genomics. Across eukaryotes, certain classes of genes
are maintained as duplicates for a longer period of evolu-
tionary time after whole-genome duplication (WGD), typi-
cally those composing macromolecular interactions
including TFs and signal transduction genes (Simillion et al,,
2002; Blanc and Wolfe, 2004; Maere et al., 2005; Aury et al,
2006; Freeling and Thomas, 2006; Thomas et al, 2006;
Freeling et al, 2008; Jiao et al, 2011; Tasdighian et al, 2017;
Defoort et al, 2019; Du et al., 2020; Shi et al,, 2020). Deletion
of one member of a balanced duplicated pair was postu-
lated to have a detrimental effect on fitness and thus would
be selected against (Birchler et al, 2005 Freeling and
Thomas, 2006). In contrast, there is an underrepresentation
of genes encoding subunits of multiunit complexes retained
after small-scale duplications (Maere et al, 2005; Freeling
et al, 2008; Coate et al., 2016; Tasdighian et al., 2017). In this
case, these duplications would mimic an aneuploid effect,
which upsets the genome balance, resulting in detrimental
defects that would be selected against. Despite the distinct
fates for whole genome and small-scale duplication events,
both scenarios indicate that genomic balance, which is
found experimentally, operates over evolutionary time.
Collectively, the fact that TFs and signaling components are
dosage sensitive, together with these extensive evolutionary
genomics data, illustrates that regulatory processes lie at the
basis of genomic balance.

In addition, the concept of balance is further supported
by the observation that quantitative traits could be affected
by multiple loci that exhibit dosage effects (Tanksley, 1993).
TFs and signal transduction genes were found to be major
contributors in the identification of several quantitative trait
loci (Frary et al, 2000; Cong et al, 2002, 2008; Liu et al,
2002; Xu et al, 2016; Huang et al, 2018). The parallels be-
tween quantitative genetics and the effect of multiple aneu-
ploidies were noted in that any one trait can be affected by
multiple aneuploidies and by multiple quantitative trait loci
(Guo and Birchler, 1994; Birchler and Veitia, 2012).

Because TFs and signaling components operate in cas-
cades affecting targets, which include other TFs, varying a
portion of the genome would be predicted to have global
impacts across the genome (Birchler et al, 2001). Indeed,
large aneuploidies in Drosophila produce such extensive
modulations (Sun et al, 2013a, 2013b). Further, in a study of
global gene expression modulations using mRNA-sequencing
(mRNA-seq), a set of all five trisomies and a whole-genome
ploidy series of diploids, triploids, and tetraploids was exam-
ined in Arabidopsis (Hou et al, 2018). A greater spread of
modulation was observed in the trisomies than the ploidy
series. In general, expression of genes on the varied chromo-
some ranged from dosage compensation to a gene-dosage
effect, whereas genes from the remainder of the genome
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ranged from no effect to an inverse effect with some posi-
tive effects observed. Furthermore, genome-wide DNA
methylation analysis indicates genomic imbalance is gener-
ally unrelated to DNA methylation although it can be mod-
ulated by trisomy. Studies of yeast disomies (Torres et al,
2007) and mouse trisomic cells (Williams et al, 2008) were
originally interpreted as showing mainly cis gene-dosage
effects with minimal trans effects because of the normaliza-
tion of expression for the varied chromosome to the re-
mainder of the genome. However, a re-analysis of those data
revealed prevalent trans-acting modulations, primarily of an
inverse nature (Hou et al, 2018), consistent with historical
observations tracing back 100 years in which every trisomy
of Datura modulated pigment levels (Blakeslee, 1921).
Recent studies of a dosage series of the human sex chromo-
somes demonstrate global modulations of a subset of genes
across the genome, also with a predominance of inverse
effects (Raznahan et al,, 2018; Zhang et al., 2020).

The aforementioned previous studies examined the global
genomic impacts on gene expression in genotypes with ad-
ditional chromosomes out of necessity because reductions
in chromosome number to only one copy are either lethal
or impossible to construct genetically in the various organ-
isms. Among diploid genetic model organisms, maize is the
most tolerant to aneuploidy as evidenced by the fact that it
is possible to recover monosomies and trisomies for all chro-
mosomes (Carlson, 1988). Also, it is possible to produce tet-
rasomies for most of the genome as well as haploid
disomies together with a range of ploidies. This fact is likely
the case because of a history of WGD (Rhoades, 1951; Gaut
and Doebley, 1997; Schnable et al, 2009) but nevertheless
this allows one to address several questions about genomic
balance that are not readily investigated in other species.
Principal among these questions is how global modulations
compare between monosomy and trisomy. Such compari-
sons provide valuable new data for developing theoretical
underpinnings for the nature of genomic balance, the kinet-
ics of gene expression, and the molecular basis of aneuploid
syndromes with implications across eukaryotes.

In this study, 15 segmentally distal and one interstitial seg-
mental aneuploid lines, created by translocations between
the normal chromosomes and the supernumerary B chro-
mosome (B-A translocations) (Roman, 1948; Beckett, 1978,
1991; Carlson, 1988) containing various copies of chromo-
somal segments, were studied in concert with a whole-
genome ploidy series of haploid, diploid, triploid, and tetra-
ploid. The aneuploids in total cover approximately 74.5% of
the genes in the maize W22 genome. The various genotypes
were assayed via mRNA-seq of maize leaf tissue to deter-
mine the common and unique trends of how variation of
different partial genomes or whole-genome doses affects
gene expression on a global scale. By examining the corre-
sponding monosomies and trisomies for large and small
regions comprising a substantial portion of the genome, the
results provide new insight into the impact of genetic imbal-
ance on quantitative gene expression and illustrate its
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pervasive nature. The study revealed not only linear effects
of chromosomal dosage on gene expression but also exten-
sive nonlinear responses that would be predicted from the
kinetics of models of gene regulation.

Results

Aneuploidy causes modulation of gene expression
both in cis and in trans
We analyzed plants from a collection of 15 maize B-A
translocation lines containing various copies of chromo-
somal segments, with one to three copies for 1S (short arm
of chromosome 1), 1L (long arm of chromosome 1), 3S, 3L,
4S, 4L, sL, 6L, 7L, 8L, 9S, and 9L, 2-4 copies for 6S and one
to four copies for 5S and 10L, whose genotypes were
screened and verified by fluorescence in situ hybridization
(FISH). These lines are referred to as distal aneuploids as
their segmental aneuploidy does not include the respective
centromeres. In addition, interstitial segmental trisomies and
tetrasomies with breakpoints spanning the centromere of
chromosome 4, proximal duplication 4 (Dp4) (Zheng and
Carlson, 1997), produced by overlapping reciprocal B-A
translocations were examined and compared with their dip-
loid siblings. By way of comparison, a collection of haploids,
triploids, tetraploids, and their corresponding diploid con-
trols was also analyzed. The crosses and grouping informa-
tion of these plants are described in Material and methods
and listed in Supplemental Table S1. For convenience,
monosomies, diploids, trisomies, and tetrasomies in each an-
euploid were referred to as 1D, 2D, 3D, and 4D (D designa-
tes dosage of the chromosomal segment); whereas haploids,
diploids, triploids, and tetraploids in the ploidy series were
named 1X, 2X, 3X, and 4X, respectively.

mRNA-seq was performed on the leaf tissue of the above-
mentioned materials to examine the effect of aneuploidy
and polyploidy on gene expression. Principal component
analysis (PCA) was performed using normalized read counts
to determine the similarity of gene expression levels among
biological replicates (Supplemental Figure S1). To identify
possible outliers, the mean and standard deviation (sp) of
the principal components (PCs) among biological replicates
were calculated and compared. For all genotypes, values of
PC1 and PC2 for each replicate were within two SDs from
the mean, indicating none could be considered as an outlier.

Plotting ratio distributions of experimental to control read
counts provides a broad view of trends of gene expression,
especially for those that are subtly modulated with experi-
mental and control values close to each other. Normalized
counts of biological replicates were averaged and ratios of
individual genes of each experimental condition to the con-
trol were plotted as a histogram. The distributions for the
aneuploids were partitioned into genes that are present on
the varied chromosome (cis) versus those that are in the re-
mainder of the genome (trans) according to the breakpoint
in each line listed in Supplemental Table S2. Location of the
breakpoints in aneuploids was determined by analyzing
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DNA-sequencing (DNA-seq) data generated from aneuploids
as described in Materials and methods. The mean, median,
and sp for each distribution were computed (Supplemental
Data Set 1). Also, various statistical tests were performed, in-
cluding determinations of deviation of the distributions
from normal (Supplemental Data Set 2), or comparisons of
distributions for differences with Kolmogorov—Smirnov (K-
S) tests of significance (Supplemental Data Set 3), or com-
parisons of variances across distributions using Bartlett’s test
(Supplemental Data Set 4). Scatter plots were used to illus-
trate the fold change and significance of differential gene ex-
pression (DGE), as a cross-validation to the ratio
distributions (Supplemental Figure S2).

The aneuploids show a wide range of distinct effects both
on the cis and trans chromosomes compared with their dip-
loid control (Figures 1-3). In general, cis genes in aneuploids
range from dosage compensation to a gene-dosage effect.
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For each monosomy (1D/2D), the cis effect shows a peak
grouping between a gene-dosage effect (0.5) and dosage
compensation (1.0), but the range of effects extends above
and below these levels (Figure 1). Some monosomies exhibit
greater extents of cis modulation than others. The major cis
peak for 3S and 5L monosomies is modulated slightly below
a gene-dosage effect, while the greatest cis peaks for 1S, 1L,
4S, and 55 monosomies are closer to a gene-dosage effect
than dosage compensation. There is a spread of ratios
extending below and above toward compensation for most
arms. Trisomies (3D/2D) display cis effects with similar pat-
terns but a greater trend toward dosage compensation com-
pared with monosomies (1D/2D). Cis peaks of each trisomy
lie between a gene-dosage effect (1.5) and dosage compen-
sation (1.0), with those for 1S, 4S, 4L, 5S, 6S, and 6L showing
a close approximation to a generalized dosage effect while
those for 3S and 5L are closer to dosage compensation. The
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Figure 1 Ratio distributions of gene expression in each monosomy compared with diploids (1D/2D). Genes were partitioned into those encoded
on the varied chromosome (cis) versus those encoded on the remainder of the genome that were not varied in dosage (trans). Normalized read
counts for each gene were averaged across biological replicates and were then used for the generation of ratios comparing each experimental
group to the control. Cis distributions were painted in orange, while trans distributions were painted in blue. Gene ratios for each pair of compari-
son were plotted on the x-axis with a bin width of 0.05. The y-axis notes the number of genes per bin (frequency). A ratio of 0.5 represents a gene-
dosage effect in cis, whereas 1.0 represents dosage compensation. A ratio of 2.0 represents the inverse ratio of gene expression in trans, whereas
1.0 represents no change and 0.5 represents a positive modulation. These ratio values are demarcated with labeled vertical lines in red (0.5), black

(1.0) and purple (2.0).
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major peaks for others are either intermediate or closer to a
gene-dosage effect (Figure 2). The spread of effects generally
spans between a dosage effect and compensation. However,
for some regions, there are minor peaks that coincide with
an inverse reduction in cis, even below the diploid control,
notably for 1S, 1L, 3S, 4S, 5L, 6L, 7L, 8L, 9S, 9L, and 10L.
These peaks represent a subset of genes that apparently
have multiple independent inverse modulations, a situation
also observed in Drosophila (Sun et al,, 2013b). As for tetras-
omies (4D/2D), the cis peak for 10L shows a closer approxi-
mation to a gene-dosage effect (2.0) than dosage
compensation (1.0), whereas those for 55 and 6S are inter-
mediate (Figure 3).

There is a wide spread of modulation for trans genes, but
the most common effect for trans genes is an inverse effect
in that expression decreases with increasing doses of chro-
mosomal dosage or increases with decreased doses.
Monosomic 1S, 1L, 4S, 5S, 8L, 9S, and 9L (1D/2D) display a
trend of increased generalized gene expression whereas triso-
mic 1L, 3S, 3L, 55, 5L, 6S, 8L, 9L, and 10L (3D/2D) experience
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decreased gene expression, both toward the inverse level
(Figures 1 and 2). Similar trends are also observed in tetraso-
mic 5S, 6S, and 10L (4D/2D) (Figure 3). A few aneuploids,
such as monosomic 3S, 5L, and 10L, as well as trisomic 4S,
exhibit a positive relationship in that expression slightly
increases with increasing chromosomal dosage (Figures 1
and 2). Scatter plots of fold change and DGE complement
the results of ratio distributions (Supplemental Figure S2).
Quantitative PCR (qPCR) of specific genes for relative ex-
pression levels in 5S aneuploids was conducted and the ra-
tios agree with those generated in the ratio distributions
(Supplemental Figure S3). A Pearson correlation coefficient
(R) between ratios computed from qPCR and mRNA-seq
equals 0.930 (P-value = 2.29e-08).

To examine whether the cis and trans effects in aneu-
ploids are progressive, with greater chromosomal dosage
producing greater effects, we further plotted the ratio distri-
bution of tetrasomies to trisomies (4D/3D) (Figure 3). The
cis peak of 10L is near 1.33, in proportion to the chromo-
some dosage, while that of 55 and 6S is intermediate

5.0=6.0 1.0 20 30 40 50=6.0

2000
1500+
10004
500 -
4 eV e
0 1.0 2.0 3.0 40 5060 0 1.0 20 3.0 40 50>6.0
5 T 40 T
30 1| 4560 - | ss— {30 1 5L
% I % ] | ]
0 0 - 0 - G
0 1.0 2.0 3.0 4.0 5.0>6.0 0 1.0 2.0 30 4.0 5.0>6.0 0 10203040 5060 0 1.0 20 3.0 40 50>60
1 2000 2000 ]
1500 L 1500{ | 750 -
1000 18004 1| 1000 - 500
.., 500 500 500 250
8 o0 - 0 0 -
§ 0 1.0 2.0 3.0 4.0 5.0>6.0 0 1.0 2.0 3.0 4.0 5.0>6.0 0 1.0 2.0 3.0 40 50>6.0 0 1.0 20 3.0 40 50>6.0
=3 . 80
@ 8 75 1+ 60 680 4|
i & o [ 6s | | ] } 8L |4 | 7118 8L
= 1] 25 4 20 20 14
o - 0 - 0 0 -
0 1.0 20 3.0 40 50>6.0 0 1.0 2.0 3.0 4.0 5.0>6.0 0 1.0 2.0 3.0 40 5060 0 1.0 20 3.0 40 50>6.0
3000 15001 |
] 1500 1500
2000 1000+ 1000 - 10004
1000+ 500 - 500 - 500
0 —_—r—_ - - -~
0 1.0 2.0 30 4.0 50>6.0 0 1.0 20 30 4.0 50>6.0 0 102030405060 0 1.0 20 3.0 40 50>60
T 60 '
20 A ‘ 9s 40 A aL 40 A 10L
10 1 20 A 20
0 o - 0
0 1.0 2.0 30 4.0 5.0>6.0 0 1.0 2.0 30 4.0 5.0>6.0 0 1020 3040 5060
1500 i 15004 15004
10004 1000 4 1000 -
500 500 500 A

0 1.0 2.0 3.0 40 50>6.0

- 0 -
0 1.0 2.0 3.0 40 5.0=6.0 0 1.0 2.0 3.0 4.0 5.0>6.0
Ratio

Figure 2 Ratio distributions of gene expression in each trisomy compared with diploids (3D/2D). Analysis was conducted as described in Figure 1.
A ratio of 1.5 represents a gene-dosage effect in cis, whereas 1.0 represents dosage compensation. A ratio of 0.67 represents the inverse ratio of
gene expression in trans, whereas 1.0 represents no change and 1.5 represents a positive modulation. These ratio values are demarcated with la-
beled vertical lines in pink (0.67), black (1.0), and green (1.5).
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Figure 3 Ratio distributions of gene expression in each tetrasomy compared with diploids (4D/2D) or trisomies (4D/3D). Analysis was conducted
as described in Figure 1. Ratios of 2.0 (4D/2D) and 1.33 (4D/3D) represent a gene-dosage effect in cis, whereas 1.0 represents dosage compensation.
Ratios of 0.5 (4D/2D) and 0.75 (4D/3D) represent the inverse ratio of gene expression in trans, whereas 1.0 represents no change. Ratios of 2.0
(4D/2D) and 1.33 (4D/3D) represent a positive modulation in trans. These ratio values are demarcated with labeled vertical lines in red (0.5), or-

ange (0.75), black (1.0), blue (1.33), and purple (2.0).

between 1.0 and 1.33. Scatter plots of DGE in comparing
tetrasomies to trisomies further demonstrate the progressive
cis effect on gene expression is statistically significant
(Figure 4 and Supplemental Figure S2C). Together with the
analysis on 1L tetrasomies and trisomies in a previous study
(Johnson et al, 2020), a progressive cis effect positively oc-
curring with chromosomal dosage is a common scenario. In
the trans comparison, ratio distributions of tetrasomies are
subtly different compared to trisomies, as the peak is distrib-
uted near ratio 1.0. However, the fact that many genes are
significantly differentially expressed in the 4D/3D trans com-
parison demonstrates a progressive effect also exists in trans,
although expression of many genes remain unchanged
(Figure 4 and Supplemental Figure S2C). The companion pa-
per (Yang et al, 2021) examined haploid disomies, which
also have greater imbalance than trisomy, with the finding
of generalized greater modulations in trans.

Of the B—A translocation lines analyzed, the percentage of
the genome for cis genes in each line range over 10-fold

from 0.5% to 7.9% of all genes in W22 (Figure 4). The num-
ber or proportion of cis genes is not related to the extent of
modulation in both ratio distributions and scatter plots
(Figures 1-3; Supplemental Figure S2). In addition, no rela-
tionship is observed between the number of cis genes or the
cis TFs to the number of DEGs in each comparison
(Figure 4). However, a general trend emerges when examin-
ing the global trend of each comparison. Medians of cis and
trans distributions in each comparison are highly positively
correlated across different cis regions for both monosomy
and trisomy (Figure 5, A and B), indicating cis and trans
peaks in each comparison were shifting in the same direc-
tion. In other words, when gene expression approaches
closer to the inverse level in trans, cis distributions proceed
more toward dosage compensation. There is a positive cor-
relation between the proportion of up-regulated cis DEGs
and that of the upregulated trans DEGs in the 14 monosomic
comparisons (1D/2D). This relationship is also the case in the
comparison between the proportion of downregulated cis
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Figure 4 Number of cis genes and TFs in each aneuploidy line as well as the number of upregulated and downregulated DEGs in each comparison.
Up, upregulated DEGs; down, downregulated DEGs; total, all DEGs in each comparison. The blue color is scaled to the number (no.)/proportion
(%) of cis genes while the orange color to the number of cis TFs. The red color is scaled to the number of total DEGs. DEGs were computed by sig-
nificance (q value <0.05), as in each scatter plot in Supplemental Figure S2.

DEGs and that of the downregulated trans DEGs in triso-
mies (3D/2D) (Figure 5, C and D). These observations indi-
cate the inversely affected trans genes are similarly affected
as the cis genes that trend toward dosage compensation,
suggesting both groups are affected by a related
mechanism.

Ratio distributions permit an evaluation of general trends,
including subtle modulations holistically that are difficult to
detect statistically in experiments that are restricted in scope
due to practical considerations. However, to examine how
gene expression is modulated at the individual gene level,
we compared the direction of gene regulation of DEGs in
monosomies versus trisomies in the 14 distal aneuploidy
lines (Supplemental Table S3). There are 0.78%- 44.10% of
cis genes that are differentially expressed in both monoso-
mies and trisomies compared with diploids, the plurality of
which is downregulated in monosomies and upregulated in
trisomies. This observation indicates that a gene-dosage ef-
fect is the plurality trend for individual cis gene expression
upon changes of chromosome dosage in the range of aneu-
ploid sizes examined. An analysis of trans genes eliminates
the variable of gene copy number that is present with cis

genes. The percentage of trans genes being differentially
expressed in both monosomies and trisomies ranges be-
tween 0.30% and 33.07%. Although the ratio distribution
analysis, which detects more subtle modulations, found that
the inverse effect was the most prominent global response
to aneuploidy, the DGE analysis of individual genes revealed
that many trans DEGs are modulated toward the same di-
rection regardless of whether there is increased or decreased
chromosomal dosage relative to diploids. This type of re-
sponse has been noted on the individual gene level (Guo
and Birchler, 1994), but this effect has not been previously
addressed globally. Percentages of DEGs being upregulated
or downregulated in both types of aneuploids outnumbered
DEGs modulated toward opposite directions in 11 out of 14
lines. These gene expression patterns are therefore referred
to as an increased effect (both upregulated) and a decreased
effect (both downregulated), respectively, in the following
paragraphs.

Gene Ontology (GO) term enrichment analysis regarding
biological process of DEGs exhibiting different expression
patterns was performed using PANTHER (Thomas et al,
2003; Mi et al, 2013) (Supplemental Data Set 5). Under- or
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Figure 5 Relationship between expression of cis and trans genes in each distal aneuploidy comparison. R, Pearson correlation coefficient; p, P-val-
ues for Pearson correlation. Each data point represents one comparison out of the 14 distal aneuploids, with 6S excluded due to a lack of mono-
somy. A and B, Correlation between the median of cis and trans distributions for monosomies (1D/2D) and trisomies (3D/2D). Medians of cis and
trans genes in each comparison were plotted on the x- and y-axes, respectively, computed as in Supplemental Data Set 1. C, Correlation between
up-regulated cis and trans DEGs in monosomies (1D/2D). D, Correlation between down-regulated cis and trans DEGs in trisomies (3D/2D). DEGs

were computed as described in Supplemental Figure S2.

over-representation of GO terms shared across different dis-
tal aneuploids was summarized by analyzing DEGs being
modulated toward opposite directions in monosomies ver-
sus trisomies (inverse or positive effect). None of these GO
terms are shared between any 2 distal aneuploidy lines out
of 14 (Supplemental Data Set 5). Similarly, DEGs that
showed an increased or a decreased effect in both types of
aneuploids were analyzed and GO terms being under- or
over-represented are shared among no more than 5 distal
aneuploidy lines out of 14 (Supplemental Data Set 5). Thus,
DEGs exhibiting different expression patterns are modulated
in a manner specific to each dosage series rather than a uni-
form reaction to genomic imbalance.

Ploidy shows a lesser spread of modulation than
aneuploidy

Ratio distributions comparing ploidies of haploid, triploid,
and tetraploid with the corresponding diploid control show
much less spread with a sharp peak near ratio 1.0 compared
with aneuploidy (Figure 6A). In each case, the peak is slightly

modulated above or below 1.0 with an inverse relationship
to ploidy. Statistical tests were performed to compare distri-
butions between aneuploidy and ploidy with the same num-
ber of varied individual chromosomes or sets of
chromosomes, namely, trans distributions of monosomies
(1D/2D) compared with haploids (1X/2X), trisomies (3D/2D)
compared with triploids (3X/2X) and tetrasomies (4D/2D)
compared with tetraploids (4X/2X). K-S tests for different
distributions and Bartlett’s tests for variations both showed
highly significant differences (Supplemental Data Sets 3 and
4), suggesting a greater level of disruption of global gene ex-
pression in aneuploidy than in ploidy. This observation is
further validated by tests for DGE as shown in the scatter
plots, with fewer DEGs found in each ploidy comparison
than most aneuploidy comparisons (Figure 6; Supplemental
Table S4). The number of DEGs in each comparison varies,
with 1,749 DEGs in haploids, 144 DEGs in triploids, and 855
DEGs in tetraploids compared with diploids. However, only
a small fraction of genes is differentially expressed in more
than one comparison. The W22 1X/2X and 4X/2X
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Figure 6 Ratio distributions and scatter plots of gene expression in each whole-ploidy series compared with diploids, and tetraploids compared
with triploids. A, Ratio distributions of each ploidy compared with diploids and tetraploids to triploids. Analysis of each ploidy to diploids was
conducted as described in Figure 1. Ratios of 4X/3X were generated by dividing the ratio of 4X/2X by 3X/2X as described in “Materials and
methods” section. B, Scatter plots of each ploidy. The x-axis represents the log-fold change with base 2 of each experimental genotype to the con-
trol, whereas the y-axis notes the mean of normalized counts of each experimental genotype and the control. Data points with an g value (or ad-
justed P-value in 4X/3X) <0.05 and a corresponding logFC >0 were depicted in magenta, while points with an g value < 0.05 and a
corresponding logFC <0 were depicted in green. A and B, A ratio of 1.0 represents no change. Ratios of 0.5 (1X/2X), 1.33 (4X/3X), 1.5 (3X/2X),
and 2.0 (4X/2X) represent a gene-dosage effect, whereas ratios of 2.0 (1X/2X), 0.75 (4X/3X), 0.67 (3X/2X), and 0.5 (4X/2X) represent the inverse ra-
tio of gene expression. These ratio values are demarcated with labeled vertical lines in red (0.5), pink (0.67), orange (0.75), black (1.0), blue (1.33),
green (1.5), and purple (2.0). C, Venn diagram of DEGs in each ploidy compared with diploids. DEGs were determined as in (B). Numbers in the
brackets denote the total number of DEGs in each comparison. D, Relative (Rel.) transcriptome size of the whole-ploidy series. Error bar, so across
ratios of the eight genes being assayed as described in Material and methods.

comparisons shared more overlapping DEGs, likely because
of their same genetic background in contrast to 3X/2X,
which originated from inbred line Mo17 (Figure 6C).

We further investigated the ratio distribution comparing
tetraploids to triploids (4X/3X) by computing the ratios of
ratios in the 4X/2X comparison to those in the 3X/2X com-
parison (Figure 6A). The sharp peak lies slightly below 1.0,
indicating a slightly linear relationship between the inverse
trend of gene modulation and the degree of ploidy. A
Student’s t test was performed to detect significantly differ-
ent ratios in the 4X/3X comparison. The fact that the ratios
of only 12 genes are significantly different shows the in-
creased inverse trend of gene modulation from triploids to

tetraploids is detectable on the global landscape, more so
than on an individual gene basis (Supplemental Table S4), as
is generally the case in this study.

Epidermal cell area and transcriptome size are
correlated with chromosome number in polyploids
It is generally accepted that there is a linear relation be-
tween cell size, number of chromosomes, and transcriptome
size in Arabidopsis with cell size and transcriptome size
showing the strongest correlation (Miller et al, 2012
Tsukaya, 2013; Robinson et al., 2018). The center of ratio dis-
tributions of the ploidy series compared with diploids is
near 1.0, suggesting that larger cell size and correlated
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changes in gene expression per cell are observed with in-
creased number of chromosomal sets. This hypothesis is fur-
ther confirmed by measurement of cell size of each ploidy
using epidermal cell imprints (Figure 7). An increase in the
number of chromosome sets (1X, 2X, and 4X) results in sig-
nificantly greater cell area with a strong linear relationship
(R ~ 1.0; P =0.038). For aneuploidy, dosage series of chro-
mosome arms 5S and 6S were used for demonstration. A
slight numerical increase of cell area is observed with the in-
crease of the dosage of 5S; however, none of the 5S aneu-
ploids show a significant change of cell area compared to
their diploid siblings (Figure 7A). In addition, no change was
observed when examining the cell area of plants carrying
two to five copies of 6S (Figure 7B). Therefore, it is unlikely
that a measurable shift in transcriptome size occurs in the
5S and 6S aneuploid series.

To further understand how the transcriptome size varies
with increased number of chromosome sets, we measured
the transcriptome size of the ploidy series relative to the
diploid control. An overall estimate of relative transcriptome
size was computed by dividing the per cell expression ratios

(droplet digital PCR, ddPCR) by per transcriptome
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Figure 7. Epidermal cell area of aneuploids and polyploids. Asterisks
indicate significant differences (Student’s t test: *P <0.05; ***P
<0.007; ns, P >0.05). Epidermal cell area of 5S aneuploids (A), 6S
aneuploids (B), and the ploidy series (C). Each point represents data
for one biological replicate.
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expression ratios (RNA-Seq) (Coate and Doyle, 2010)
(Supplemental Figure S4) as described in the companion pa-
per (Yang et al, 2021). The transcriptome sizes of haploids
and triploids relative to diploids are proportional to the ra-
tios of their corresponding chromosome sets, while the rela-
tive transcriptome size of tetraploids to diploids is >2.0
(Figure 6D).

Genes in different functional groups exhibit diverse
responses to aneuploidy and ploidy

Genes were partitioned into several functional groups to de-
termine whether there were any specific responses to aneu-
ploidy and ploidy. Genes in each functional group were
assembled from resources of various types including data-
bases, tools predicting subcellular localizations, and tools
predicting GO terms, as described in a previous study
(Johnson et al, 2020) (Supplemental Data Set 6). Ratio dis-
tributions were plotted for each functional group while scat-
ter plots for significance of DGE were performed as a
complement.

TFs and signal transduction genes in cis showed similar
distributions compared with all genes (Supplemental Figures
S5 and S6). However, in some aneuploids (e.g monosomic
1S), cis distributions of those genes show closer approxima-
tion to a gene-dosage effect than those of all genes, but the
difference is not statistically significant (Supplemental Data
Set 3). TFs of many aneuploids distribute differently com-
pared to all genes in trans, validated by K-S tests
(Supplemental Data Set 3). Significant changes of distribu-
tions are observed in both monosomic and trisomic 3S, 4S,
5L, 8L, and 10L, whereas varied copy number of 1S, 1L, 3L,
55, 6S, 7L, and 9L only leads to significant variation of distri-
butions in either monosomy or trisomy. In addition, statisti-
cal determinations by K-S tests demonstrate that signal
transduction genes in most aneuploidy comparisons have
similar trans distributions compared with all genes, although
a few trisomies distribute differently (Supplemental Figure
S6 and Supplemental Data Set 3). In contrast, both TFs and
signal transduction genes from the ploidy series distribute
similarly compared with all genes (Supplemental Figure S7),
statistically verified by K-S tests (Supplemental Data Set 3).

Distributions of genes encoding structural components of
the ribosome exhibit the most significant changes in con-
trast to those of all genes among all functional groups inves-
tigated (Supplemental Figure S8). Ribosomal genes in cis
display increased or decreased expression compared with all
genes in aneuploidy; however, most comparisons are not
statistically significant due to the limited gene numbers
(Supplemental Data Set 3). A generalized trend toward dos-
age compensation was observed for cis ribosomal genes in
trisomies and tetrasomies rather than monosomies.
Ribosomal genes in trans show a narrower spread of modu-
lation than all genes, with P values in Bartlett’s tests for var-
iances approaching zero (Supplemental Data Set 4).
Ribosomal genes are modulated to various degrees as the
greatest peaks in their distributions are shifted to diverse
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positions compared with all genes. Trans peaks of 3L, 4S, 5L,
and 10L aneuploids are modulated toward the same direc-
tion but with different extents, regardless of whether the
plants have increased or decreased chromosomal dosage,
with those of all 5L and 10L aneuploids approaching 0.5. In
contrast, peaks of trans distributions of 4L, 6L, 8L, and 9L
aneuploids are shifted toward the direction of a positive ef-
fect, while those of 1S, 55, 7L, and 9S move toward the in-
verse level. In addition, trans distributions of ribosomal
genes show a significant nonlinear relationship to chromo-
somal dosage, given that peaks of 4D/3D comparisons devi-
ate from 1.0 (Supplemental Figure S8C). Tetrasomic 5S and
6S are more inversely modulated than the respective triso-
mies whereas tetrasomic 10L is less downregulated than tri-
somic 10L. Significance of the different distributions of the
above-mentioned comparisons was validated by K-S tests
(Supplemental Data Set 3).

In further comparisons, trans genes encoding the subunits
of the proteasome distribute significantly differently than all
genes in most aneuploids (Supplemental Figure S9 and
Supplemental Data Set 3), exhibiting a narrow range of
modulation with significantly less variation (Supplemental
Data Set 4). Proteasomal trans genes in a few monosomies
and trisomies display various extents of increased expression.
In general, a greater degree of upregulation is observed in
monosomies than in trisomies, with modulations in mono-
somic 1S, 1L, 4S, and 5S being most significant. Ribosomal
and proteasomal genes in the ploidy series also distribute
statistically differently with a narrower spread than all genes
(Supplemental Figure S7 and Supplemental Data Sets 3 and
4); their distributions are shifted slightly upward or down-
ward compared with all genes. In addition, many fewer ribo-
somal and proteasomal genes are significantly differentially
expressed in ploidy comparisons than in aneuploidy com-
parisons (Supplemental Table S4). Similar distributions be-
tween stress-related genes and all genes in aneuploidy and
polyploidy conditions indicate that a varied number of indi-
vidual chromosomes or chromosome sets did not induce ex-
tensive stress-related responses in these normal growth
conditions (Supplemental Figure S10).

Plant cells contain two semiautonomous organelles, the
chloroplast and the mitochondrion. They each contain a
small genome that relies largely on nuclear factors for main-
tenance and expression (Newton et al, 2009). We investi-
gated the distributions of nuclear genes whose products are
subsequently transported to the chloroplast or mitochon-
drion. Cis distributions of genes encoding chloroplast-
targeted proteins (hereafter referred to as nuclear chloro-
plast genes) in a few aneuploids are significantly different
(Supplemental Data Set 3). The sharp cis peaks of some
monosomies and trisomies are slightly shifted to the left or
to the right compared with those of all genes (Supplemental
Figure S11). Nuclear chloroplast genes in trans distribute dif-
ferently compared with all genes in all aneuploids, with a
second peak or the greatest peak observed near the ratio of
0.5 (1D/2D) or 0.67 (3D/2D) in distributions of some
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aneuploids such as 3S, 5L, and 10L (Supplemental Data Set
3). A trend of decreased expression of nuclear chloroplast
genes is observed regardless of the increase or decrease of
chromosomal dosage, indicating a disruption of expression
of them that is conditioned by genome imbalance. Cis distri-
butions of genes encoding mitochondrially targeted proteins
(hereafter referred to as nuclear mitochondrial genes) are
similar to all genes, while trans distributions in some aneu-
ploids display a significant difference (Supplemental Figure
S12). Nuclear mitochondrial genes do not show as much dif-
ferential modulations in comparison to those for the chloro-
plast in trans, although small peaks are observed in some
aneuploids near the level of a positive trans dosage effect.
Nuclear chloroplast and mitochondrial RNAs in the ploidy
series distribute statistically differently compared with all
genes (Supplemental Figure S7 and Supplemental Data Set
3); however, the difference is minor considering the ploidy
series shows a similar trend of gene expression modulation
with similar values of mean and median and contains fewer
number of DEGs overall compared with aneuploids
(Supplemental Data Set 1 and Supplemental Table S4).

Peroxisomes are highly dynamic organelles and are in-
volved in a wide range of plant processes (Hu et al, 2012).
Very different from the chloroplast and mitochondrion, they
are surrounded by only a single membrane. Peroxisomes do
not contain DNA or ribosomes and therefore are devoid of
organelle-synthesized =~ components.  Distributions  of
peroxisomal-targeted genes in both aneuploids and poly-
ploids are very similar to all genes (Supplemental Figures S7,
S$13, and Supplemental Data Set 3).

Medians of trans ratios in each ratio distribution were
plotted to illustrate the overall trend of trans gene modula-
tion in each functional group (Figure 8). The finding that
the medians of ratios of all genes and many functional
groups distribute over or under a ratio of 1.0 (no change)
further supports the conclusion that the predominant effect
in trans is an inverse modulation. This result also demon-
strates that the structural components of the ribosome are
modulated to a greater extent compared with other classes.

An interstitial proximal aneuploid exhibits more
dosage compensation than distal aneuploids

Apart from the 15 distal aneuploids analyzed above, we
assayed an interstitial aneuploid line, Dp4, which varies the
centromeric region of chromosome 4 (Zheng and Carlson,
1997). Breakpoints of Dp4 were determined by DNA-seq
as described in the “Materials and methods” section
(Supplemental Figure S14). Cis distributions of genes in triso-
mic and tetrasomic Dp4 approach the level of dosage com-
pensation (1.0) whereas trans genes exhibit reduced
expression toward the inverse level (Figure 9A). The extent
of these modulations toward dosage compensation and in-
verse levels is more extensive in Dp4 than in most distal
aneuploids, especially in trisomic Dp4 (Figures 1-3 and 9).
Such cis effects in Dp4 are further supported by the scatter
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Figure 8 Median of trans ratios of each functional class and maize
subgenome in each distal aneuploid line. X-axis refers to median of
trans ratios computed as in Supplemental Data Set 1, whereas the y
axis denotes functional classes or maize subgenomes (G1 and G2).
Each data point represents the median of one distal aneuploid in the
corresponding group. Medians of ratios in the 1D/2D comparison are
shown on the left while those in the 3D/2D comparison are presented
on the right. The black dashed line represents no change of gene ex-
pression in trans (ratio 1.0). Cp, chloroplast; mt, mitochondrial.

plots of significance (Figure 9B). However, there are fewer
trans DEGs in Dp4 than in many other terminal aneuploid
lines, likely due to a high variance across biological replicates
(Figure 4). Data analyzing expression levels of genes around
the cis region of Dp4 in the diploid controls indicate that
the greater percentage of dosage compensated genes is not
due to a generalized lower expression of genes in this het-
erochromatic centromeric region (Supplemental Figure
S14B).

Genes in different functional groups for Dp4 show a simi-
lar trend of modulation compared with the 15 distal aneu-
ploids. TFs, signal transduction genes, structural components
of the ribosome and the proteasome, as well as nuclear
chloroplast genes distribute differently, whereas stress-
related genes, nuclear mitochondrial, and peroxisomal genes
show similar distributions compared with all genes, statisti-
cally verified by K-S tests (Supplemental Figure S15 and
Supplemental Data Set 3). However, the expression modula-
tion of functional groups in Dp4 still exhibits some differen-
ces in contrast to other aneuploids in that less modulation
is observed in trans distributions of ribosomal and nuclear
chloroplast genes (Supplemental Figures S8, S11, and S15).
The largest peaks of these distributions are closer to no
change (1.0) compared with those of all genes.

When comparing tetrasomic Dp4 to trisomic Dp4, the cis
peak is located around the dosage effect (1.33), while the
trans peak is slightly below 1.0 (Figure 9A). Thus, a progres-
sive cis effect positively correlated with chromosome dosage
is also observed in Dp4 as in distal aneuploids. However,
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another aspect that is different between Dp4 and distal
aneuploids is that trans distributions in the 4D/3D compari-
sons of signaling and stress-related genes shift toward the in-
verse level (0.75), while ribosomal, proteasomal, and
chloroplast-targeted genes distribute in approximation to
the dosage-effect level (1.33). This distinction might be due
to the specific regulatory gene content of Dp4 compared to
other regions as opposed to this region being primarily het-
erochromatic. Peaks of the remaining groups for Dp4 are
centered around 1.0 as in distal aneuploids (Supplemental
Figure S15). On the contrary, deviation of trans peaks in the
4D/3D comparisons in distal aneuploids is only observed for
the functional group of ribosomal genes (Supplemental
Figure S8). This phenomenon is likely due to a greater
spread of modulation in tetrasomic Dp4 in comparison to
trisomic Dp4, so that there is a nonlinear relationship be-
tween gene expression and chromosomal dosage. Indeed,
we observe a higher degree of dosage compensation in triso-
mic Dp4 than in tetrasomic Dp4 (Figure 9A).

Maize subgenomes respond similarly to genomic
imbalance

Many species that have experienced ancient polyploidy
show fractionation bias in gene loss and retention between
duplicate genomic regions (Thomas et al., 2006; Woodhouse
et al, 2010; Garsmeur et al, 2014; Edger et al, 2017, 2019).
Maize contains two subgenomes, maize1 (G1) and maize2
(G2), that are differentiated by ongoing fractionation. G1
has experienced less gene loss and its homologs are
expressed to a higher level in duplicate gene pairs compared
with those from G2 (Schnable et al, 2011). Such fraction-
ation bias could be caused by a selection against loss of the
genes with greater expression for a duplicate gene pair,
which could have greater negative fitness consequences.
Thus, it is of interest to determine whether aneuploidy or
polyploidy conditions would result in different modulations
of gene expression between G1 and G2. Gene lists of high-
confidence retained homologs were obtained as reported
(Schnable et al, 2011) (Supplemental Data Set 6). Ratio dis-
tributions and statistical determinations indicate a similar
expression pattern between G1 and G2 genes in both aneu-
ploids and polyploids (Supplemental Figure S16 and
Supplemental Data Set 3). Thus, despite different expression
levels, genes in G1 and G2 are modulated as target genes in
a similar way under the impact of aneuploidy and poly-
ploidy. Thus, while stoichiometry appears to impact the re-
tention or loss of genes in G1 and G2, per se, with regard to
target genes the two genomes are indistinguishable.

Discussion

In this study, a comprehensive gene expression study was
performed on 16 aneuploid lines with varied dosage of mul-
tiple chromosomal segments with widely varying genic con-
tent, in concert with a whole-genome ploidy series including
haploids, diploids, triploids, and tetraploids. In general, aneu-
ploids show a wider spread of modulation compared with
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Figure 9 Ratio distributions and scatter plots of differential gene expression of the Dp4 dosage series. Distributions (A) were generated as de-
scribed in Figure 1, whereas scatter plots (B) were generated as described in Figure 6 with genes partitioned into cis and trans.

the whole-ploidy series. Cis genes generally range from a
gene-dosage effect to dosage compensation, whereas the
most common effect for trans genes is an inverse correlation
in that expression is modulated toward the opposite direc-
tion of altered chromosomal dosage, although both positive
and negative modulations are observed. Genes in different
functional classes exhibit diverse responses to aneuploidy,
with TFs, signaling genes, ribosomal, and proteasomal com-
ponents, as well as nuclear chloroplast and mitochondrial
genes behaving differently compared with stress-related
genes and peroxisomal-targeted genes.

Because only added chromosomal copies were examined
in most previous studies of aneuploidy in a variety of organ-
isms, the ability to generate monosomies in maize makes it
an excellent model for studying how individual genes

respond to changes both above and below the diploid level.
When comparing hyperploids with hypoploids sharing the
same varied region, a linear relationship between dosage
changes and the direction of modulation is observed for
many cis DEGs and for a fraction of trans DEGs. However, a
nonlinear relationship was also found between chromosomal
dosage and the global trend of gene modulation as depicted
in ratio distributions depending on the region examined,
and between chromosomal dosage and differential expres-
sion patterns on a per gene basis. For instance, ratio distri-
butions of trans genes in 10L monosomies are shifted
toward the same direction as in trisomies. Also, a large pro-
portion of trans DEGs on the individual gene level is modu-
lated in the same direction regardless of increased or
decreased chromosomal dosage. Therefore, apart from the



930 | THE PLANT CELL 2021: 33: 917-939

gene-dosage effect, dosage compensation, and inverse-
dosage effect, which were regarded as the most common
responses to hyperploid dosage changes, this study, with the
ability to assay monosomies routinely, shows that genome
imbalance can also impact gene expression in additional
ways. Genomic imbalance triggered by aneuploidy can result
in an increased or decreased effect in both hypoploids and
hyperploids compared with normal diploids. A few GO
terms are over- or under-represented in common in those
DEGs showing different expression patterns (e.g inverse, pos-
itive, increased or decreased effects). However, these GO
terms are shared among only a few aneuploidy lines, indicat-
ing genome balance affects gene expression through differ-
ent pathways, largely dependent on the specificity of genes
or regions being modulated.

Theoretic implications for gene regulatory processes
Although there is now extensive evidence from genetics and
evolutionary genomics that stoichiometry plays an impor-
tant role in quantitative gene expression, little is known
about the molecular parameters. Gene regulation is medi-
ated by macromolecular interactions but virtually nothing is
known about their assembly except some theoretical model-
ing (Veitia et al, 2008, 2013; Bray and Lay, 1997). In the case
of aneuploid effects, a simplistic model can view the varied
chromosomal region as contributing one component rela-
tive to the rest of the genome. Although this is clearly an
oversimplification, it provides a means to begin to make
predictions for future experimentation in this realm.

The nonlinear relationships of the DEGs in the cases of in-
creased or decreased effects could be explained by the nonli-
nearity in macromolecular assembly of their regulatory
machinery. The kinetics of assembly of bridge molecules in
relation to other subunits to form multicomponent interac-
tions are positively correlated between their relative amounts
and the number of functional complexes at low concentra-
tion of the individual varied subunit (Bray and Lay, 1997;
Veitia et al, 2008; Birchler et al, 2016). When the ratio of all
subunits approaches the same ratio as in the molecular com-
plex, the quantity of functional assemblies reaches the peak
before a negative relationship results from further increase in
the concentration of the bridge subunit relative to the others
(Bray and Lay, 1997; Veitia et al,, 2008, 2013; Birchler et al,
2016). In genetic terms, overexpression of bridge components
leads to a dominant negative effect. If the dosage balance is
approximated in diploids, the number of functional regula-
tory complexes would certainly drop in both hyperploids
and hypoploids if a bridge subunit concentration is altered
by gene dosage, thus, impacting gene expression of their tar-
gets toward the same direction in the two types of aneu-
ploids. Note that the modulations in these cases still fall
more or less within the limits of the dosage imbalance and
are not reflective of strongly induced or repressed expression,
which would be expected to exceed these limits. This phe-
nomenon likely contributes to the observation that quantita-
tive expression variation across lines is not useful in
developing gene regulatory networks but instead needs to
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rely on presence/absence variation (Zhou et al, 2020). In
contrast, if the concentration of a peripheral subunit of the
multicomponent regulatory interactions increases, the num-
ber of functional complexes would increase until a plateau is
reached when the concentration of the peripheral subunit
exceeds that of the bridge molecule (Birchler et al, 2016). Of
course, the rate of synthesis and degradation of the gene
products contributing to a macromolecular complex would
also influence the ultimate functional concentration.

The common and unique trends of gene expression
in aneuploidy

The cis and trans distributions from the various genomic
regions studied shift in concert toward the same direction.
In other words, there is a relationship between the inversely
regulated trans genes and the cis genes that trend toward
dosage compensation, which suggests a common molecular
basis. Nevertheless, it is of note that there is an overall
greater extent of gene modulation toward the inverse level
in hyperploids compared with hypoploids, although hypo-
ploidy triggered more trans DEGs than hyperploidy, likely
due to the former causing a wider spread of trans distribu-
tions. That hyperploidy exhibits a greater trend of inverse
effects than hypoploidy fits the kinetic model of regulatory
multicomponent interactions mentioned above. Indeed, in
the companion study (Yang et al, 2021) of haploid disomies,
which have greater hyperploid imbalance, inverse effects are
by far the most prevalent.

Fifteen distal aneuploids were examined in this study,
which in total cover almost three quarters of the genes in
the W22 genome. As noted above, for each comparison,
when gene expression approaches closer to the inverse level
in trans, cis distributions proceed more toward dosage com-
pensation. However, the uniqueness of modulation of each
aneuploid line should be noted. The extent of increased or
decreased expression and the width of spread of modulation
depend on the region being altered. The variation of these
two features is not related to the number of cis genes nor
cis TFs in the respective region. Also, the fraction of DEGs
being modulated toward the same versus different directions
in monosomies and trisomies is quite varied across aneu-
ploids. Furthermore, DEGs from different aneuploid lines
with the same expression patterns are mostly over- or
under-represented in different GO terms. Thus, it is likely
that the varied copy number of specific genes in each chro-
mosomal segment rather than the size of the region per se
has more effect on global gene expression. Also, the fact
that every region tested modulated gene expression exten-
sively in trans, including those in the lower part of the size
range, suggests that the effects of larger regions are the con-
glomerate of many and illustrates the extensive nature of
the genomic balance network.

Distinct effect of interstitial aneuploidy on gene
expression

Apart from the distal aneuploids, we analyzed the expres-
sion of an interstitial aneuploid, Dp4, surrounding the
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centromeric region of chromosome 4 that carries extra cop-
ies of over 600 genes. Dp4 generally shows similar cis and
trans modulations compared with distal aneuploids.
However, a larger proportion of cis genes in Dp4 is dosage
compensated than in distal aneuploids as the major peaks
of cis distributions are close to 1.0 in trisomic and tetraso-
mic Dp4 compared with diploids. We considered the possi-
bility that this phenomenon might be due to the specific
location of cis regions in Dp4 as it spans the heterochro-
matic regions of chromosome 4. Repeats and heterochroma-
tin are usually highly enriched around centromeric regions,
possibly resulting in epigenetic repression of gene expression.
However, reduced levels of gene expression in the cis region
of Dp4 were not observed in our data, suggesting extensive
dosage compensation is not due to epigenetic repression.
The cis distributions of trisomic Dp4 display a more pro-
nounced trend of dosage compensation than tetrasomic
Dp4, suggesting that the increased dosage in the latter
might trigger a shift in a responsible regulatory network.
Although the degree of reduced trans expression of all genes
in Dp4 is proportional to its chromosomal dosage from two
to four copies, that of several functional classes deviates
from the linear relationship in the 4D/3D comparison.
Trisomic Dp4 also shows a higher degree of dosage compen-
sation in cis and inverse effects in trans than most distal tri-
somies. Although this example of aneuploidy of centromeric
heterochromatin is distinct from the distal aneuploidies
studied, it is a single case. Additional heterochromatic
regions will need to be examined to determine if this differ-
ence is generalizable.

Considerations of cell and transcriptome size

First identified in Datura, the relationship between cell size
and the level of ploidy has been repeatedly found in studies
of many organisms (Sinnott and Blakeslee, 1922;
Dobzhansky, 1929; Steinitz-Sears, 1963; Yao et al, 2017;
Miller et al,, 2012; Tsukaya, 2013; Robinson et al., 2018). This
phenomenon was also observed in this study in that cell
size increases with ascending ploidy from haploids to tetra-
ploids. There is a greater amount of total RNA per cell with
an increased level of ploidy (Loven et al, 2012; Robinson
et al, 2018; Song et al., 2020). Therefore, cell size is strongly
related to transcriptome size or the amount of total RNA.
The normalization method used in this study does not re-
flect the expression level per cell. As a result, ratios of the
whole-genome ploidy series distributing around 1.0 indicates
the effect of an increased amount of total RNA is canceled
by the effect of increased cell size. Thus, the differences
found reflect the relative changes of gene expression in a
polyploid series, which are minor.

Our measurement of genome-normalized expression level
using ddPCR further supports the minor changes of gene ex-
pression in the whole-ploidy series (Supplemental Figure
S4B). The epidermal cell size of haploid, triploid, and tetra-
ploid is 0.43-, 1.33-, and 1.60-fold relative to that of diploid;
whereas the relative transcriptome size is 0.53-, 1.48-, and
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3.70-fold in relation to that of diploids (Figures 6D and 7C).
This relationship is generally consistent with a greater tran-
scriptome size with increasing ploidy with a larger step for
the tetraploid with this genotype.

In contrast to polyploidy, a generalized relationship be-
tween cell size and varied copy of individual chromosomes
or chromosomal segments has been rarely observed in
Datura, Drosophila, or Arabidopsis (Sinnott and Blakeslee,
1922; Dobzhansky, 1929; Sinnott et al, 1934; Steinitz-Sears,
1963; Lo et al, 2014). Our data showing that varied copies
of aneuploid segments in the 5S and 6S series did not signif-
icantly impact the cell size is consistent with these previous
findings. The insignificant variation in cell size indicates that
the trends of expression modulation in aneuploids are not,
or at least minimally, due to changes in transcriptome size.
However, in the companion study of haploid disomies, a few
regions of the genome inversely affect the transcriptome
size in this tissue (Yang et al, 2021).

Regarding the question of whether the rRNA transcrip-
tome, the major constituent of total RNA, is altered in aneu-
ploids, we used TB-6Sa as a control. TB-6Sa is a B-A
translocation line that carries part of the nucleolar organizer
region (NOR) and a very short portion of 6S (Lin, 1955;
Beckett, 1978), with a cis region covering approximately 200
genes (Supplemental Figure S14D). Historically, maize plants
carrying multiple copies of the B® chromosome with the
NOR were examined and a linear relationship between the
total amount of RNA being present within the nucleolus
and the number of the B® chromosomes was observed (Lin,
1955). Also, the amount of RNA in the nucleolus in triploids
was increased to the same level as in trisomic maize plants
carrying an extra chromosome 6. However, in the present
study, only a few genes showing an expression approaching
the inverse level are observed in trisomic and tetrasomic 6S
with most gene expression being similar. Considering that
the rRNA is the major component of the total RNA, if the
varied copy number of the NOR was able to alter the total
amount of rRNA independently of mRNA in the total RNA
extractions, there would be an apparent generalized shift of
almost all gene expression to the inverse level, which was
not found. Furthermore, if the amount of rRNA would be
altered, the relative total transcriptome size of hyperploid 6S
would be significantly increased, leading to increased cell
size, which was also not found (Figure 7). There is no evi-
dence in the literature that changing the dosage of the NOR
affects cell size despite the increased RNA output within the
nucleolus (Lin, 1955; Phillips et al, 1971). Collectively, these
results indicate there is an increase in the amount of rRNA
in the nucleolus with increasing dosage of the NOR, but this
increase is not reflected in the steady state level of rRNA in
the ribosomes of the cells. In another study, the ratio of
rRNA per DNA was measured in a large number of maize
monosomies and trisomies (TB-65a was not used in that
study), yet no evidence of altered amount of rRNA was
found (Guo and Birchler, 1994). In Drosophila, the amount
of rRNA per DNA was also reported to be unchanged
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(Birchler et al, 1989; 1990). Considering in Drosophila there
is one NOR on each X and Y chromosome and that three
copies of the NOR did not affect the amount of rRNA iso-
lated in the total RNA extractions, it is likely that the
amount of rRNA in total RNA extractions directly reflects
the amount of rRNA present in the ribosomes (Birchler
et al, 1989). This assumption is supported by our analyses
on the dosage series of 6S. All these results indicate that the
transcribed amounts of rRNA are not reflected in the total
RNA extractions in aneuploids.

Implications for quantitative characteristics
Phenotypically, monosomies and trisomies are both detri-
mental compared with balanced diploids (Lee et al 19963,
1996b; Sheridan and Auger, 2008; Brunelle and Sheridan,
2014). An extensive genomic scan of induced copy number
variants in poplar illustrates this fact on a global fine-scale
(Bastiannse et al,, 2019). Specific examples of how the subu-
nit stoichiometry of signaling or TF protein interactions can
affect plant morphology have been described (Chen et al,
2010; Stahl et al,, 2013; Clark et al, 2020); our results suggest
a related behavior is a widespread aspect of regulatory
mechanisms. Although a relationship between global gene
expression during development and the phenotype of whole
organisms is complex, influenced by the environment, and
not understood, it has been noted that, as a general rule,
there are potentially limiting expressions in both monoso-
mies and trisomies (Birchler and Newton, 1981).
Monosomies have reduced expression from cis dosage
effects and trans positive modulations. Trisomies have limit-
ing expression from the predominant inverse effects operat-
ing in this aneuploid type. Tetrasomies have reductions that
can be greater in magnitude in general. Indeed, extensive ev-
idence from evolutionary genomics, cited above, indicates
that changing the stoichiometry of regulatory machineries
on the individual gene level can affect fitness and selection
against altered balance. Our results indicate that there is a
rheostat of target gene expression illustrating that there is
an astronomical number of potential subtle quantitative
phenotypes that can occur for any one trait, assuming varia-
tion. Individual genes can have an impact resulting from dif-
ferent stoichiometries among the components of regulatory
macromolecular interactions. Coupled with the potential
spectrum of quantitative effects of dissected 5’ regulatory
regions of target genes (Rodriquez-Leal et al, 2017), the
number of possible phenotypes is compounded further.
Taken together, the results illustrate the need to incorporate
balance principles into the field of quantitative genetics.
Quantitative and theoretical population genetics modeling
tends to classify allelic alternatives as plus or minus. The
results of the dosage analyses indicate that any one level of
quantitative regulatory expression could have a positive or
negative influence on target gene expression that is also
influenced by the level of expression of interactors in the
background and therefore is not necessarily predictable
from individual to individual. Thus, to some degree popula-
tion and quantitative genetics theory needs to be revisited
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to incorporate the concept of stoichiometry among regula-
tory genes that produce a gradient of target gene
expression.

The impact of B chromosomes on gene expression
in aneuploids

Maize with stable B-A translocations was used to study the
effect of distal aneuploidy on global gene expression. Except
for the 10L and 5S diploids, which contain the B chromo-
some, other diploid lines in the control groups are com-
posed of 20 normal A chromosomes (Supplemental Table
S1). In some comparisons, plants in the experimental group
(distal aneuploidy) have part or the equivalent of a whole B
chromosome or more, whereas plants in the control group
(diploid) do not contain any B chromosome. Although the
maize B chromosome is a nonessential chromosome that is
dispensable for the normal growth and reproduction of the
plant (Randolph, 1941), it has been reported to impact the
expression of over a hundred genes transcribed from the A
chromosome (Huang et al, 2016). Results of the DGE analy-
sis of haploids with one or two copies of the B chromosome
compared with haploids without any B chromosome in the
companion study further support this conclusion (Yang
et al, 2021). Thus, the possibility that the B chromosome
could impact gene expression in aneuploids created by B-A
translocations should not be overlooked. However, the B
chromosome is not the major contributor to global gene
modulation in the distal aneuploids assayed in this study. In
the 5S and 10L comparisons, plants in both the control and
experimental groups contain all of the parts of the B chro-
mosome, yet similar patterns of gene modulation were ob-
served as in other distal aneuploids. Furthermore, in the
companion study, ratio distributions of haploids with one or
two copies of the B chromosome compared with normal
haploids center around 1.0 and are significantly different
from the A chromosome disomy groups, suggesting the
effects observed in A chromosome disomies are trivially im-
pacted by the B chromosome portion, if at all (Yang et al,
2021).

Concluding remarks

In general, the results of this study illustrate that there is an
overall trend for greater gene expression modulation in
aneuploids than in a ploidy series, which provides insight
into the century-old observation that changing the dosage
of individual chromosomes has more phenotypic effects
than changing the whole set. Unlike what was generally ac-
cepted in the field that altered expression induced by aneu-
ploidy mainly occurs in the cis region, this study
demonstrates that aneuploidy leads to global gene modula-
tion both in cis and in trans. Furthermore, monosomies
were examined in this study along with the respective
hyperploidies with genomic imbalance assayed both globally
and on a per gene basis. Apart from the predominant dos-
age compensation and gene-dosage effects in cis and the in-
verse effect in trans, a range of effects such as increased and
decreased effects appear in some cases. The coexistence of


https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koab030#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koab030#supplementary-data

The Plant Cell, 2021 Vol. 33, No. 4

linear and nonlinear relationships between chromosomal
dosage and the direction of genomic modulation further
supports the kinetic model of regulatory genomic balance.
Despite similarities, gene expression trends in each aneu-
ploid line showed unique features, as expected if specific
genes in the respective varied regions trigger global cascad-
ing modulations. The prevalence of the inverse and positive
modulations and their potential interrelationship is counter-
intuitive to current views of gene regulation but these ge-
netic results indicate the need to incorporate these
principles into mechanistic models of gene regulation.

Materials and methods

Plant material and morphological analysis

To obtain maize (Zea mays) plants with one to four doses
of chromosomal arms, maize plants with B—A translocations
of 15 distinct chromosome arms converged to inbred line
W22 were karyotyped for numbers of normal and translo-
cated chromosomes using FISH (Supplemental Table S1). In
general, for maize plants with one to three doses of chromo-
some arms, their male parents were hyperploid for the
translocated B" chromosome, while their female parents
were testers. For obtaining plants with four doses, maize
plants hyperploid for the B* chromosome were selfed, which
resulted in the spectrum of one to four doses of the translo-
cated arm. For Dp4, plants heterozygous for the proximal
overlap of B-A translocations for chromosome 4 were self-
pollinated to produce a segregating progeny with two, three,
and four doses of the region.

FISH was performed for counting chromosome numbers
in the progeny using a fluorescence microscope (Olympus
BX61). Chromosomes were stained with 4,6'-diamidino-2-
phenylindole (DAPI) (Thermo Fisher) and then probed with
oligo probes including the CentC centromere repeat and
the microsatellite TAG repeat, in addition to a nick-
translated B chromosome-specific centromere repeat probe
(Albert et al, 2019). Afterwards, plants with desired karyo-
types were grown in the Sears greenhouse at the University
of Missouri (16-h light, 25°C day/20°C night).

Four biological replicates were obtained for each karyo-
type for each distal aneuploid line. Monosomies (1D), triso-
mies (3D), and tetrasomies (4D) were compared to diploids
(2D) as the control. Except for the 10L and 5S diploid, which
contained one B" and one A® chromosome, other diploid
lines were composed of 20 normal A chromosomes
(Supplemental Table S1). Diploid controls used in each com-
parison were siblings to the corresponding experimental
group as both groups segregated from the same cross, with
the exception of the controls used in the comparison re-
garding chromosome arms 5L and 3S, which were the same
diploids used for the 1S comparison. However, little variance
would be caused by this substitution, given that these dip-
loid controls had the same genotype and were grown and
sequenced simultaneously as the 5L and 3S aneuploids. In
addition, four biological replicates were gathered for trisomic
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and diploid Dp4, whereas only three were obtained for tet-
rasomic Dp4.

For the polyploid series, we compared four W22 haploids
to four W22 diploids (see Yang et al., 2021 for generation of
haploids), four W22 tetraploids to four W22 diploids (Kato
and Birchler, 2006), and two Mo17 triploids to three of their
diploid siblings (Yao et al, 2013). The numbers of chromo-
somes in these samples were determined by counting DAPI-
stained chromosomes with a fluorescence microscope
(Olympus BX61). A 3048 cm of leaf tissue was collected
from the fifth and sixth leaves from the bottom of each
plant 45 days after germination during late mornings to
minimize circadian differences in expression. Only the leaf
blade was kept, and the midrib was discarded. The tissue
was frozen in liquid nitrogen and then stored at —80°C for
further analysis.

Epidermal cell size measurement

For the 5S dosage series and the whole-ploidy series, 45-day-
old plants were used to obtain the epidermal cell imprints
for cell area measurements as described previously (Ferris
and Taylor, 1994; Ferris et al, 2002; Yao et al, 2011).
Imprints were taken from the abaxial surface of the second
leaf from the bottom of each plant and were examined by a
brightfield microscope (Olympus BX61). For each plant, four
imprints were taken. We measured the area of 25 epidermal
cells from each imprint using Fiji (Schindelin et al, 2012),
calculated the mean value for the area of 100 cells for each
plant, and performed Student’s t test of means for statistical
significance. Data were collected from the same plants from
which RNA was extracted for mRNA-seq. For the 6S dosage
series, seeds were obtained from a selfed plant derived from
R-scm2 W22 with multiple B®* chromosomes. Plants were
grown in the field in July 2020 in Columbia, Missouri and
the cell imprints were taken 43 days after planting.
Genotypes of these plants were confirmed by FISH assays.
For each plant, 10 imprints were taken and 15 cells from
each imprint were measured.

Transcriptome size measurement

The sizes of the transcriptome of the haploid, triploid, and
tetraploid relative to diploid were measured as described
(Yang et al,, 2021), according to the approach previously de-
veloped (Coate and Doyle, 2010). In brief, RNA and gDNA
were coextracted using Dr P Isolation Kit (BioChain) from
the same plants used for RNA-seq. ddPCR was performed to
measure the RNA/gDNA ratio using primers specifically
designed to amply either the cDNA or gDNA so that a
genome-normalized expression level of each gene of interest
was obtained. Details of the ddPCR and the corresponding
primers being used were described (Yang et al, 2021). The
per genome expression ratio (experiment/control) equals
the ratio of genome-normalized expression level of the ex-
perimental group to that of the control. Subsequently, the
per cell expression ratio was computed by multiplying the
per genome expression ratio by the ratio of chromosome
sets. For example, the per cell ratio (1X/2X) equals its per
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genome ratio times 0.5 (3X/2X x 1.5 and 4X/2X x 2.0, re-
spectively). To estimate the relative transcriptome size of
haploid, triploid, and tetraploid in comparison to diploids,
we then divided the per cell expression ratios obtained from
the ddPCR assay by the per transcriptome expression ratios
derived from the RNA-Seq. The mean of eight independent
estimates of the transcriptome size of each polyploid relative
to diploid transcriptome was taken as the overall estimate
of relative transcriptome size.

RNA isolation and RNA-seq library construction
Total RNA was extracted from maize leaves using mirVana
miRNA Isolation Kit (Thermo Fisher Scientific). Total RNA
was quantified by a Qubit fluorometer (Invitrogen) using
the Qubit RNA HS RNA assay kit (Thermo Fisher Scientific).
The RNA integrity was checked using the Fragment
Analyzer automated electrophoresis system (Agilent). A 5
g of total RNA was spiked with the External RNA Controls
Consortium (ERCC) RNA Spike-In Mix (Thermo Fisher
Scientific) according to the manufacturer’s protocol. Spiked
total RNA was depleted for rRNA with Ribo-Zero rRNA
Removal Kit (lllumina) and used for library construction
with TruSeq Stranded mRNA Library Preparation Kit
(INumina). The rRNA was removed from total RNA by hy-
bridization with the probes instead of poly(A) RNA enrich-
ment. All samples were sequenced in seven independent
mMRNA-seq experiments on the NextSeq500 platform using
75-bp single-end sequencing. Libraries from each mRNA-seq
experiment were mixed and then aliquoted to each flow cell
(NextSeq High Output Flow Cell-SE75) to reduce the techni-
cal error between experimental and control groups in each
comparison. Sequencing was performed at the DNA core
(University of Missouri). Read mapping statistics of each
mRNA-seq experiment are listed in Supplemental Data Set
7. Each experiment generated 41-78 million raw read counts
on average.

mRNA-seq data processing

Adaptors at the 3’ end of the reads were trimmed using
cutadapt version 1.16 (Martin, 2011). Low-quality reads were
removed using the FASTX-Toolkit (http://hannonlab.cshl.
edu/fastx_toolkit/, fastq_quality_filter -Q33 -q20 -p80).
Subsequently, mRNA reads were aligned to ERCC sequences
using Bowtie 2 with default parameters (Langmead and
Salzberg, 2012). A table of ERCC counts together with
known relative concentrations was used as input and out-
put for an R script to generate a linear regression model. R-
squared values were extracted from the model to evaluate
the quality of the sequenced library (Supplemental Data Set
7). Subsequently, the remaining non-ERCC reads were
aligned to maize chloroplast and mitochondrial genomes us-
ing TopHat2 with default parameters so that the organellar
transcripts are excluded from further study (Clifton et al,
2004; Kim et al, 2013; Bosacchi et al, 2015). The remaining
reads were then mapped to the maize reference genome
W22v2 along with the maize chloroplast and mitochondrial
genomes using TopHat2 with default parameters (Clifton
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et al, 2004; Bosacchi et al, 2015; Springer et al, 2018). Less
than 1% of organellar reads were retained. A 9-24 million
uniquely mapped nonorganellar read counts were obtained
for each experiment on average (Supplemental Data Set 7).
Normalized read counts were generated by Cuffdiff (raw-
mapped-norm) for each comparison (e.g. aneuploids with
different dosage for chromosome 5S were normalized
against each other) (Trapnell et al, 2013). The lowly-
expressed genes (mean of the control group + mean of the
experimental group < 1) were excluded from further study.
PCA plots were generated in R using normalized read
counts (Supplemental Figure S1).

DNA isolation, library construction, and breakpoint

determination

DNA was extracted using DNeasy Plant Mini Kit (QIAGEN).
Libraries were prepared according to TruSeq DNA PCR-Free
Library Prep (lllumina). DNA samples isolated from one tet-
rasomic Dp4 and its diploid sibling were sequenced on a
NextSeq High Output Flow Cell - SE75 (lllumina) at the
DNA core of University of Missouri. DNA samples extracted
from a trisomic 10L18, 6Sa, and their respective diploid sib-
ling were subjected to the same procedure. Adaptor trim-
ming and low-quality read removal were performed the
same as in the mRNA-seq data process. Then the remaining
DNA reads were aligned to the maize reference genome
W?22v2 along with the maize chloroplast and mitochondrial
genome using Bowtie 2 with default parameters (Langmead
and Salzberg, 2012). Uniquely mapped read counts were
extracted and then subjected to Reads Per Kilobase per
Million mapped reads (RPKM) normalization. Subsequently,
ratios of normalized counts of tetrasomic Dp4 to diploid
were generated on a per gene basis, which was used for de-
termination of Dp4 breakpoints later (Supplemental Figure
S14A). Ratios of normalized counts of trisomic 10L or 6S to
the diploid were computed to determine the breakpoint of
TB-10L18 and TB-65a  (Supplemental Figure S14).
Breakpoints of other distal aneuploids were determined as
described in the companion study (Yang et al,, 2021).

Ratio distribution and scatter plots

Ratio distribution plots were generated as described in previ-
ous studies (Hou et al., 2018; Shi et al, 2020). In brief, means
of normalized counts of biological replicates of each experi-
mental genotype (e.g. 3D of chromosome 5S) and the con-
trol group (e.g. 2D of chromosome 5S) were computed. The
ratio was generated by dividing the mean of treatment
counts by the mean of control counts and is visualized as a
histogram. For scatter plots, corrected P value (g value) and
log fold change with base 2 (log,fold_change, or logFC) pro-
duced by Cuffdiff were used. The logFC between treatment
and control was plotted on the x-axis, while the mean of
normalized counts of the treatment and control group was
plotted on the y-axis. Data points with a g value <0.05 and
a corresponding logFC >0 were depicted in magenta, while
points with an g value <0.05 and a corresponding logFC
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<0 were depicted in green. Otherwise, they were desig-
nated in black.

All ratio distributions and scatter plots were generated us-
ing the method above except for the comparison between
triploids and tetraploids (4X/3X), considering that this com-
parison involves two sets of controls with different back-
grounds. For plotting ratio distributions, normalized read
counts for each tetraploid were divided by the mean of their
diploid control (4X/2X ratio), while normalized read counts
for each triploid were divided by the mean of their diploid
control (3X/2X ratio). Then the 4X/2X ratio was used as the
experimental value whereas the 3X/2X ratio as the control
in the generation of novel ratios used for the ratio distribu-
tion. For scatter plots, instead of DGE, we performed a
Student’s t test in comparing ratios of 4X/2X to 3X/2X,
which tests for the significance of whether the mean log, ra-
tio of 4X/2X differs from the mean log, ratio of 3X/2X. g
values were calculated by adjusting P values by the
Benjamini—-Hochberg algorithm for computing false discov-
ery rates. Genes with adjusted P <0.05 were defined as
DEGs. The log, ratio on the x-axis denotes the log ratio of
4X/2X to 3X/2X with base 2, while the mean of normalized
counts of 4X, 3X, and their diploid controls was plotted on
the y-axis.

Quantitative PCR

A 1 pg total RNA was spiked in 2 pL 1:100 diluted ERCC
RNA Spike-In Mix (Thermo Fisher Scientific). cDNA was syn-
thesized using the SuperScript IV Reverse Transcriptase
(Thermo Fisher Scientific) with gene specific primers. RT-
gPCR was performed with a StepOnePlus Real-Time PCR
System (Thermo Fisher Scientific) and the PowerUp SYBR
Green Master Mix (Thermo Fisher Scientific). A 2-ng cDNA
was used as the template for RT-qPCR. Three technical repli-
cates were carried out for each sample. Four biological repli-
cates were used for each genotype. RNA accumulation levels
of selected genes were measured in relation to levels of
ERCC-00111 as a control. Primers are listed in Supplemental
Table S5.

GO term enrichment analysis

GO term enrichment analysis was performed using
PANTHER online tools (Thomas et al, 2003; Mi et al., 2013).
Genes of interest were tested for over- or under-
representation using Fisher's exact test against all maize
genes expressed in each condition (lowly expressed genes
were excluded as described in section “mRNA-seq data
processing”). Only significant terms (Bonferroni-corrected P
< 0.05) were used for further study.

Statistical analysis

Statistical tests were performed using R with extreme values
(ratio >6 or < 1/6) excluded. Mean, median, and sp of
each comparison were computed (Supplemental Data Set
1). Normality assumption was checked by the Lilliefors test
(Supplemental Data Set 2). In addition, similarity between
two ratio distributions was also validated by the K-S test
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(Supplemental Data Set 3). We also used the Bartlett’s test
to examine if variances are equal across different groups
(Supplemental Data Set 4).

Accession numbers

All sequencing data were deposited at the Gene Expression
Omnibus repository under the accession number
GSE149186.

Supplemental data

The following materials are available in the online version of
this article.

Supplemental Figure S1. PCA plots of aneuploids and
polyploids.

Supplemental Figure S2. Scatter plots of significant differ-
ential expression for each gene in aneuploids.

Supplemental Figure S3. Ratios of selected genes gener-
ated from mRNA-seq and gPCR in 5S aneuploids.

Supplemental Figure S4. Expression ratios generated
from ddPCR and mRNA-seq in the whole-ploidy series
comparisons.

Supplemental Figure S5. Ratio distributions and scatter
plots of differential gene expression for the functional class
of TFs in aneuploids.

Supplemental Figure S6. Ratio distributions and scatter
plots of differential gene expression for the functional class
of signal transduction genes in aneuploids.

Supplemental Figure S7. Ratio distributions and scatter
plots of differential gene expression for various functional
groups in the ploidy series.

Supplemental Figure S8. Ratio distributions and scatter
plots of differential gene expression for the functional class
of structural components of the ribosome in aneuploids.

Supplemental Figure S9. Ratio distributions and scatter
plots of differential gene expression for the functional class
of structural components of the proteasome in aneuploids.

Supplemental Figure S$10. Ratio distributions and scatter
plots of differential gene expression for the functional class
of stress-related genes in aneuploids.

Supplemental Figure S11. Ratio distributions and scatter
plots of differential gene expression for the functional class
of nuclear chloroplast genes in aneuploids.

Supplemental Figure S12. Ratio distributions and scatter
plots of differential gene expression for the functional class
of nuclear mitochondrial genes in aneuploids.

Supplemental Figure S13. Ratio distributions and scatter
plots of differential gene expression for the functional class
of peroxisomal-targeted genes in aneuploids.

Supplemental Figure S14. Ratios of normalized DNA
read counts and RNA read counts of Dp4, TB-6Sa and TB-
10L18.

Supplemental Figure S15. Ratio distributions and scatter
plots of differential gene expression for different functional
classes in Dp4.
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Supplemental Figure S16. Ratio distributions of high-
confidence retained homologs from maize1 (G1) and maize2
(G2) subgenomes.

Supplemental Table S1. Karyotype, number of biological
replicates being sequenced and parental lines of distal aneu-
ploid maize.

Supplemental Table S2. Number of cis genes and posi-
tion of translocation breakpoints in each aneuploid line.

Supplemental Table S3. Percentage of DEGs with differ-
ent expression patterns upon changes of chromosomal
dosage.

Supplemental Table S4. The number of DEGs in each
functional group in aneuploids and polyploids.

Supplemental Table S5. Sequence for primer sets used in
qPCR.

Supplemental Data Set 1. Mean, median, and standard
deviation (sp) for each ratio distribution.

Supplemental Data Set 2. Normality test for each ratio
distribution.

Supplemental Data Set 3. Distribution comparisons with
K-S tests of significance.

Supplemental Data Set 4. Comparisons of distribution
variances with Bartlett’s test.

Supplemental Data Set 5. GO term enrichment analysis
regarding biological process on DEGs with inverse, positive,
increased or decreased effects in monosomies and trisomies
compared with diploids.

Supplemental Data Set 6. Gene lists of diverse functional
groups and maize subgenomes used in this study.

Supplemental Data Set 7. Read mapping statistics and
group information of each mRNA-seq experiment.
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