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Significance

 Aneuploidy is a major cause of 
birth defects, a hallmark of 
cancer, and a reflection of the 
dosage sensitivity of genes 
involved in quantitative traits. 
Most studies on how aneuploidy 
affects gene expression have 
examined single genomic regions 
at a time. Here, we examined 
combination trisomies, 
combination monosomies, and 
combinations of trisomy for one 
region and monosomy for 
another. The effects on global 
gene expression were found to 
be cumulative, rebalanced, or in 
some cases multiplicative. Most 
aneuploidies alter the total 
transcriptome size. The results 
have implications for the 
stoichiometric control of gene 
expression, the progression of 
aneuploidy in cancer, the 
evolution of sex chromosomes, 
the role of the triploid block in 
polyploid evolution, and the 
control of quantitative traits.
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Genomic imbalance refers to the more severe phenotypic consequences of changing a 
single chromosome compared to changing the whole genomic set. Previous genomic 
imbalance studies in maize have identified gene expression modulation in aneuploids 
of single chromosome arms. Here, the modulation of gene expression in more complex 
aneuploids, e.g., monosomy of one chromosome arm and trisomy of another was exam-
ined to determine the extent that combination aneuploids were additive, multiplicative, 
or rebalanced in terms of their effect on gene expression. A series of genetic crosses was 
performed to produce one, two, and three copies of one arm with independent one, two, 
and three copies of the other arm in each of the three genotypes for the opposite arm. In 
total, 31 combinations were analyzed. By examining RNA modulation, we found that 
cis genes on varied chromosome arms are generally more dosage-compensated in aneu-
ploid combinations than in single aneuploidy even though some showed a clear dosage 
effect. For genes on the unvaried chromosomes (trans), there is greater modulation in 
most of the aneuploidy combinations. Finally, 22 of the 31 combinations were found 
to have an altered transcriptome size, suggesting that extensive stoichiometric changes 
of genomic regions upset global messenger RNA (mRNA) transcription. Overall, these 
results have important implications for understanding the role of genomic stoichiometry 
for mechanisms of gene expression, the evolution of dosage-sensitive duplicated genes, 
the evolution of sex chromosomes, the rapid growth adaptation of aneuploid cancer 
cells, and the control of quantitative traits.

aneuploidy | gene balance | gene dosage effects | dosage compensation | inverse effect

 Genome imbalance refers to the phenomenon of changing the copy number of parts of 
the genome, which has a more detrimental effect on the phenotype than changing the 
whole set. This phenomenon was first reported by Alfred Blakeslee in the flowering plant 
﻿Datura stramonium  ( 1 ,  2 ). Blakeslee noted that trisomy (at that time he referred to each 
trisomy as a “mutation”) of each chromosome in Datura  produced a unique morphology 
and had different modulation of the anthocyanin pigment level of the plants. On the 
other hand, when the whole set of chromosomes was changed (polyploidy), there was 
much less effect. Early work in Drosophila  also documented the balance phenomenon ( 3 ). 
In maize, the availability of B-A translocations, which involve the supernumerary B chro­
mosome and various normal chromosome (A chromosomes) arms, allows the study of 
the genome imbalance in a wide variety of dosage changes ( 4 ,  5 ). The B chromosome 
perpetuates itself in populations by a drive mechanism consisting of nondisjunction at 
the second pollen mitosis that produces the 2 sperm followed by preferential fertilization 
of the egg by the B-containing sperm during double fertilization ( 6 ). Thus, translocations 
between the B chromosome and any A chromosome arm will allow the latter to be varied 
as 0, 1, and 2 copies in sperm, and then 1 to 3 doses in the embryos produced after fer­
tilization ( 7 ).

 In an early study on molecular attributes of genome balance, the enzyme alcohol 
dehydrogenase 1 (ADH1), encoded on the long arm of chromosome 1 (considered a 
﻿cis  gene, which we define as genes located on the varied chromosome arm, while genes 
on the remaining chromosomes are referred to as trans  genes) in maize, was used to 
study enzyme activity levels in a 1 to 4 dosage series of the chromosome arm. Theoretically, 
the ADH1 expression should have displayed a dosage effect in which protein levels are 
proportional to chromosomal dose. However, ADH1 showed little to no change in 
expression levels, a phenomenon known as dosage compensation ( 8 ,  9 ). In contrast, 
some enzymes not encoded on chromosome 1L (trans  genes) exhibited an inverse mod­
ulation of expression. In trisomies and tetrasomies, their expression levels decreased to 
approximately 2/3 and 1/2, respectively, while in monosomies, their expression 
nearly doubled.
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 These types of responses to aneuploidy were extended to global 
protein levels ( 9 ) and mRNA ( 10 ). Moreover, these effects are 
prevalent in segmental aneuploid studies consisting of only a few 
percent of the genome of Drosophila  (summarized in refs.  8  and 
 11 ). The inverse effect is found for every small (2 to 3% of the 
genome) trisomic region of the genome for the enzymes collec­
tively studied. Some studies have been conducted on larger seg­
ments (20% of the genome) in Drosophila  ( 12 ,  13 ) but without 
the intent of determining how combinations behave.

 These types of dosage effects were reduced to single genes by 
screening for modifiers affecting the white  eye color in Drosophila  
as heterozygous mutations ( 14 ). Ultimately, 47 dosage-sensitive 
modifiers were identified, most of which exhibited an inverse effect 
on eye color. The characterized functions of these modifiers were 
largely related to components involved in regulating gene expres­
sion, such as transcription factors (TFs), signal transduction com­
ponents (STs), and chromatin modifiers ( 14 ). A study of 
combinations of a few selected examples found that the combi­
nations were noncumulative or epistatic to each other ( 15 ). Recent 
studies of selected examples found that individual regulatory genes 
modulated hundreds of target genes with a similar partitioning in 
favor of more inverse effects than direct effects ( 16 ). The empiri­
cally observed inverse effect is viewed as a type of dominant neg­
ative response to varying individual components of a multisubunit 
regulatory complex ( 17 ).

 The gene balance concept is supported by evolutionary genom­
ics from whole-genome duplication (WGD) events observed 
across various species ( 18   – 20 ). These studies have found that genes 
encoding components of macromolecular structures and interac­
tions were selectively retained during genome fractionation fol­
lowing WGD. In contrast, segmental duplications of smaller 
chromosomal regions tend to be underrepresented for these classes 
of genes ( 19 ,  21 ). This suggests that genes involved in multicom­
ponent interactions are dosage-sensitive, with detrimental conse­
quences arising if one member of a balanced duplicated pair is 
lost post-WGD. Unlike WGD, duplications of smaller chromo­
somal regions, which alter the copy number of only a subset of 
these genes, often result in negative fitness effects that are selected 
against ( 18 ,  19 ). Studies of aneuploidy provide a global gene 
expression context for these observations.

 Recent genome-wide transcriptome analyses of genome imbal­
ance have been conducted in maize ( 4 ,  5 ). By plotting the ratios 
of the expression of each gene in aneuploidy compared to control 
samples, it was observed that a subset of cis  genes displayed a 
dosage effect while many exhibited dosage compensation. In other 
words, the expression of most cis  genes fell within the ranges of 
1.0 to 2.0, 1.0 to 1.5, and 0.5 to 1.0 in haploid disomy, diploid 
trisomy, and diploid monosomy, respectively. Interestingly, when 
stronger dosage compensation was observed in cis , a more pro­
nounced inverse effect was seen for trans  genes. These findings 
provide insight into how gene regulation operates across the 
genome and illustrate the multiple levels at which genomic imbal­
ance can have an impact. In a study of human trisomies, dosage 
effects of transcription factors were matched with their targets, 
which found an inverse modulation of targets was greater in num­
ber than direct modulations of targets ( 22 ) and that the number 
of cis  compensated genes correlated with the number of trans  
inversely affected genes in the different trisomies and cell types.

 The RNA sequencing (RNA-seq) method used in the above 
analyses assumes no change in the overall transcriptome size and, 
therefore, cannot detect global transcriptome size alterations. 
Previously, to address whether genome imbalance changes the 
transcriptome size, we adopted the method from Coate and Doyle 
( 23 ), which compares mRNA levels to genomic DNA of the same 

genes in total nucleic acid preparations. Using this approach, dis­
omies covering 17 chromosomal arms were assayed for transcrip­
tome size changes. The results revealed that most chromosome arms 
(10 out of 17) showed a decrease in transcriptome size when the 
dose was changed from 1 to 2 in haploids. Notably, four of these 
arms exhibited transcriptome sizes reduced to approximately half, 
and these four disomies also displayed the most detrimental phe­
notypes ( 4 ). These findings suggest that when the genomic stoi­
chiometry is altered in aneuploidy, the overall transcriptome can 
be modulated, impacting growth and vigor of the organism.

 In the present study, we addressed whether combinations of 
trisomies or monosomies were additive, multiplicative, or rebal­
anced for global gene expression. Also, we determined how tri­
somy for one region together with monosomy of another behaved 
for the same types of reactions. Finally, transcriptome size meas­
urement was performed to test how genome imbalance in aneu­
ploid combinations could affect the transcriptome size. The 
findings provide insights into understanding the stoichiometric 
aspects of gene expression and the molecular consequences of 
aneuploidy. 

Results

Generation and Identification of Combination Aneuploids. 
We screened 10 combinations of chromosome arms, including  
homoeologous regions 1L+5S and 6L+9S, as well as nonhomoeo­
logous regions 1S+9L, 1L+3L, 1L+4L, 3L+4L, 3L+5L, 4L+5L, 
4L+6L, and 5L+6L. The individual chromosome arms selected in 
this study showed detrimental effects on phenotype and significant 
modulation of gene expression (defined as a change relative to the 
normal diploid control) in previous studies (4, 5). To generate 
aneuploid combinations, we crossed the hyperploid heterozygotes 
(trisomy) of one chromosome arm with hyperploid heterozygotes 
of the other. The male heterozygote produced progeny with one 
(monosomy), two (diploid), or three doses (trisomy) of the 
chromosome arm, while the female produced diploid and tertiary 
trisomy progeny (no A-B chromosome). This cross produced six 
genotypic combinations in the progeny (SI Appendix, Fig. S1). 
To further expand the genotypes, we screened the progenies 
for plants that were hyperploid heterozygotes (trisomy) of one 
chromosome arm with euploid heterozygotes (euploid) of the 
other. The plants were crossed as males to a normal female line 
(r1-r W22), resulting in nine genotypes: single-arm trisomy and 
monosomy for each arm, euploid for both arms (diploid control), 
and aneuploid combinations such as trisomy + trisomy, trisomy + 
monosomy, monosomy + trisomy, and monosomy + monosomy 
(SI  Appendix, Fig.  S2). While these nine genotypes would be 
predicted as zygotes, in practice, we found some to be rare or 
missing, particularly double monosomies presumably being too 
detrimental to survive.

 During double fertilization in maize, a fusion of a diploid cen­
tral cell (two polar nuclei) and a sperm cell results in a triploid 
endosperm, which consists of a 2:1 maternal/paternal genome 
ratio. Breaking the genome ratio in endosperm can affect 
endosperm development. Interestingly, kernel size variation was 
observed in all combinations except 4L+6L (SI Appendix, Fig. S3 ), 
which we utilized to facilitate genotype classifications. In combi­
nations 1L+3L, 1L+4L, 1L+5S, and 1S+9L, three distinct kernel 
phenotypes were identified: normal size, smaller size, and the 
smallest size. This finding is consistent with previous studies ( 24 ) 
showing that genomic imbalance in the endosperm impacts its 
development. Only normal and smaller kernel sizes were observed 
in combinations 3L+4L, 3L+5L, 4L+5L, 5L+6L, and 6L+9S. We 
separated kernels based on size, germinated them, and performed 
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Fluorescence in Situ Hybridization (FISH) on the primary roots 
of 3 to 4-d seedlings to confirm their chromosome constitution. 
The smallest kernels from 1L+3L, 1L+4L, 1L+5S, and 1S+9L, as 
well as smaller kernels from 3L+4L, 3L+5L, 4L+5L, 5L+6L, and 
6L+9S, were identified as trisomy+trisomy (Dataset S1 ). 
Additionally, smaller kernels from 1L+3L, 1L+4L, and 1S+9L were 
found to contain trisomy 1L, trisomy 1L+monosomy 3L, trisomy 
1L+monosomy 4L, and trisomy 1S. Notably, trisomy 1L and tri­
somy 5S in 1L+5S produced smaller kernel sizes. The effect on 
endosperm development was even more pronounced when both 
chromosome arms are missing (trisomy+trisomy in embryo) in 
combinations 1L+3L, 1L+4L, 1L+5S, and 1S+9L. However, while 
the absence of single arms 3L, 4L, 5L, 6L, 9S, or 9L had minimal 
or no effect themselves, the combined loss of any combination of 
these arms in the same endosperm markedly affected the devel­
opment. There was only one exception, 4L+6L for which the loss 
of both chromosome arms did not detectably change the 
endosperm size.  

Phenotypes of Aneuploid Combinations. The combination of nine 
genotypes allows us to compare qualitatively the phenotypes of 
combined aneuploidy, single-arm aneuploidy, and euploid plants 
(control). Aneuploidy phenotypes exhibited a wide spectrum of 
changes, with observable differences as early as the 2-wk seedling 
stage (SI Appendix, Fig. S4) and more pronounced effects at the 
45-d stage (Fig.  1 and SI  Appendix, Fig.  S5). Most aneuploid 
plants showed detrimental phenotypic effects. When compared 
to segregating control plants at the 45-d stage, only trisomy 6L 
exhibited an increase in stature. There were no visible or minimal 
phenotypic differences in trisomies 1S, 5L, 9S, and 9L compared 
to normal plants. However, trisomies 1L, 3L, 4L, and 5S exhibited 
detrimental effects, with trisomy 4L being the least affected and 

trisomy 1L having the most adverse effects (Fig. 1 and SI Appendix, 
Fig. S5).

 Monosomic plants were less vigorous than trisomic plants, con­
sistent with previous results ( 25 ). Phenotypic differences between 
single-arm aneuploidy and combined aneuploidy were also 
observed (SI Appendix, Table S1 ). The addition of the second 
chromosome arm in trisomy generally worsens the detrimental 
effects. Most double trisomies (6 out of 10), such as 1L+5S, 
1S+9L, 1L+4L, 1L+3L, 4L+5L, and 4L+6L, showed more severe 
effects compared to single-arm trisomies. The phenotypes of tri­
somy 3L+4L and trisomy 3L+5L were intermediate between those 
of the corresponding single-arm trisomies. Double trisomy 5L+6L 
showed no visible change compared to the control and was less 
vigorous than trisomy 6L. The stature of trisomy 6L+9S plants 
was slightly increased compared to single-arm trisomies and the 
diploid control.

 In most cases, double monosomy had a more adverse effect than 
single-arm monosomy, as observed in 1L+4L, 3L+4L, 3L+5L, 
4L+5L, 5L+6L, and 6L+9S. Among these, double monosomies 
of 3L+4L, 3L+5L, and 4L+5L had the most severe effects. No 
double monosomies of 1L+3L, 1L+5S, and 1S+9L were found. 
Only monosomy 4L+monosomy 6L showed no phenotypic 
changes compared to single-arm monosomies.

 In this study, two pairs of examined chromosome arms involved 
major portions with homoeologous genomic regions. It was of 
interest to investigate whether these homoeologous regions could 
compensate for each other in analogy to homoeologous compen­
sating nullisomic-tetrasomics in allohexaploid wheat ( 26 ). In the 
combination of 1L+5S, we did not observe such an effect in tri­
somy 1L+monosomy 5S or monosomy 1L+trisomy 5S, as aneu­
ploid combinations were less vigorous than the single-arm 
monosomies ( Fig. 1 ). In contrast, the stature of monosomy 
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Fig. 1.   Family portrait of four aneuploid combinations. The phenotype of aneuploidy combinations, single-arm aneuploidy, and the control is shown, including 
chromosome regions that are related (1L+5S and 6L+9S) or unrelated to each other (1S+9L and 3L+4L).
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6L+trisomy 9S was greater than that of monosomy 6L, suggesting 
that adding 9S to monosomy 6L could partially reverse the adverse 
effect. For chromosome arms without homoeologous regions, we 
also observed more robust phenotypes in monosomy 1S+trisomy 
9L, trisomy 3L+monosomy 5L, and monosomy 5L+trisomy 6L 
compared to the corresponding single-arm monosomies, suggest­
ing a partial rebalancing. Two aneuploid combinations, monos­
omy 4L+trisomy 5L and trisomy 4L+monosomy 6L, displayed 
similar phenotypes to single monosomy 4L and 6L, respectively. 
In the remaining combinations, the addition of one chromosome 
arm did not compensate for the loss of the other arm.

 Interestingly, while the detrimental effect of a trisomy + tri­
somy combination can result in a phenotype similar to that of 
a single-arm trisomy (SI Appendix, Table S1 ), in combinations 
of trisomy + monosomy and monosomy + trisomy, the aneu­
ploidy combinations did not exhibit a reversal to the single-arm 
trisomic phenotype although the vigor of some combinations 
could approach that of the single-arm monosomy (SI Appendix, 
Table S1 ).

 In some rare cases, single individuals with tetrasomy for a chro­
mosome arm were found, which are not predicted from the canon­
ical behavior of B-A translocations but were verified by karyotype 
analysis. We included these in the RNA-seq analyses in the event 

that they would reveal additional insight into global effects as a 
collective group. Indeed, in all three cases, the tetrasomy combi­
nation had a greater impact on gene expression (See below). These 
aneuploidy combinations include 1L trisomy +5S tetrasomy, 4L 
trisomy +6L tetrasomy, and 3L tetrasomy +5L trisomy. All three 
combinations exhibited a less vigorous phenotype compared to 
their double trisomy counterparts, suggesting that a higher dosage 
of chromosomal changes leads to more detrimental effects ( Fig. 1  
and SI Appendix, Fig. S5 ).  

Dosage Compensation and Inverse Effects Observed in Aneuploid 
Combinations. RNA-seq data from both aneuploidy combinations 
and single-arm aneuploidies were aligned to the W22 genome, with 
gene expression normalized using Reads Per Kilobase per Million 
mapped reads (RPKM) values. To gain the most information, 
multiple types of data displays of gene expression were employed 
to capture the extent and nature of the global effects, namely, 
ratio distributions of the expression of every expressed gene, violin 
plots of the various median values to illustrate the spread, and 
differential gene expression scatter plots. For ratio distribution 
analysis, the averaged expression values from biological replicates 
under aneuploid conditions were compared to those from diploid 
controls, and the resulting ratios were plotted as a distribution for 
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Fig. 2.   Ratio distributions of gene expression in selected aneuploidy combinations compared with the single-arm aneuploidy. The normalized counts from 
RNA-seq were averaged for the biological replicates. Those genes with a sum of averaged counts of aneuploidy and control <1 are regarded as lowly expressed 
genes and were filtered out. For each expressed gene, a ratio of the averaged normalized value in the aneuploidy was made over the normalized counts in the 
segregating diploid control. These ratios were plotted in bins of 0.05. The x-axis notes the value for each bin, and the y axis notes the number of genes per bin 
(frequency). For each aneuploidy, genes were partitioned into those encoded on the varied chromosome (cis, orange) versus those encoded on the remainder 
of the genome that were not varied in dosage (trans, blue). For cis genes, a ratio of 1.5 and 0.5 represents a gene-dosage effect in trisomy and monosomy, 
respectively, while 1.0 represents dosage compensation. A ratio range 1 to 1.5 and 0.5 to 1 represents partial dosage compensation in trisomy and monosomy, 
respectively. For the trans genes, a ratio of 1.0 represents no change in the experimental genotype versus the control. These ratio values are demarcated with 
labeled vertical lines in purple (2.0) and red (0.5). Single-arm ratio distributions are derived from Shi et al. (5). Ratio distributions of an additional 17 combinations 
are shown in SI Appendix, Fig. S6. (A) Double trisomy of homoeologous regions. (B) Double trisomy of nonhomoeologous regions. (C) Double monosomy.
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all 31 combinations (Figs. 2 and 3 and SI Appendix, Fig. S6). Ratio 
distributions of single-arm aneuploidy for comparison are from 
Shi et al. (5). Ratios of 1.5 for cis genes indicate a dosage effect in 
trisomy, while ratios of 0.5 represent a dosage effect in monosomy. 
A ratio of 1.0 signifies complete dosage compensation, and ratios 
between the dosage effect values and 1.0 reflect partial dosage 
compensation. For trans effects, a ratio of 1.0 indicates no change 
between aneuploid and control conditions. Ratios below 1.0 in 
single-arm and double trisomy indicate inverse effects (opposite to 
chromosome dosage changes), while inverse effects in single-arm 
and double monosomy are shown by the ratios above 1.0. Direct 
effects are observed when ratios are above 1.0 in trisomy and below 
1.0 in monosomy, reflecting the same direction of change as the 
chromosomal dosage.

 In addition to the ratio distributions, the median of the ratios 
was calculated to quantify the cis  and trans  effects in the aneu­
ploidy combinations (Dataset S2 ). A partial dosage compensation 
was observed for genes located on the varied chromosome arms. 
In double trisomy (trisomy + trisomy), 7 out of 9 combinations 
showed a median ratio of slightly less than 1.5 for cis  genes on 
both arms, indicating a similar shift in cis gene expression for the 
two genomic regions (SI Appendix, Fig. S7 ). The trans  genes also 
exhibited a ratio peak shift in the same direction as the cis  genes, 
with the median ratio in seven double trisomies below 1.0. This 
correlated peak ratio shift for cis  and trans  genes is consistent with 
data from single-arm aneuploids ( 4 ,  5 ). It should be noted that 
this shift is not due to the contributions of cis  dosage effects to 
the transcriptome because the percentage of the genome in each 
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Fig. 3.   Ratio distributions of gene expression in selected aneuploidy combinations involving trisomy + monosomy compared with the single-arm aneuploidy. 
The normalized counts from RNA-seq were averaged for the biological replicates. Those genes with a sum of averaged counts of aneuploidy and control <1 are 
regarded as lowly expressed genes and were filtered out. For each expressed gene, a ratio of the averaged normalized value in the aneuploidy was made over 
the normalized counts in the segregating diploid control. These ratios were plotted in bins of 0.05. The x-axis notes the value for each bin, and the y axis notes 
the number of genes per bin (frequency). For each aneuploidy, genes were partitioned into those encoded on the varied chromosome (cis, orange) versus those 
encoded on the remainder of the genome that were not varied in dosage (trans, blue). For cis genes, a ratio of 1.5 and 0.5 represents a gene-dosage effect in 
trisomy and monosomy, respectively, while 1.0 represents dosage compensation. A ratio range 1 to 1.5 and 0.5 to 1 represent partial dosage compensation in 
trisomy and monosomy, respectively. For the trans genes, a ratio of 1.0 represents no change in the experimental genotype versus the control. These ratio values 
are demarcated with labeled vertical lines in purple (2.0) and red (0.5). Single-arm ratio distributions are derived from Shi et al. (5). Ratio distributions for an 
additional 17 combinations are shown in SI Appendix, Fig. S6. (A) Trisomy + monosomy for homoeologous regions. (B) Trisomy + monosomy for nonhomoeologous 
regions. (C) Monosomy + trisomy for the regions in (A). (D) Monosomy + trisomy for the regions in (B).
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case ( 4 ) is too low to account for the observed changes, which are 
indeed heterogeneous ( Figs. 2  and  3  and SI Appendix, Fig. S6 ). A 
similar pattern was found in double monosomies, where cis  arms 
had peak medians shift slightly above 0.5, and trans  gene ratios 
exceeded 1. In other words, the medians of double trisomies and 
double monosomies were generally slightly shifted below the dos­
age effect level and above the dosage effect level, respectively. For 
﻿trans  medians, the double trisomies were more often below 1.0 
and the double monosomies were all above 1.0. While the median 
ratio is used to evaluate the cis  and trans  effects, it is clear from 
the ratio distributions that a subset of genes in most of the com­
binations still exhibit expression patterns of dosage effect in cis  
and direct effect in trans  ( Figs. 2  and  3  and SI Appendix, Fig. S6 ).

 In contrast to the double trisomies and double monosomies, 
the various medians of trisomy + monosomy were more dispersed, 
illustrating that some of these combinations have more extreme 
global effects (SI Appendix, Fig. S7 ). Eleven out of 15 monosomy 
+ trisomy combinations showed a trend toward dosage compen­
sation (median > 0.5) for genes on the reduced chromosome arm 
(Dataset S2 ). Trisomies more frequently trended toward dosage 
compensation (median < 1.5) rather than a dosage effect (median 
=/> 1.5) with 8 versus 7 instances in monosomy + trisomy 
(SI Appendix, Fig. S7 ). The primary peaks of cis  and trans  of tri­
somy and monosomy did not always shift in the same direction 
in these types of combinations.

 In the three trisomy + tetrasomy combinations, all cis  chromo­
some arms showed a trend toward dosage compensation, as indi­
cated by medians less than 1.5 in trisomy and less than 2.0 in 
tetrasomy. For trans  genes, the medians for trisomy+tetrasomy in 
1L+5S were below 1.0, while in 4L+6L they were above 1.0. In 
tetrasomy 3L+trisomy 5L, trans  genes were modulated to below 
1.0 (SI Appendix, Fig. S8  and Dataset S3 ).  

Aneuploidy Combinations Showed Greater Modulation than the 
Single-Arm Aneuploidy. To compare the cis and trans effects in 
combined aneuploidy to single-arm aneuploidy, we first conducted 
Kolmogorov–Smirnov (K-S) tests to assess differences between the 
two ratio distributions of gene expression in aneuploid combinations 
and single-arm aneuploidies. All comparisons indicated significant 
differences (Dataset  S4), suggesting distinct modulation of gene 
expression in these comparisons. Bartlett’s test showed that the 
variance of combined aneuploidy is significantly different from 
the single-arm aneuploidy, an indication that the range of gene 
expression is significantly different in the comparisons (Dataset S4).

 To examine whether the modulation observed in cis  and trans  in 
aneuploid combinations tends to be stronger or weaker when com­
pared with the single-arm aneuploidy, we generated differential gene 
expression plots to show the significant genes versus those unchanged 
comparing combinations to single-arm aneuploidies ( Fig. 4  and 
﻿SI Appendix, Fig. S9 ). In addition, we retrieved the number of dif­
ferentially expressed genes (DEGs) in cis  and trans  from the plots 
for each group. For example, for cis  genes, if an aneuploidy combi­
nation had more genes in cis  tending to be dosage compensated, 
there would be more genes for which the expression is unchanged 
(ratio shift toward to 1.0). We calculated the percentage of unchanged 
genes (total cis  genes minus DEG genes)/total cis  genes). A higher 
percentage in aneuploidy combinations indicates a greater dosage 
compensation, while a lower percentage indicates less. To compare 
﻿trans  effects between single-arm trisomy and double trisomy or 
single-arm monosomy and double monosomy, the number of sig­
nificantly upregulated (SU) and significantly downregulated (SD) 
genes was compared to the total trans  genes, respectively. The higher 
percentage of SD in double trisomies indicates a stronger inverse 
effect while a higher %SU illustrates an intensified direct effect in 

the combinations. For double monosomies, a higher %SD and %SU 
indicate a stronger direct effect and inverse effect, respectively. In 
monosomy + trisomy combinations, it is challenging to determine 
the direct and inverse effect in trans  compared to the single aneu­
ploids because the number of trans  genes changes. Instead, we cal­
culated the percentage of the trans  DE genes. A higher percentage 
in the combined aneuploidy indicates greater modulation of gene 
expression, while a lower value suggests a reduced effect on gene 
expression.        

 In general, a greater modulation in cis  and trans  occurred in 
plants with a greater chromosome dosage change. For example, 
in double monosomies, all of them showed a stronger inverse effect 
in trans  and dosage compensation in cis  than each of the single-arm 
monosomies. The greater modulation is consistent with the phe­
notypic changes, as the absence of one copy of both chromosome 
arms showed more detrimental effects than the single-arm mon­
osomy (Datasets S5  and S6  and SI Appendix, Table S1 ). However, 
combinations such as double monosomies 3L+4L, 4L+5L, and 
4L+6L showed a stronger direct effect than the monosomy 4L 
suggesting an overall greater modulation in the combinations, 
with some genes being modulated to a higher expression while a 
subset of other genes was further downregulated.

 In monosomy+trisomy of 1S+9L, 4L+5L, and 6L+9S, where 
the combined aneuploidies displayed similar or more vigorous 
phenotypic traits than the single-arm monosomy, less trans  
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Fig. 4.   Scatter plots of differential gene expression in double trisomies 6L+9S 
and monosomy + trisomy 3L+4L that illustrate an example of rebalancing and 
of a multiplicative effect. Scatter plots of significant differential expression 
(using Cuffdiff) for each gene comparing aneuploidy of the combination and 
single-arm to the diploid control are shown. The scatter plot analysis was used 
as a complement to ratio distributions to illustrate both the magnitude of 
deviation from the diploid control and the magnitude of expression difference. 
Lowly expressed genes were filtered using the same criteria as in the ratio 
distributions. The x-axis represents log2-fold change of the aneuploidy to 
the diploid control and the y-axis shows the mean of normalized counts of 
the aneuploidy and diploid. Data points with a q-value (adjusted P-value) 
< 0.05 and a corresponding log-fold change of aneuploidy to the control 
more than 0 were depicted in magenta, while points with a q value < 0.05 
and a corresponding log-fold change of aneuploidy to diploid control < 0 
were depicted in green. Otherwise, they were designated in black. For the 
respective aneuploidy, genes were partitioned into those encoded on the 
varied chromosome (cis) and those in the remainder of the genome (trans). 
Three designated ratio values, 0.5, 1.0, and 2.0, were depicted in red, black, 
and purple vertical dashed lines, respectively. Vertical dashed lines of pink 
and green designate ratio values of 0.67 and 1.5, respectively. Scatter plots 
of differential gene expression for an additional 30 combinations are shown 
in SI Appendix, Fig. S9.
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modulation was observed, suggesting that the phenotypic com­
pensation in the combinations was due to a rebalancing of gene 
expression. The remainder of the combinations showed a greater 
modulation with one in particular, monosomy 3L+trisomy 4L, 
showing a range of gene expression from the normal control 
extending up to 2 to the 8th power ( Fig. 4 ). In this case, there is 
a multiplicative response to the combined aneuploidies. The dou­
ble trisomies, which represent the least morphological change in 
combinations, showed a lesser percentage of DE genes in trans  in 
general. The combinations of double trisomies 5L+6L and 6L+9S 
showed lesser inverse effects compared to each of the single-arm 
trisomy, which is consistent with the similar phenotype changes 
in the former and a less vigorous trait in the latter ( Fig. 4 ). In 
addition to this, the trans  genes of double trisomy 6L+9S are more 
clustered than either of the trisomies, which is an example of 
rebalanced gene expression in this combination. These findings 
suggest that greater phenotypic changes in aneuploidy combina­
tions are associated with greater gene expression modulation.  

Response of Subgenomes to Genomic Imbalance. As noted 
above, maize has descended from a most recent whole genome 
duplication (WGD) approximately 12 Mya. Subsequent fraction 
of the genome is not uniform across functional gene categories. 
Previous studies have shown that different functional groups of 
genes respond differently to genomic imbalance (4, 5). Ribosomal 
genes tend to be selectively retained as duplicates after WGD 
(18), suggesting that maintaining the stoichiometry of ribosomal 
proteins is critical. There are too few cis ribosomal genes for a 
meaningful analysis but the expression of ribosomal genes in trans 
in response to aneuploidy varied across different chromosome 
arm pairs (SI Appendix, Fig. S10). Previous findings showed that 
genes from maize subgenome 1, which are descended from one 
ancestor to the most recent WGD, tend to be retained more and 
expressed at a higher level compared to those in subgenome 2, 
which are descended from the other ancestral parent (27). We 
separated these genes based on their location in maize subgenome 
1 or 2 to determine whether aneuploidy affected the subgenomes 
differently. However, we did not observe significant changes 
in ribosomal gene expression between subgenomes 1 and 2 
when comparing the control and the combination aneuploids, 
suggesting a similar response of these duplicated genes to genomic 
imbalance (SI Appendix, Fig. S10 and Dataset S7). The expression 
(FPKM) of the trans genes in subgenome1 is higher than those 
in subgenome2 in all aneuploidy combinations, suggesting 
that genomic imbalance does not alter the relative expression 
dominance of subgenomes even though imbalance alters their 
expression collectively, at least in the case of ribosomal protein 
genes (SI Appendix, Fig. S11).

Transcriptome Size in Most Examined Aneuploidy Combinations 
Has Changed. Ratio distributions only detect relative changes in 
gene expression, with no reflection on absolute changes in the 
transcriptome. To test whether genomic imbalance could affect 
the global RNA transcriptome, we used the method described in 
previous studies (4, 23) to quantify changes in transcriptome size. 
The accuracy of this approach is shown by the strong correlation 
between transcriptome size and the number of genomes in a ploidy 
series (4, 5). Unlike the ratio distribution in which an aneuploidy 
combination could be compared with the single-arm aneuploidy, 
we only collected the leaf tissue of combined aneuploidy and 
control for transcriptome size measurement.

 A consideration in these analyses is that there is a low level of 
endoreduplication in maize leaves ( 28 ). This is unlikely to affect 
the results because the strength of the aneuploidy effects in general 

is dependent on the relationship to the background ploidy ( 4 ,  5 ), 
even in the endosperm where endoreduplication is extensive ( 10 ). 
Indeed, the assay determines the mRNA/genomic DNA relation­
ship, which will provide a relative measure of the transcriptome 
size regardless of the cell ploidy.

 The majority of the combinations resulted in a significant 
change in estimated transcriptome size ( Fig. 5 ). Specifically, the 
transcriptome size decreased in 13 aneuploidy combinations 
(P﻿-value < 0.05), while nine combinations exhibited an increase 
(P﻿-value < 0.05). No significant changes in transcriptome size were 
observed in the remaining eight combinations. Among the aneu­
ploidies showing increased transcriptome size, 1 out of 9 exhibited 
highly significant increases (P﻿-value < 0.001). For aneuploidies 
with a decreased transcriptome size, 8 out of 13 displayed highly 
significant reductions (P﻿-value < 0.001).        

 For chromosome arms 1L+3L, 1L+5S, 3L+4L, 4L+6L, and 
6L+9S, all combinations (monosomy/monosomy, trisomy/trisomy, 
monosomy/trisomy) showed significant changes in transcriptome 
size. The combinations of 3L+4L and 6L+9S appeared to disrupt 
transcriptome size, as all types of combinations in these pairs showed 
a decrease, while in 1L+3L, and 4L+6L, all combinations showed 
an increase in transcriptome size. However, with 1L+5S, double 
trisomy and trisomy 1L+monosomy 5S showed a reduction of tran­
scriptome size but monosomy 1L+trisomy 5S displayed an increase 
( Fig. 5 ). For 1S+9L and 4L+5L, two combined aneuploids each 
(tri1S+tri9L; mono1S+tri9L; mono4L+tri5L; mono4L+mono5L) 
exhibited changes in transcriptome size. In the remaining combi­
nations, only the double trisomy of 5L+6L and trisomy 
3L+monosomy 5L showed a decrease in transcriptome size.

 The estimated transcriptome size is not always reflected in the 
relative gene expression changes. For example, in two cases with 
the greatest increase in transcriptome size (mono1L+tri5S and 
mono1S+tri9L) ( Fig. 5 ), the ratio distributions show a trend of 
overall down modulation of a subset of genes ( Fig. 3 ). On the 
other hand, the combination with the lowest transcriptome size 
(mono3L+tri4L) shows a wider spread but with an apparent down­
ward shift in relative expression for many genes.

 In previous findings ( 4 ), we observed that the morphology of three 
haploid disomies (3L, 4L, and 6L), which exhibited a transcriptome 
size reduced to approximately half, were severely affected. In this study, 
we found 8 aneuploidy combinations with very detrimental pheno­
types (SI Appendix, Table S1 ). Among them, our droplet digital PCR 
(ddPCR) results revealed that four combinations-monosomy 
3L+trisomy 4L, monosomy 3L+monosomy 4L, trisomy 
3L+monosomy 5L, and monosomy 4L+monosomy 5L—showed a 
highly significant reduction in transcriptome size (P﻿-value < 0.001). 
One of them, monosomy 3L+trisomy 4L in which the DGE scatter 
plot displayed multiplicative gene expression in trans , showed a tran­
scriptome size reduction to about half (0.53). The remaining three 
combinations among the 8 severely affected combinations exhibited 
no significant changes in estimated mRNA abundance compared to 
the control. Only in trisomy 1L+monosomy 3L did the transcriptome 
size show a slight increase (1.16). For tetrasomy+trisomy, tetra3L+tri5L 
had a significantly increased transcriptome size while tri4L+tetra6L 
showed no change (SI Appendix, Fig. S11 ). These results suggest that 
when there is a transcriptome size decrease in the affected cells, there 
is a more severe phenotypic change.   

Discussion

Dosage Compensation and Inverse Effects in Aneuploid Combi­
nations. The across-genome modulation of aneuploidy has been 
described in detail in various species such as maize, Drosophila, 
Arabidopsis, and human (16, 17, 22). Previous studies (4, 5) on 
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aneuploidy in maize involving single chromosome arms, both at the 
haploid and diploid levels, have shown that many cis genes are dosage 
compensated, while trans genes tend to be inversely modulated as 
the most common response. A similar trend was observed in this 
study. In combinations such as monosomy + monosomy, trisomy 
+ trisomy, and tetrasomy + trisomy, the median ratio of trans 
genes often shifted in the same direction as the cis genes. Trisomy 
leads to downregulation of more genes, while monosomy leads to 
upregulation, creating an inverse effect. The inverse modulation in 
trans offsets the dosage effect of the cis genes to varying degrees. 
We found that in all chromosome combinations, the cis genes of 
aneuploidy combinations trend toward dosage compensation despite 
subsets of genes showing a dosage effect in some chromosome 
combinations. In trisomy + monosomy and monosomy + trisomy, 
we found that if the cis ratio peaks shift, the median ratio of the trans 
genes was found to be shifted in the same direction.

A Stronger Modulation in Aneuploid Combinations Compared 
with Single-Arm Aneuploidy. The phenotype of aneuploidy 
combinations is more adversely affected than that of the 
aneuploidy of single arms. For gene expression, there is more 
dosage compensation in cis and inverse effects in general in the 
combinations when compared with the single arms. Interestingly, 
the cis genes of monosomy in the combinations were more likely 
to be dosage compensated than those of the trisomic counterpart 
as was the case of monosomy + trisomy. Adding trisomy in the 
combination results in more global effects (cis and trans), which in 
turn act on the cis genes of monosomy. The same effect could also 
apply to the cis genes of trisomy when there is a reduced dosage of 
the other chromosome arm (i.e., monosomy). We found that the 
trans modulation in monosomy + trisomy is increased for both the 
number of genes affected and the magnitude of the effect when 

compared to single-arm aneuploidy. The greater effects on the 
molecular level in combination aneuploids parallels the qualitative 
phenotypic observations.

 Some authors working with yeast where natural isolates have a 
high degree of aneuploidy ( 29 ,  30 ) have emphasized the role of 
translation and protein degradation in aneuploid syndromes and 
tolerance. There is, however, in yeast clear evidence for the inverse 
effect and compensation ( 31 ) as well as evolutionary signatures of 
genomic balance similar to those described above in all other 
eukaryotes ( 17 ,  32 ). MicroRNAs ( 33 ) and long noncoding RNAs 
( 22 ) are modulated similarly to mRNAs in aneuploidy, illustrating 
further that genomic balance effects have impacts before transla­
tion and protein degradation of overexpression. Therefore, it seems 
likely that the latter effects may be downstream and may represent 
an evolved feature for aneuploidy tolerance in a single-celled 
organism to capitalize on gene dosage effects to selective advan­
tage. Yet, the primary response on the RNA level is generalizable 
across taxa as was found to be the case ( 31 ).  

Transcriptome Size Changes in Aneuploidy Combinations. 
In a previous study, 10 haploid disomies were found to have a 
decreased transcriptome size compared to 4 disomies with an 
increase (4). Doubling of 3L, 4L, and 6L in disomy was found to 
reduce the transcriptome size by about half. In this study, all types 
of combinations of 3L+4L decreased the global transcriptome 
size, indicating that the combination of 3L and 4L did not restore 
transcriptome size to control levels. In contrast, in 4L+6L, the 
genomic stoichiometry may become more balanced, as all three 
combinations showed an increased transcriptome size.

 The general phenotype of combined aneuploidies was less vig­
orous than that of controls. Thirteen aneuploidy combinations 
were found to have a decreased transcriptome size compared with 
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Fig. 5.   Transcriptome size measurement of aneuploidy combinations. There are 10 independent estimates (10 genes) of transcriptome size in each aneuploid 
combination by comparing the relative expression per genome (aneuploid combination/diploid control) from ddPCR to the relative expression per transcriptome 
(aneuploid combination/diploid control) from RNA-seq data. The x axis is the average value of 10 estimates, and the bar is SE across the 10 estimates.
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eight that showed an increase, while in the disomy data, 10 diso­
mies showed a decrease and five showed an increase. The difference 
between the combination results and the haploid data, in terms 
of the decreased transcriptome size, could be due to several factors: 
1) haploid disomies represent a unique developmental state in 
which every gene in the cell has only one copy, making them more 
sensitive to genome imbalance compared to their diploid coun­
terparts, both in terms of gene expression and transcriptome size 
changes; 2) disomies represent a twofold change in chromosome 
dosage, while only double monosomy in this study has the same 
dosage change. The remainder of the aneuploidy combinations 
have dosage changes ranging from 1.5 to 2-fold although the 
combinations involve a larger total genomic fraction than diso­
mies. On the other hand, maize is an ancient tetraploid, and the 
diploid genome formed after WGD consists of homoeologous 
blocks (such as 6L+9S) as well as dispersed homoeologous regions. 
Combinations of two chromosome arms in this study might allow 
other duplicates, dispersed on different chromosome regions ( 34 ), 
to compensate for each other, while this situation cannot occur 
in disomy because only a single syntenic block is varied.

 In this study, three methods were used to measure gene expres­
sion changes: ratio distribution (relative gene expression), differ­
ential gene expression analysis, and transcriptome size measurement 
(gene expression per genome). The actual expression of both cis  
and trans  genes in aneuploidy combinations reflects a combination 
of these two measurements. For instance, in double monosomies 
with an observed relative inverse effect (median ratio >1.0), a 
reduced transcriptome size in certain combinations may shift the 
expression of most of the trans  genes toward no change or below 
1.0 in terms of absolute expression. Conversely, an increased global 
transcriptome size could indicate further upregulation of trans  
gene expression than indicated by a relative determination.  

Implications from Aneuploid Combinations.
Quantitative traits. As pointed out previously (10), multiple 
aneuploidies affect any particular phenotypic trait, suggesting 
a relationship between the control of quantitative traits and 
aneuploid syndromes. Quantitative traits are impacted by multiple 
dosage-sensitive regions as illustrated by the comprehensive studies 
in poplar (35, 36). For both kernel size and overall plant stature, 
the combination aneuploids illustrate the varied and complex 
nature of the control of quantitative traits involving stoichiometric 
effects across the genome.
Polyploidy formation and fractionation. Many examples of WGDs 
have occurred in the evolutionary history of eukaryotes with an 
especially greater frequency in the plant kingdom (37). One path 
to polyploidy in plants is the production of unreduced gametes 
that upon fertilization result in a triploid, which usually is highly 
sterile due to the production of aneuploid gametes (38). However, 
in the event that triploids produce some gametes with a doubled 
set of chromosomes, progression to a more stable tetraploid 
state can occur. Our results with combination aneuploids that 
exhibit reduced vigor suggest a selection against individuals with 
intermediate chromosome numbers.

   Another aspect involving polyploidy concerns the subgenomes 
that originate from the respective diploid contributors to the 
WGD. In maize, the subgenomes are dispersed across the present 
genome, but in our combinations, there were two chromosome 
arm pairs that in large part were homoeologous, namely 6L+9S 
and 1L+5S. We sought to determine whether they would be addi­
tive in combinations (e.g., trisomy–trisomy) or compensating to 
produce a more vigorous stature in monosomy-trisomy. The dou­
ble trisomy 1L+5S was indeed additive for the effect on plant 
stature but this result was also the case for most combinations. 

However, the 6L+9S trisomy was the one combination in the study 
with a greater stature compared to the individual trisomies. With 
regard to compensating monosomy-trisomy, this was only found 
with the 6L monosomy-9S trisomy. The differential boundaries 
of the homoeologous regions in the different chromosomes and 
their divergence is such that the “homoeologous” arms compared 
can behave differently as was the case.

   Also with regard to polyploidy, genome dominance is the phe­
nomenon that subgenomes resulting from a paleopolyploid event 
express at generally different levels ( 27 ). As an example to investigate 
how subgenomes 1 and 2 in maize react to genomic imbalance, we 
examined the trans  modulations of ribosomal protein genes in the 
two subgenomes and found no significant difference even though 
the duplicates in the two subgenomes were generally expressed at 
different levels. This result indicates that any subgenome differences 
in expression for the ribosomal protein genes are not differentially 
affected by changes in genomic stoichiometry.  
Aneuploidy in cancer versus the organism. Widespread increases in 
transcriptome size, i.e., hypertranscription, are commonly observed in 
aggressive human cancers (39, 40). Aneuploidy has been recognized 
as a hallmark of cancer for over a century (41–43). It is present in 
approximately 90% of solid tumors (44). In addition, ~30% of primary 
tumors and approximately 60% of metastatic tumors are polyploid 
(45, 46). It is thought that polyploidy confers a selective advantage to 
cancer cells and helps support malignant transformation (47, 48). The 
whole genome doubling might buffer the chromosome dose change 
of the diploid aneuploidy and help to overcome the cell stress caused 
by genomic imbalance (49). However, given the detrimental effects of 
aneuploidy observed in most eukaryotes at the organismal level (4, 25, 
50, 51), it remains unclear how premalignant tumor cells overcome 
these fitness challenges. Based on our results, one hypothesis is that 
once the cancer cell genome is doubled, a combination of appropriate 
chromosomal gains and losses across the genome could optimize 
the transcriptome size to accelerate growth. Due to the genetically 
heterogeneous feature of cancers, being highly aneuploid polyploid 
cells, it is difficult to document the progression of gene expression 
changes leading to the most aggressive growth patterns. The genetic 
tools of maize provided a way to produce controlled combinations of 
aneuploids to determine the types of effects that result and revealed 
that transcriptome size changes can occur in combination aneuploids. 
In the aneuploid progression in cancer (49), the combinations that 
increase the transcriptome size to the greatest degree would be selected.
Sex chromosome evolution. Sex chromosomes that are heteromorphic 
exist in different doses between the sexes that as aneuploids would 
be expected to be highly detrimental or lethal. Dosage compensation 
mechanisms have evolved to accommodate this issue (17). In 
vertebrates, dosage-sensitive genes are retained between the two 
sex chromosomes and are a contributor to the ability of such 
configurations to evolve with less genomic balance effects (52). In 
human sex chromosome evolution, there have been sequential gene 
reductions on the Y (53, 54). In the range of chromosomal dosage 
changes involved in sex chromosome evolution, our results indicate 
that increasing aneuploidy causes greater trans effects across the 
genome and illustrates that sex chromosomes must accommodate 
these effects. The dosage compensation that occurs in experimentally 
produced aneuploidy is unlikely to result from natural selection per 
se because it is not subjected to it but rather reflects the genomic 
imbalance of gene regulatory processes. Nevertheless, the inverse effect 
could be capitalized upon to bring about dosage compensation of 
some genes on an emerging sex chromosome. Based on our results, the 
varied chromosome is more likely to be dosage compensated with an 
increasingly varied fraction of the genome, but there is also a greater 
impact on the remainder of the genome, which must be counteracted 
as sex chromosomes evolve.
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Transcriptome size versus relative expression in aneuploidy. The 
results demonstrated that the majority of aneuploids studied had 
a significant change in estimated transcriptome size, be it greater 
or lesser than normal. For this to be realized, the majority of genes 
comprising the transcriptome would need to be modulated in 
the same direction. The inverse and direct effects for a particular 
aneuploidy would be coordinated for many genes and illustrate 
the global effect of genomic imbalance on gene expression, but it is 
clearly the case that subsets of genes deviate from the overall trend. 
This realization demonstrates the role of genomic stoichiometry, 
or balance, on global gene expression.

Materials and Methods

Materials. Nine B-A translocations in the W22 genetic background were 
selected in this study including TB-1Sb, TB-1La, TB-3La, TB-4Lb, TB-5Sc, TB-5Lb, 
TB-6Lc, TB-9Sd, and TB-9Lc and the resulting 10 chromosome pairs including 
1S (short arm of chromosome 1) + 9L (long arm of chromosome 9), 1L+3L, 
1L+4L, 1L+5S, 3L+4L, 3L+5L, 4L+5L, 4L+6L, 5L+6L, and 6L+9S. To make 
aneuploid combinations, hyperploid heterozygotes (trisomy) (7) of two chro-
mosome arms were crossed together and the progeny were karyotyped to find 
trisomy of one chromosome arm and euploid (A-B; B-A; A) of the other. Then 
the plants were crossed to a normal female line (r1-r W22). Nine genotypes 
will result including four combined aneuploidies: double trisomies, double 
monosomies, trisomy + monosomy and monosomy + trisomy, and 4 kinds 
of single-arm aneuploidy: trisomy chromosome arm 1, trisomy chromosome 
arm 2, monosomy chromosome arm 1, monosomy chromosome arm 2 and one 
segregating normal diploid. Maize seedling images were taken on the floor in 
Sears Greenhouse at University of Missouri. The ear pictures were taken with a 
black background. Plant phenotypes were captured in the Sears Greenhouse 
with a solid black muslin backdrop.

Chromosome Karyotyping. Kernels of different sizes were sorted and placed in 
different germination boxes. To avoid fungal contamination, the germination boxes 
were predisinfected by spraying 70% ethanol and dried. Kernels were coated with 
Captan antifungal powder. Kernels were germinated separately at 28 °C for 3 to 
4 d in moist vermiculite. The primary root tip was excised and then the seedlings 
were transplanted to the greenhouse. Probe preparation, somatic chromosome 
spreading, FISH, image capture, and processing were performed as described 
previously (4, 5).

Leaf Collection and RNA Extraction. To avoid circadian rhythm fluctuation 
in gene expression, leaf tissue of 45-d-old plants was collected between 11 am 
and 12 pm with the number of replicates as noted in Dataset S7. RNA extractions 
were performed as previously described (4).

RNA-seq and Data Analysis. The RNA sequencing was conducted in the 
University of Missouri Genomics Technology Core (GTC). The average read count 
was 50 million paired reads per sample. GTC constructed stranded RNA-seq librar-
ies using an rRNA depletion method as previously described (4). Libraries were 
sequenced on a NovaSeq platform.

The raw reads were trimmed, and low-quality reads were filtered out by fastp 
using default parameters (55, 56). The organelle (chloroplast and mitochondria) 
reads were removed before mapping to the A chromosome sequence using STAR 
with default parameters because some chloroplast genes that have abundant 
expression are highly similar to several A chromosome genes so the organelle 
reads might be misaligned to the A reference genome and could complicate the 
downstream analysis. The remaining reads were aligned to the W22 genome and 
the B chromosome genome using STAR (57–59). Differential expression analysis 
used the same method as previously described (4).

Ratio Distributions and Scatter Plots. To minimize the batch effect and 
environmental factors, segregating diploid controls were used to compare to 
aneuploid combinations in the RNA-seq analysis. Single-arm aneuploidy RNA-
seq data (trisomy, monosomy) were retrieved at the Gene Expression Omnibus 
repository under the accession number GSE149186. Each aneuploid was com-
pared to segregating controls except 5L which used the euploid control of 1S. 

The methods used to plot the gene expression ratios as a distribution and the 
scatter plots are as described (4, 5). Because the cis genes are from different 
chromosome arms in the aneuploidy combinations, we separated the cis genes 
in ratio distributions and scatter plots. The trans genes are those genes for which 
the cis genes on both arms have been excluded.

ddPCR Analysis and Genome Normalized Expression. We adopted a 
genome-normalized expression method from Coate and Doyle (23) in our 
ddPCR assay. To preserve the in vivo mRNA/genomic DNA (gDNA) ratios, total 
nucleic acids were coextracted using the P Isolation Kit (BioChain, K2021010). 
Approximately 1 µg of RNA and gDNA mixture (Total Nucleic Acid) was used for 
reverse transcription with iScriptTM Reverse Transcription Supermix (1708840, 
Bio-Rad).

Eight complementary DNA (cDNA) and six genomic DNA (gDNA) primers as 
previously described (4), and two additional cDNA primers were designed. For the 
cDNA primers, at least one primer from each pair was designed across exon–exon 
junctions to avoid nonspecific binding to gDNA. The gDNA primers were designed 
from regions upstream of the 5′ UTR or downstream of the 3′ UTR to prevent bind-
ing to mature or precursor mRNA. Primers for the amplicons, ranging from 70 bp 
to 150 bp, were blasted against NCBI or MaizeGDB to ensure specificity. All cDNA 
and gDNA primers were tested for specificity: cDNA primers produced products 
only with cDNA templates, while gDNA primers amplified only gDNA templates.

For each sample, 10 cDNA and 6 gDNA primers were used for amplifica-
tion. To minimize experimental error, a master mix using ddPCR EvaGreen 
mix (1864033, Bio-Rad) for 16 reactions (10 cDNA and 6 gDNA, excluding 
primers) was prepared. A 20 µL reaction mix was then distributed into 16 
wells of a PCR plate (e.g., Fisher Scientific, 14230244). For each cDNA or gDNA 
amplification, 1.2 µL of forward and reverse primers were added per well. The 
mixture was vortexed thoroughly for at least 20 s. For each reaction mixture 
in one ddPCR plate well, there are 250 nM primers, and 50 ng cDNA + gDNA 
mix. For droplet generation, 20 µL of each assembled ddPCR reaction mixture 
was loaded into a droplet generator cartridge (1864008, Bio-Rad) with 70 µL 
of droplet generation oil (1864006, Bio-Rad). The cartridge was placed into 
the droplet generator (1864002, Bio-Rad) to generate droplets. The droplets 
were collected and transferred to a 96-well PCR plate (12001925, Bio-Rad), 
which was heat-sealed with a foil seal (1814040, Bio-Rad) and placed on a 
conventional deep-well thermal cycler (e.g., C1000, Bio-Rad). The PCR con-
ditions were as follows: 95 °C for 5 min, followed by 40 cycles of a two-step 
protocol (95 °C for 30 s and 60 °C for 1 min). A postcycling signal stabilization 
protocol was applied (4 °C for 5 min, then 90 °C for 5 min). The ramp rate 
for all steps was set to 2 °C/s. After PCR, the 96-well plate was placed in 
the droplet reader (1864003, Bio-Rad). Data analysis was performed using 
QuantaSoft analysis software (Bio-Rad).

Each of the 10 genes (cDNA values from ddPCR) was normalized to six DNA 
amplicons, and the resulting ratios were averaged to minimize effects due to DNA 
primer amplification efficiency. The relative expression per genome for each gene 
was divided by RNA-seq data of relative expression per transcriptome. Outliers 
were filtered out if the absolute difference between the averaged ratio and the 
ratio for each gene was equal to or greater than twofold the SD, preventing 
skewed estimates from extreme values. The final relative transcriptome size was 
determined by averaging the ratios of (relative expression per genome)/(relative 
expression per transcriptome).

Statistical Analysis. Statistical tests were performed as described in a previous 
study (5). The median ratio of each comparison was computed. The K–S test was 
used to check for differences between two ratio distributions. Bartlett’s test was 
used to examine whether variances are equal across different groups.

Data, Materials, and Software Availability. The data are available in the NCBI 
GEO repository GSE284999 (60).
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