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SUMMARY

The non-essential supernumerary maize (Zea mays) B chromosome (B) has recently been shown to contain

active genes and to be capable of impacting gene expression of the A chromosomes. However, the effect of

the B chromosome on gene expression is still unclear. In addition, it is unknown whether the accumulation

of the B chromosome has a cumulative effect on gene expression. To examine these questions, the global

expression of genes, microRNAs (miRNAs), and transposable elements (TEs) of leaf tissue of maize W22

plants with 0–7 copies of the B chromosome was studied. All experimental genotypes with B chromosomes

displayed a trend of upregulated gene expression for a subset of A-located genes compared to the control.

Over 3000 A-located genes are significantly differentially expressed in all experimental genotypes with the B

chromosome relative to the control. Modulations of these genes are largely determined by the presence

rather than the copy number of the B chromosome. By contrast, the expression of most B-located genes is

positively correlated with B copy number, showing a proportional gene dosage effect. The B chromosome

also causes increased expression of A-located miRNAs. Differentially expressed miRNAs potentially regulate

their targets in a cascade of effects. Furthermore, the varied copy number of the B chromosome leads to the

differential expression of A-located and B-located TEs. The findings provide novel insights into the function

and properties of the B chromosome.

Keywords: B chromosome, gene expression, maize, dosage-sensitive modulation, microRNA.

INTRODUCTION

Supernumerary B chromosomes (Bs) are non-essential

chromosomes that can be present or absent from some

individuals within a population. They are found in a variety

of species including flowering plants, gymnosperms, fungi,

and animals (Jones and Houben 2003; Jones and

Rees 1982). The maize (Zea mays) B chromosome was first

identified in the 1920s (Kuwada 1925; Longley 1927; Ran-

dolph 1928). The B chromosome does not pair or recom-

bine with the A chromosomes at meiosis. The inheritance

of the B chromosome is non-Mendelian and follows its

own evolutionary pathway (Beukeboom 1994). Maize B

chromosomes have a special accumulation mechanism in

that they non-disjoin at the second pollen mitosis followed

by preferential fertilization of the egg by the sperm con-

taining the B chromosomes (Carlson 1988; Roman 1948).

This non-disjunction property makes the maize B chromo-

some a powerful tool when it translocates with the A

chromosomes. Maize with stable B-A translocations has

wide applications in various genetic studies, including

experimental mapping, chromosomal dosage studies,

chromosomal behavior, and genetic engineering of

minichromosomes (Beckett 1991; Birchler and Veitia 2012;

Cody et al. 2015; Liu et al. 2015).

B chromosomes are usually highly heterochromatic. The

maize B chromosome contains a minute short arm, a cen-

tromeric knob, a proximal euchromatin region, four blocks

of distal heterochromatin, and a distal euchromatin region

(Cheng et al. 2016; McClintock 1933). It is widely accepted

that B chromosomes are derived from the A chromosomes

(Camacho et al. 2000; Jones and Rees 1982). Maize A and

B chromosomes share a collection of highly repetitive

sequences including CentC, CRM, CentA, and knob repeats

(Alfenito and Birchler 1993; Lamb et al. 2005; Stark

et al. 1996; Viotti et al. 1985). Retrotransposons were

found on the maize B chromosome by analyzing DNA
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sequencing data and fluorescence in situ hybridization

(FISH) images. Some of these retrotransposons or repeti-

tive sequences derived from the B chromosome are B-

specific while others are shared with the A chromosomes

(Blavet et al. 2021; Huang et al. 2016; Lamb et al. 2005;

Stark et al. 1996; Theuri et al. 2005). The maize B cen-

tromere repeat sequence bears a similarity to that of hete-

rochromatic knobs and the maize Cent4, a sequence

associated with the centromere of chromosome 4 (Alfenito

and Birchler 1993; Page et al. 2001).

Although the B chromosome of maize is dispensable for

the normal growth and reproduction of the plant and has

yet to be proven to have any beneficial effects (Ran-

dolph 1941), it is not totally inert. The maize B chromo-

some is capable of impacting the A chromosomes by

increasing their recombination frequencies (Hanson 1969;

Rhoades 1968). When the B chromosome is present at

high copy numbers (usually over 10), it causes various

morphological effects including a reduction in fertility,

decreased vigor, and increased nuclear and cell size (Ran-

dolph 1941). In addition, in a recent study, the B chromo-

some has been shown to impact the expression of over

100 genes transcribed from the A chromosomes (Huang

et al. 2016). A few genes located on the B chromosome

were identified with high sequence similarity but some-

times acquired multiple SNPs, insertions, or deletions

compared to their A homologs (Huang et al. 2016). Some

of these B-located genes are transcribed, indicating that

the B chromosome is not inactive (Huang et al. 2016). The

sequence of the maize B chromosome has been assembled

and published (Blavet et al. 2021). Recently, 758 predicted

protein-coding genes in 125.9 Mb of B chromosome

sequence were identified, at least 88 of which are

expressed (Blavet et al. 2021). Analysis of the gene and

transposable element (TE) content of the B chromosome

against the A chromosomes suggests the current content

of the B chromosome is a result of a continuous transfer

from the A chromosomal complement for millions of years

(Blavet et al. 2021).

Despite all the advances in the study of the B chromo-

some, little is known about how the B chromosome

impacts the expression of the A chromosomes or the fac-

tors that may participate in the regulation of the A chromo-

some expression. It is also unclear whether the increase of

B copy number would have a cumulative effect on gene

expression of the A chromosomes. Given that the B chro-

mosome is a powerful tool in various genetics studies, an

understanding of how it impacts the expression of the A

chromosomes is crucial. Furthermore, there is a lack of

knowledge about how genes on the B chromosome

respond to changes in B copy number. It is interesting to

examine if genes on the B chromosome as a non-essential

chromosome would show gene dosage effects, dosage

compensation, and trans-acting inverse dosage effects,

which are normally observed in aneuploidy of essential

chromosomes (Birchler et al. 2001; Shi et al. 2021; Yang

et al. 2021). Therefore, we performed a comprehensive

study analyzing the expression of genes, microRNAs (miR-

NAs), and TEs of maize W22 plants with 0–7 Bs. This com-

parison would allow us to better understand how gene

expression of the A and B chromosomes is impacted by

the B chromosome. This study would also determine if

changes in expression levels of miRNAs, if any, would

impact the expression of their mRNA targets. Having a

dosage series of 0–7 Bs will further help us to define how

genes, miRNAs, and TEs respond to changes in B copy

number. Such analyses are also an interesting topic to be

investigated in terms of how a non-essential chromosome

with an accumulation mechanism evolves. Additionally,

changes in dosage of part of the genome (aneuploidy) that

contains essential genes/chromosomes have been known

to produce severe phenotypic consequences and genome-

wide changes in gene expression (Birchler et al. 2001;

Blakeslee 1934; Blakeslee et al. 1920; Hou et al. 2018; Shi

et al. 2021; Veitia et al. 2008; Yang et al. 2021). It is intrigu-

ing to compare how the varied copy number of a non-

essential chromosome affects gene expression.

RESULTS

The B chromosome causes changes in the expression of

A-located and B-located genes

To examine the effect of the B chromosome on gene

expression, we performed mRNA sequencing (mRNA-seq)

on a collection of maize W22 plants with 0 through 7

copies of Bs (Table S1). We refer to the control genotype

as 0B and to the experimental genotypes as 1B through

7B. W22 plants with Bs did not exhibit any morphological

defect compared to the control (Figure S1a). Results of cell

area measurement suggest the epidermal cell area is

unchanged in plants with 0B compared to 5B (Figure S1b;

Student’s t-test, P > 0.05). Sequence reads were processed

and mapped to the W22 reference genome, the B chromo-

some sequence, and organellar genomes (Blavet

et al. 2021; Bosacchi et al. 2015; Clifton et al. 2004;

Springer et al. 2018). Of uniquely mapped reads, 98.9%

were mapped to the A chromosomes, whereas only 0.8%

were mapped to the B chromosome on average (Table S1).

To better illustrate the effect of the B chromosome on the

A chromosome and on itself, we further divided genes into

A-located genes and B-located genes. This mRNA-seq

experiment detected the expression of 20 910 A-located

and 273 B-located genes (mean of normalized counts

across all genotypes over 0.5).

Plotting the distribution of ratios of experimental to con-

trol read counts provides a broad view of trends of gene

expression, especially for those that are subtly modulated

with experimental and control values close to each other.

� 2022 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2022), 110, 193–211

194 Xiaowen Shi et al.



Normalized counts of biological replicates were averaged

and ratios of each gene of each experimental condition to

the control were plotted as a histogram. Ratio distributions

of A-located genes display a spread of modulations with a

trend of slight downregulation with the median of ratios

slightly below 1.0 (Figure 1a), whereas ratio distributions

of B-located genes show a trend of upregulation (Fig-

ure 1b; Figure S2). Scatter plots were used to demonstrate

the fold change values and significance of differential gene

expression (DGE) as cross-validation to the ratio distribu-

tions (Figure S3). The log2(fold change [FC]) value of gene

expression for each comparison and the false discovery

rate (FDR)-adjusted P-value of significance were generated

by Cuffdiff (Trapnell et al. 2012; Trapnell et al. 2013). The

expression of thousands of genes was affected by the B

chromosome. Interestingly, 1984 A-located differentially

expressed genes (DEGs) were upregulated and 1595 A-

located DEGs were downregulated in all experimental

genotypes compared to the control (Figure 2a). Moreover,

47 B-located DEGs were upregulated and six B-located

DEGs were downregulated in all seven comparisons (Fig-

ure 2b). Overall, for both A-located and B-located DEGs, a

greater number of DEGs is upregulated than downregu-

lated (Figure 2). Ratio distributions of A-located genes

show a slight downregulation because ratios of a greater

proportion of genes are below 1.0 (approximately 51.6%

on average for seven comparisons) than being above 1.0

(approximately 48.4%). However, such variation is trivial

and is not significant in the DGE analysis, as there is a

greater number of upregulated A-located DEGs than down-

regulated A-located DEGs. Therefore, the A-located genes

show a predominant effect of a slight upregulation. As for

Figure 1. Ratio distributions of gene expression in each experimental genotype compared with the control. (a) Ratio distributions of A-located genes. (b) Ratio

distributions of B-located genes with outliers (ratio > 6 or < 1/6) removed. 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. Gene ratios for each comparison were plotted on the x-axis with

a bin width of 0.05. The y-axis denotes the number of genes per bin (frequency). A ratio of 1.00 represents no change in the experimental genotype versus the

control and is labeled with vertical lines in black. The mean and median of ratios were computed and demarcated with labeled vertical lines in red and yellow,

respectively.
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Figure 2. Expression patterns of A-located genes and B-located genes. (a, b) Number of A-located (a) and B-located (b) differentially expressed genes (DEGs).

DEGs were determined as described in the ‘Experimental Procedures’ section. Numbers in brackets represent DEGs in all seven comparisons. (c, d) Heatmap of

pairwise correlation (Spearman) matrix between the gene expression level of plants from one experimental or control condition to another. The Spearman cor-

relation coefficient (SCC) was produced by comparing normalized read counts of A-located genes (c) or B-located genes (d) averaged across all biological repli-

cates in one genotype to those in another genotype (e.g., 0B versus 1B). The number in each box represents the SCC in the pairwise comparison between two

genotypes on the x- and y-axes. The color scale level of each box is reflected by the value of SCC as shown in the color scale bar in the top left corner. (e, f) PCA

plots of the expression levels of A-located genes (e) and B-located genes (f).
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the B-located genes, both ratio distribution and DGE analy-

sis display upregulation of gene expression. Although a

peak is observed below 1.0 in the ratio distributions of

B-located genes, there is a greater proportion of genes

with ratios above 1.0 (approximately 60.0%) than those

below 1.0 (approximately 40.0%). This phenomenon is

likely caused by the clustering of a subset of genes below

1.0 rather than an overall trend of downregulation in com-

parison to A-located genes. Further validation of the

mRNA-seq experiment came from the examination of gene

expression differences using an external spike-in by quan-

titative PCR (qPCR) (Figure S4). Five genes with distinct

expression patterns were selected. Ratios of DGE and

trends of induction or repression revealed in the qPCR

assay generally match with those in the mRNA-seq experi-

ment (Pearson correlation: R = 0.97, P = 3.6e�26).

Expression of the majority of A-located genes is not

sensitive to B dosage

As shown in Figure 1a, the trend of slight upregulation of

A-located genes in general does not shift with increased B

copy number in the experimental genotype. In addition,

the number of A-located DEGs does not vary much from

1B to 7B (Figure 2a). Therefore, we hypothesized that the

overall change in expression of A-located genes is not cor-

related with B copy number. To test this hypothesis, Spear-

man correlation coefficients (SCCs) were computed to

examine the correlation of gene expression in different

genotypes, and Pearson correlation coefficients (PCCs)

were calculated to investigate if the expression of a gene

responds to altered B copy number in a dosage-sensitive

manner. The Pearson correlation evaluates the linear rela-

tionship, while the Spearman correlation evaluates the

monotonic relationship between two variables. Therefore,

the Spearman correlation was implemented in producing a

pairwise correlation matrix to evaluate the correlation

between the gene expression level of plants of different

genotypes. SCCs of the expression level of A-located genes

between each experimental genotype with different num-

ber of Bs is approaching 1.0 (e.g., 1B versus 7B), whereas

SCCs between any experimental genotype (1B to 7B) and

the control (0B) are between 0.92 and 0.94 (Figure 2c). This

result suggests that changes in the global expression of A-

located genes are more likely to be caused by the presence

of the B chromosome, rather than the B copy number.

Further, to examine if there is a linear relationship between

gene expression and the B copy number in the B dosage ser-

ies, a PCC between the expression level of each gene and the

number of Bs (0–7) in its corresponding genotype was gener-

ated (Figure 3). Here we define B-dosage-sensitive genes as

those whose expression levels have a strong positive or neg-

ative correlation with B copy number (PCC > 0.8 or < �0.8,

Figure 3b,f). Out of 20 910 A-located expressed genes, 1876

(approximately 9%) are sensitive to B dosage based on this

criterion (Figure 3a). All other genes are defined as B-dosage-

insensitive genes (�0.8 ≤ PCC ≤ 0.8), exhibiting a trend of

induction (0.2 < PCC ≤ 0.8, Figure 3e) or repression

(�0.8 ≤ PCC < �0.2, Figure 3c) regardless of the B copy num-

ber, or unchanged regardless of the presence of the B chro-

mosome (�0.2 ≤ PCC ≤ 0.2, Figure 3d). Further validation of

this observation came from a principal component analysis

(PCA) of expression levels of A-located genes (Figure 2e). Bio-

logical replicates from the 0B group clustered differently from

the 1–7B group. All the above-mentioned results suggest the

majority of A-located genes are not sensitive to changes in B

dosage; in other words, the effect of the maize B chromo-

some on A-located genes depends on the presence or

absence of the B chromosome rather than the B dosage.

Expression of the majority of B-located genes exhibits a

proportional gene dosage effect

In contrast to A-located genes, B-located genes in the B

dosage series show an overall distinct expression pattern.

Ratio distributions of B-located genes demonstrate a trend

of upregulation correlated with the B copy number, with

the median of ratios rising from 1.10 (1B/0B) to 1.25 (7B/

0B) (Figures 1a and 4; Table S2). There is an increase in

the number of upregulated DEGs with ascending B copy

number (Figure 2a). SCCs of the expression levels of B-

located genes between each genotype vary from 0.05 to

0.97 (Figure 2d). Any two groups with less variation in the

B copy number display a higher degree of correlation. In

addition, a PCA plot of expression levels of B-located

genes shows distinct grouping by their B copy number

(Figure 2f). Furthermore, PCCs representing the B-dosage

sensitivity of B-located genes demonstrate that expression

of most B-located genes is sensitive to B dosage, as PCCs

of 153 out of 273 (approximately 56%) expressed B-located

genes fall in the range of >0.8 or <�0.8 (Figure 3g). Unex-

pectedly, the expression of many B-located genes in the 0B

group is not zero (Table S3), likely due to the high

sequence similarity between A-located and B-located

genes (see ‘Discussion’ section for more details). There-

fore, we used expression levels of the 0B group as the

baseline and subtracted counts of the 0B group from 1B–
7B groups. Afterward, we excluded B-located genes with

negative values for further analysis and redid the his-

togram of PCCs demonstrating the correlation between B

copy number (1–7) and gene expression levels (Figure 3j).

In this case, 143 out of the 196 (approximately 73%) B-

located genes being expressed are B-dosage-sensitive

(PCC > 0.8; e.g., Figure 3l), which exhibit a proportional

gene dosage effect in response to changes in B copy num-

ber. Expression of 6 (3%) genes is negatively correlated

with B copy number (e.g., Figure 3h); whereas 9 (5%) of

them are dosage-compensated (�0.2 ≤ PCC ≤ 0.2; e.g., Fig-

ure 3i). Thirty-eight (19%) genes exhibit a trend of induc-

tion but that is not proportional to the B copy number
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(0.2 < PCC ≤ 0.8; e.g., Figure 3k). In sum, all evidence sup-

ports a strong linear correlation between the expression of

B-located genes and the B copy number. In other words,

most B-located genes show a proportional gene dosage

effect to changes in B copy number.

A-located genes with different responses to B dosage may

participate in distinct biological processes

To evaluate if those A-located genes that display various

dosage responses to the B chromosome are involved in

related biological processes, we performed Gene Ontology

(GO) enrichment analysis on B-dosage-sensitive genes and

B-dosage-insensitive genes whose expression is induced,

repressed, silenced, or unchanged by the presence of the B

chromosome. No term was found to be over- or underrep-

resented in B-dosage-sensitive A-located genes that posi-

tively correlate with B copy number, whereas terms related

to ribonucleoprotein complex assembly (GO:0022618), pos-

itive regulation of cellular protein metabolic process

(GO:0032270), and cytoplasmic translation (GO:0002181)

are enriched in B-dosage-sensitive genes with a negative

correlation with B copy number (Table S4). This result sug-

gests that these two groups of genes are likely to have dif-

ferent functions.

Genes with weak or no correlation with B copy number

show underrepresentation of term DNA duplex unwinding

(GO:0032508) and overrepresentation of term regulation of

cellular process (GO:0050794) (Table S4). We observed

overrepresentation of terms related to photosynthesis and

light reaction (GO:0019684), circadian rhythm

(GO:0007623), lipid biosynthetic process (GO:0008610), a

few metabolic processes, etc., and underrepresentation of

DNA repair (GO:0006281), ribonucleoprotein complex bio-

genesis (GO:0022613), and telomere maintenance

Figure 3. Gene expression level and its Pearson correlation coefficient (PCC) representing B-dosage sensitivity. (a, g, j) Histogram of PCCs between the expres-

sion level of A-located (a) or B-located (g, j) genes and the B copy number. (a, g) The PCC for each gene was computed by comparing normalized read counts

averaged across all biological replicates for each genotype (gene expression level of 0B to 7B) to the B copy number (0–7). Then the PCC for each gene was plot-

ted into a histogram on the x-axis with a bin width of 0.2. The y-axis denotes the number of genes (frequency) per bin. (j) Histogram of PCC between the expres-

sion level of B-located genes and the B copy number (1B–7B), with counts of 0B deducted from 1B–7B. (b–f) Example genes from (a) with distinct expression

patterns and different values of PCC. The y-axis shows the normalized read counts (Exp.) averaged across all biological replicates for each genotype on the

x-axis. (h, i, k, l) Example genes from (j) with distinct expression patterns and different values of PCC. The y-axis denotes the expression level relative to 0B (Rel.

Exp.) averaged across all biological replicates for each genotype on the x-axis. The label indicates the gene locus and its PCC value (R).
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(GO:0000723) in genes with induced expression. In addi-

tion, overrepresentation of many terms was found in genes

with repressed expression, including maturation of LSU-

rRNA from tricistronic rRNA transcript (SSU-rRNA, 5.8S

rRNA, LSU-rRNA) (GO:0000463), cellular response to oxida-

tive stress (GO:0034599), protein folding (GO:0006457),

translation (GO:0006412), etc. Sixty-two genes are lowly

expressed or not expressed at our sampling stage with the

presence of the B chromosome in contrast to the control,

including a few putative transcription factors (TFs)

(Table S5). However, we did not observe an overrepresen-

tation of any terms in this group (Table S4).

Ratios of extreme values form peaks of outliers (ratio >
6) in the ratio distribution of A-located genes (Figure 1a).

Examination of the function and the expression pattern of

those genes would reveal the cause of these extreme

ratios. GO enrichment analysis was performed on genes

with ratios over 6 that appear in all seven comparisons.

We did not observe over- or underrepresentation of any

term (Table S4). Therefore, these extreme values were not

caused by defects in plant growth or development, nor

induced by stress.

Meanwhile, we examined the degree of dosage sensitiv-

ity to the B copy number of these A-located outliers. This

group is heavily populated with genes whose expression is

positively correlated with B copy number, with 65 out of

254 (approximately 26%) outliers being B-dosage-sensitive

(PCC > 0.8) (Figure S5). It is likely that the expression of

these genes is extremely low or approaching zero in the

absence of the B chromosome. When their expression is

induced by the B chromosome, computing the ratio of

expression levels of the experimental genotype to the con-

trol (approximately 0) would generate an extreme value. B-

dosage-sensitive genes compose most of the B-located

outliers, with 107 out of 122 (approximately 88%) outliers

having PCCs over 0.8 (Figures S2 and S5). The extreme val-

ues are caused by the fact that B-located genes are not pre-

sent in the control group.

A-located genes in different functional groups exhibit

diverse responses to the B chromosome

Given that we observed overrepresentation or underrepre-

sentation of various biological processes in A-located

genes that exhibit different dosage responses to the varied

B copy number, the B chromosome may impact the

expression of A-located genes through different cellular

processes and pathways. Therefore, we examined the

expression of A-located genes coming from several func-

tional groups to evaluate if diverse groups of genes

respond to aneuploidy of the B chromosome in different

manners. Ratio distributions were plotted for each func-

tional group, along with mean, median, and standard devi-

ation (SD) for each distribution (Table S2), for statistical

determinations of deviation of the distributions from nor-

mal (Table S2), to compare two distributions for differ-

ences with Kolmogorov–Smirnov (K–S) tests of

significance (Table S6), or to compare variances across

groups using Bartlett’s test (Table S7). Scatter plots for the

significance of DGE were performed as a complement,

with the number of upregulated and downregulated A-

located DEGs summarized in Table S8. Medians of each

ratio distribution (with outliers excluded) and histograms

of PCCs to illustrate the B-dosage sensitivity of each func-

tional group were plotted (Figure 4; Figure S6). Genes of

different functional groups were selected as described in a

previous study (Johnson et al. 2020).

TFs distribute differently compared to all genes, indi-

cated by K–S tests (Figure S7; P < 0.05, Table S6). Ratio

distribution of TFs shows higher expression levels in con-

trast to all A-located genes, with an increase of mean and

median of ratios (Table S2; Figure 4). A greater fraction of

genes in this group is positively correlated with B copy

number than those in all genes (Figure 3a; Figure S6). By

contrast, components of signal transduction genes have

similar distributions and trends of expression compared to

all genes (Figure 4; Figures S6 and S8). Distributions of

ratios for structural components of the ribosome and sub-

units of the proteasome are significantly different from all

genes (Figure 5; Figure S9), statistically testified by K–S
and Bartlett’s tests (P � 0, Tables S6 and S7). Structural

components of the ribosome show elevated degrees and a

Figure 4. Median of ratios of A- and B-located genes, and each functional

class of A-located genes. The x-axis refers to the B copy number of the

experimental group, whereas the y-axis denotes the median of ratios in

each distribution (Figures 1 and 5; Figures S7–S13), computed as in

Table S2.
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narrower spread of downmodulation than all genes (Fig-

ures 4 and 5). In contrast, proteasomal genes exhibited a

narrower spread of normal distribution with a slight trend

of downregulation compared to all genes (Figure 4; Fig-

ure S9; P > 0.05, Table S2). A larger fraction of genes in

these two categories is negatively correlated with B copy

number than all A-located genes (Figure S6). Similar distri-

butions between stress-related genes and all A-located

genes indicate that the B chromosome does not induce

any stress-related responses in normal growth conditions

(Figure S10). This result matches our observation that the

B dosage series did not display any stress-related morpho-

logical defects and that stress-related terms are not

enriched in the outliers (Figure S1 and Table S4).

Plant cells contain two semi-autonomous organelles, the

chloroplast and the mitochondrion. The chloroplast and

mitochondrion each contain a small genome that relies

largely on nuclear factors for maintenance and expression

(Newton et al. 2009). Distributions of nuclear genes that

are subsequently transported to the chloroplast (nuclear

chloroplast) or mitochondrion (nuclear mitochondrial) are

different compared to all genes (Figures S11 and S12), con-

firmed by K–S and Bartlett’s tests (P < 0.05, Tables S6 and

S7). More nuclear chloroplast DEGs are upregulated with a

slight increase of mean and median of ratios (Figure 4;

Tables S2 and S8). The upregulation of nuclear chloroplast

genes is cross-verified by the overrepresentation of

photosynthesis-related genes in the group of genes whose

expression was induced by the B chromosome (Table S4).

As for nuclear mitochondrial genes, there is a trend of

downregulation compared to all genes, considering a

decrease of mean and median of ratios and a larger pro-

portion of DEGs being downregulated (Figure 4; Tables S2

and S8). In addition, more genes in this group show a

Figure 5. Ratio distributions and scatter plots for the functional class of structural components of the ribosome. (a) Ratio distributions of structural components

of the ribosome, generated as described in Figure 1. (b) Scatter plots of structural components of the ribosome. The x-axis represents the log2(fold change) val-

ues of each experimental genotype to the control, whereas the y-axis denotes the mean of normalized counts of each experimental genotype and the control.

Data points with q < 0.05 and a corresponding log(FC) >0 are depicted in magenta, while points with q < 0.05 and a corresponding log(FC) <0 are depicted in

green. Otherwise, they are shown in black. A ratio of 0 represents no change (black vertical dashed line).
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negative correlation with B copy number than those in all

A-located genes (Figure 3a; Figure S6). Peroxisomes are

highly dynamic organelles and are involved in a wide

range of plant processes (Hu et al. 2012). Peroxisomes do

not contain DNA or ribosomes and therefore are devoid of

organelle-synthesized components. Distributions of

peroxisomal-targeted genes are very similar to all A-

located genes (Figure S13).

Differential expression of many miRNAs correlates with

their predicted targets

miRNAs are approximately 21-nt regulatory RNAs pro-

cessed from short hairpin precursors encoded by MIR

genes. Many functions as essential post-transcriptional

regulators of endogenous genes in affecting plant devel-

opment and stress responses (Cui et al. 2017). Differential

expression of miRNAs could contribute to changes in

gene expression observed in this study. Therefore, we

performed small RNA sequencing (sRNA-seq) to evaluate

this possibility. In brief, filtered counts were mapped to

the reference genome using the ShortStack tool, which

allows comprehensive annotation and quantification of

sRNA genes (Axtell 2013; Axtell and Meyers 2018; Shahid

and Axtell 2014). Read counts were normalized to reads

per million mapped reads (RPM) values. Ninety-eight

miRNA genes (or clusters defined by ShortStack) were

identified, all of which are located on the A chromosomes.

Forty-nine of those clusters were previously known loci

annotated in miRbase version 22 (Table S9) (Kozomara

et al. 2019). Log(FC) values and the FDR-adjusted P-values

of significance in the scatter plots were generated by

Empirical Analysis of Digital Gene Expression Data in R

(edgeR) (McCarthy et al. 2012; Robinson et al. 2010). Ratio

distributions, computation of PCC, and statistical tests

were performed using the same method for analyzing

mRNA-seq. Ratio distributions of miRNAs generally dis-

play a trend of upregulation in 1–7B in contrast to 0B with

mean and median both above 1.00, with more differen-

tially expressed miRNAs (DEMs) being upregulated than

downregulated (Figure 6; Figure S14; Table S2). Only 10

out of 98 clusters (approximately 10%) encoding miRNAs

are sensitive to B dosage (PCC > 0.8 or < �0.8; Figure 6).

Expression of six dosage-sensitive miRNAs is positively

correlated with the B copy number (PCC > 0.8) (Fig-

ure S15). Four of them belong to the miR166 family,

which is involved in the regulation of shoot apical meris-

tem development (Zhu et al. 2011). Two of the four miR-

NAs that show a negative correlation with B dosage are

members of the miR393 family, which controls root sys-

tem architecture in response to nitrate availability (Vidal

et al. 2010), while one is from the miR171 family, which

participates in the regulation of gibberellin signaling,

auxin homeostasis, and chlorophyll biosynthesis (Fig-

ure S15) (Huang et al. 2017b; Ma et al. 2014).

Twenty miRNAs were differentially expressed in at least

two experimental genotypes compared to the control. To

examine if these DEMs are associated with changes in

mRNA expression, targets of DEMs were predicted by

psRNAtarget (Table S10) (Dai et al. 2018). After data treat-

ment as described in the ‘Experimental Procedures’ sec-

tion, 146 predicted interactions between DEMs were

characterized and their corresponding mRNA targets were

identified (Table S11). The relationship between an miRNA

and its mRNA target was determined by the Pearson corre-

lation between the expression levels of the two. Twenty-

seven interactions show a strong linear relationship with

P-values of Pearson correlation of <0.05. Nineteen of these

interactions display a negative correlation (Table S11). As

a complement, interactions of DEMs and their targets were

identified by summarizing data generated from degradome

sequencing from former studies in maize (see ‘Experimen-

tal Procedures’ section). In total, 104 interactions were

identified, 33 of which show significant correlation (P <
0.05; Table S12). Eight of these significant interactions

were identified by both psRNATarget and degradome

sequencing (Tables S11 and S12). Also, we computed the

Pearson correlation between the expression levels of the

miRNA (or the target) and the B copy number, which repre-

sents their degree of sensitivity to B dosage (Tables S11

and S12). For the B-dosage-sensitive DEMs, none of their

targets with significant correlation fall in the range of being

B-dosage-sensitive (Tables S11 and S12). Therefore, it is

not likely that the differential expression of B-dosage-

sensitive genes is regulated by miRNAs.

Even so, miRNA could impact gene expression in a

B-dosage-insensitive manner. While examining these

interactions, we found one of the predicted targets is a TF

targeted by miR171 (Figure S16). It belongs to the family

of GAI, RGA, and SCR (GRAS) TFs, which play critical roles

in plant growth and development such as gibberellic acid

(GA) signaling and phytochrome A signal transduction

(Cenci and Rouard 2017; Hirsch and Oldroyd 2009; Pysh

et al. 1999). In addition, a selenium-binding protein

(Zm00004b018026) is targeted by members of the miR398

family (Figure S16). Members of the miR166 family target

a few genes with different functions (Figure S17). They

negatively regulate the expression of the mitochondrial

RNA editing factor RNA editing-interacting protein 3/multi-

ple organellar RNA editing factor 3 (RIP3/MORF3) (Bentolila

et al. 2013; Takenaka et al. 2012). Furthermore, miR167c is

involved in the regulation of several genes, many of which

are auxin response factors (Figure S18). In sum, the

expression of many DEMs correlates with the expression

of their mRNA targets possibly involved in transcription,

organellar RNA processing, auxin response, etc. Differen-

tial expression of some genes in the B dosage series is

likely to be impacted by miRNAs in a B-dosage-insensitive

manner.

� 2022 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2022), 110, 193–211

B chromosome expression 201



The B chromosome triggers the differential expression of

transposable elements

The maize genome is largely composed of TEs. The highly

heterochromatic B chromosome contains numerous repeti-

tive sequences such as retrotransposons (Blavet

et al. 2021). Therefore, an increase of the B copy number

may result in changes in the suppressive state of TEs on

both A and B chromosomes. To address this hypothesis,

we examined the expression levels of TEs in the B dosage

series. TE exemplar sequences were generated from TEs

that were identified by a structural annotation of

transposons in the W22v2 genome and the B chromosome

sequence (Blavet et al. 2021; Springer et al. 2018). Reads

from mRNA-seq were mapped to TE exemplar sequences

that only contain non-overlapping TEs. Ratio distributions

of A-located TEs mapped to the TE exemplar sequences

did not show a trend of up- or downregulation (Fig-

ure S19a), with medians of ratios approximating 1.0

(Table S2; Figure S20). However, differential expression

analysis of TEs showed that there are more upregulated

differentially expressed TEs (DETs) than downregulated

DETs (Figure S19c; Table S13). The majority of A-located

Figure 6. Scatter plots of A-located miRNAs, the number of differentially expressed miRNAs (DEMs), and histograms of Pearson correlation coefficients (PCCs).

(a) Scatter plots of A-located miRNAs. Significance (false discovery rate [FDR] < 0.05) was determined by edgeR. Otherwise, plots were generated as in Fig-

ure 5b. (b) The number of A-located DEMs determined as in (a). (c) Histogram of PCCs of A-located miRNAs plotted as in Figure 3.
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TEs did not show a high degree of B-dosage sensitivity

when assayed globally, as mean and medians of ratios did

not change much from 1B/0B to 7B/0B (Table S2; Fig-

ure S20). When analyzed on a per TE basis, 7% of A-

located expressed TEs and 21% of DETs are B-dosage-

sensitive (Figure S21a). In addition, there is an increase of

upregulated DETs from 1B/0B to 7B/0B while there is little

variation between numbers of downregulated DETs from

1B/0B to 7B/0B (Table S13). In sum, only a small fraction of

A-located TEs is B-dosage-sensitive.

Ratio distributions of B-located TEs did not change with

an increase in the B dosage (Figure S19b). However, there

is an increase of upregulated DETs and a decrease of

downregulated DETs from 1B/0B to 7B/0B (Figure S19d;

Table S13). Similar to the expression patterns of B-located

genes, the expression of many B-located TEs is not elimi-

nated in the control group (0B). Therefore, the expression

level of B-located TEs in the 0B group was deducted from

those of all experimental groups (1–7B), and TEs with neg-

ative values were excluded for further analysis when

examining the expression pattern of individual B-located

TEs. By applying this procedure, the proportion of B-

dosage-sensitive B-located TEs increases from 36% to 69%,

and that of B-dosage-sensitive B-located DETs increases

from 80% to 82% (Figure S21b).

TEs are classified into two major classes distinguished

by their different modes of transposition. Class I TEs are

retrotransposons that use reverse transcriptase for trans-

position via an RNA intermediate, whereas Class II TEs are

DNA transposons that transpose directly from DNA to DNA

(Kidwell and Lisch 1997). For both A-located and B-located

TEs, Class I and Class II TEs have distinct ratio distribu-

tions, confirmed by K–S tests (P < 0.05, Table S6; Figures

S22 and S23). Compared to those of Class II TEs, distribu-

tions of Class I TEs contain a second peak around ratio

0.50, suggesting more TEs being downregulated in this

class compared with the control (Figures S22 and S23).

This observation is cross-validated by clusters of green

data points in the scatter plots of Class I TEs but not in

those of Class II TEs (Figures S22 and S23). Furthermore,

the proportion of upregulated Class II DETs out of all Class

II DETs is much greater than the proportion of upregulated

Class I DETs out of all Class I DETs (Table S13). All the

above observations apply to both A-located and B-located

TEs. Although A-located and B-located TEs from the same

class display similar features, they show different degrees

of B-dosage sensitivity. The overall trend of the expression

of A-located Class I and Class II TEs is not correlated with

B copy number, with the mean and median of each distri-

bution being relatively constant with the increase of B copy

number (Figures S22 and S23; Table S2). By contrast, ratio

distributions of B-located Class II TEs show an overall

trend of upregulation in response to increased B copy

number, with medians of ratios increasing from 0.87 (1B/

0B) to 1.12 (7B/0B); whereas those of B-located Class I TEs

show an overall trend of downregulation, with medians

decreasing from 1.32 (1B/0B) to 1.12 (7B/0B) (Figures S20,

S22, and S23; Table S2). Thus, B-located TEs exhibit a

greater degree of B-dosage sensitivity compared with A-

located TEs.

In sum, all the above observations indicate an impact of

the B chromosome on the expression of A-located and B-

located TEs. Although ratio distributions of A-located and

B-located TEs did not show much variation in the experi-

mental groups compared with the control, results from

DGE analysis revealed a slight upregulation of detectable

TE expression. Approximately 6% of A-located TEs and

29% of B-located TEs from the exemplar sequence are sig-

nificantly upregulated, whereas 3% of A-located and 3% of

B-located TEs are significantly downregulated. The effect

of B copy number on the expression of A-located TEs is

not as significant as that on B-located TEs, with more B-

located TEs being sensitive to changes in B copy number.

Class I and Class II TEs on both A and B chromosomes

show distinct expression patterns under the impact of the

B chromosome.

DISCUSSION

Although the maize B chromosome was discovered about

a century ago (Kuwada 1925; Longley 1927; Ran-

dolph 1928), it has been thought to be an essentially inert

chromosome. The maize B chromosome has recently been

shown to affect gene expression of the A chromosomes

(Huang et al. 2016). However, little was known about how

it impacts the A chromosomes transcriptionally and/or

post-transcriptionally. In this study, we performed mRNA-

seq and sRNA-seq on samples from maize plants with 0 to

7 B chromosomes to assay the expression of A-located

and B-located genes, miRNAs, and TEs in response to

changes in B copy number.

Comparison with another study related to B chromosome

dosage

In a previous study performed by Huang et al. (2016), 130

A-located DEGs were detected in comparison between B73

lines with and without the maize B chromosome. Here, we

were able to identify more genes under the influence of

the B chromosome, with 7962 A-located DEGs (38% of all

expressed A-located genes) in at least two experimental

conditions and 3579 A-located DEGs (17% of all expressed

A-located genes) in all experimental conditions with Bs

compared to the control. Thus, we further confirmed that

the maize B chromosome is not inert, and it impacts the

expression of the A chromosomes. The difference between

the number of DEGs identified in Huang et al. and this

study could also be caused by the following reasons. (i)

Fourteen-day leaf tissue from B73 inbred with 0, 1, and 6

Bs was used in Huang et al., whereas 45-day leaf tissue
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from W22 inbred with 0–7 Bs was used in this study. (ii)

Genes with log(FC) ≥ 3 and FDR < 0.05 computed by edgeR

were counted as DEGs in Huang et al., while genes with q

< 0.05 computed by Cuffdiff were counted as DEGs in this

study. Results from Huang et al. suggested that the maize

B influences the A chromosome transcription with a stron-

ger effect when comparing B73 with 6 Bs to B73 with 1 B.

The analysis here indicates that a stronger effect only

occurs for a small fraction of genes. While analysis of a

few B-located genes and long terminal repeats in Huang

et al. is performed through de novo assembly of B-specific

reads unmapped to the maize B73 reference genome

together with PCR validation, the recently published B

chromosome sequence allowed a more extensive analysis.

Our results reveal that 53 B-located genes (19% of all

expressed B-located genes) are differentially expressed in

all seven experimental genotypes when Bs are present

compared to those when the B is absent.

Various responses of A- and B-located genes to changes in

B dosage

Responses of A-located genes to varied B dosage are dif-

ferent from B-located genes assayed both globally and on

a per gene basis. While examining the expression of A-

located genes globally, distributions of these genes did not

show a significant variation with the increase of B copy

number in the experimental group, nor was there an

increase in the number of A-located DEGs being observed

from 1B to 7B. In contrast to the A-located genes, a trend

of increased expression of B-located genes is observed in

the ratio distributions of experimental groups with 1–7 Bs

compared with the control, correlated with the increase of

B copy number. An increase in the number of upregulated

B-located DEGs is also observed. The difference in the

trend of global expression of A-located and B-located

genes is cross-verified by the PCA plot and Spearman pair-

wise correlation matrix. While investigating the impact of

B dosage on gene expression on a per gene basis, increas-

ing the number of Bs only has a cumulative impact on 9%

of expressed A-located genes. Thus, the expression of

most A-located genes is not sensitive to changes in B copy

number. Only 0.5% of B-dosage-sensitive A-located genes

have B-located homologs, as determined by a previous

study (Blavet et al. 2021). Therefore, the fact that these A-

located genes are sensitive to B dosage is more likely to be

caused by direct regulation from the B chromosome, rather

than a result of mismapped reads due to sequence similar-

ity between A and B chromosomes. By contrast, 73% of

expressed B-located genes are B-dosage-sensitive. In other

words, most B-located genes show a proportional dosage

effect with the varied B dosage. In sum, varied B dosage

affects the expression of the A chromosomes in a B-

dependent but B-dosage-insensitive manner. The main dif-

ferential gene expression is caused by the presence or the

absence of the B chromosome. By contrast, changing the

dosage of the B chromosome influences expression of the

B-located genes in a B-dosage-sensitive manner.

Genes located on the A chromosomes respond to

changes in B dosage differently. Various GO terms are

over- or under-represented in groups of genes with dis-

parate responses to B dosage, indicating A-located genes

with diverse dosage response to change of B copy number

may participate in different biological processes and path-

ways. In addition, A-located genes from functional classes

of TFs, genes encoding structural components of the ribo-

some and proteasome, and nuclear chloroplast and mito-

chondrial genes are distributed differently compared with

all A-located genes. Components of the ribosome exhibit

the most significantly different distribution in comparison

to all A-located genes, with a narrow range spread of

downregulation. When examining expression patterns of

individual genes of different functional classes, expression

of a larger fraction of ribosomal, proteasomal, and nuclear

mitochondrial genes, respectively, shows a negative corre-

lation with an increase of B copy number, while that of TFs

exhibits a positive correlation. Therefore, A-located genes

from different functional classes display disparate

responses to changes in B dosage.

The apparent expression of many B-located genes in the

0B group is not zero, likely due to the high sequence simi-

larity between the genes on the B chromosomes and their

A paralogs, as the gene content of the B chromosome

appears to result from continuous transfer from the A

chromosomes (Blavet et al. 2021). To test this hypothesis,

two types of reads from the four biological replicates of

the 0B group were gathered: (i) all reads uniquely mapped

to the B chromosome and (ii) reads uniquely mapped to

125 B-located genes that are expressed (averaged expres-

sion level > 0.5) in the condition of 0B. Eight pools of reads

were then mapped to the A chromosomes as the reference

genome. Approximately 68% of all reads uniquely mapped

to the B chromosome could be remapped to the A chromo-

somes, whereas 96% of reads uniquely mapped to B-

located genes that are expressed in the absence of the B

chromosome are remapped to the A chromosomes on

average (Table S14). A Student’s t-test demonstrates a sig-

nificant difference between the mapping rate of the two

groups (P � 0). Thus, the unexpected counts of B-located

genes in the condition of 0B are caused by mismapped

reads due to sequence similarity, which could not be

sorted by the current mapping tool and/or sequencing

technique. Further, reads uniquely mapped to the B chro-

mosome only compose 0.2–1.7% of uniquely mapped

reads, with a strong positive correlation between B copy

number and the percentage of the B chromosome mapped

reads (P � 0; R = 0.95). The low contribution of the B chro-

mosome mapped reads indicates the sparse gene density

and degeneration of most genes on the B chromosome.
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Haploid and diploid maize with a stable B–A transloca-

tion was used to study the effect of aneuploidy on global

gene expression (Shi et al. 2021; Yang et al. 2021). Plants

in the experimental group of these studies have part or the

equivalent of a whole B chromosome or more. Results of

ratio distributions and DGE analysis indicate that global

gene modulation observed in A chromosome disomies, tri-

somies, and tetrasomies are trivially impacted by the B

chromosome portion (Shi et al. 2021; Yang et al. 2021).

Therefore, compared to observed global gene modulation

in two genomic imbalance studies, the 141-Mb B chromo-

some has limited influence on the expression of A chromo-

somes. For example, the varied copy number of a region

in the long arm of chromosome 1 (TB-1La; the size of

region 145.7 Mb) in haploid or diploid conditions resulted

in much greater changes in global gene expression com-

pared to haploids or diploids with Bs, respectively (Shi

et al. 2021; Yang et al. 2021). This observation suggests

that dosage-sensitive regulators that transpose to the B

chromosome are mainly selected against and basically

only genes that help maintain the B would be retained.

The function of miRNAs in gene regulation under the

impact of the B chromosome

Ninety-eight miRNA genes were detected in this study, all

of which are located on the A chromosomes. Huang et al.

reported the identification of three novel B-derived miR-

NAs using MiRDeep2 in a previous study (Huang

et al. 2020). Two of these sequences were identified to be

mapped to the B chromosome in this study; however, they

were not characterized as miRNAs by the criteria in ShortS-

tack. About 10% of A-located miRNAs display sensitivity to

changes in B dosage. Although miRNAs in the experimen-

tal groups are upregulated compared with the control,

ratios of miRNAs in all experimental genotypes show a

similar degree of upregulation. Furthermore, the number

of DEMs did not vary much from the 1B/0B comparison to

the 7B/0B comparison. All these observations indicate that

most miRNAs are regulated in a B-dependent, but B-

dosage-insensitive manner assayed both globally and on a

per gene basis.

Expression levels of DEMs and many of their targets pre-

dicted by psRNATarget or collected from degradome

sequencing data show a significant correlation. The associ-

ation between these components is supported by other

studies. For instance, the interaction between miR171 and

GRAS genes has been characterized in a few plant species,

including Arabidopsis, maize, tomato (Solanum lycoper-

sicum), and Larix kaempferi (Ge et al. 2016; Huang

et al. 2017b; Li et al. 2014; Ma et al. 2014; Wang

et al. 2010). In Arabidopsis, miR171 acts to negatively reg-

ulate GRAS (or Scarecrow-Like) genes in mediating

gibberellin-regulated chlorophyll biosynthesis under light

conditions (Ma et al. 2014; Wang et al. 2010). In addition,

one of the targets of miR166, Zm00004b039240, encodes

an ethylene receptor potentially involved in the ethylene-

activated signaling pathway. The miR166 family has been

found to be negatively regulated by exogenous ethylene

treatment (Pei et al. 2013; Zhao et al. 2017). Furthermore,

four targets associated with miR167c are auxin response

factors. miR167 is reported to regulate the expression of

auxin response factors in various species including Ara-

bidopsis, rice (Oryza sativa), and soybean (Glycine max)

(Liu et al. 2012; Pashkovskiy et al. 2016; Wang et al. 2015).

Expression patterns of miRNAs and their targets suggest

that miRNAs are likely to affect mRNA target expression in

a B-dosage-insensitive manner. If the mRNA target func-

tions as a major player in gene regulation, it may lead to a

gene regulatory cascade. For instance, GRAS33, whose

expression is repressed by the B chromosome putatively

due to the rising level of miR171, co-expresses with 26

genes in a gene co-expression network using maize

mRNA-seq data (Huang et al. 2017a). Of these genes co-

expressed with GRAS33, 54% are differentially expressed

in the B dosage series. Expression levels of six of them are

significantly correlated with that of GRAS33 (Pearson cor-

relation, P < 0.05), four showing a positive correlation and

two showing a negative correlation (Table S15). Most of

these genes co-expressing with GRAS33 fall in the range

of being B-dosage-insensitive. Two of them also encode

TFs (Zm00004b002945, Homeobox-transcription factor 84;

Zm00004b021538, G2-like-transcription factor 49). In sum,

miRNAs likely play a role in regulating changes in gene

expression caused by the B chromosome.

The impact of the B chromosome on transcriptome size

It is possible that the change in expression caused by the B

chromosome is a result of the varied transcriptome size.

However, the B dosage does not have a cumulative effect

on the transcriptome size of the B dosage series based on

the following observations. (i) Only a small fraction of A-

located genes and TEs are B-dosage-sensitive. (ii) Although

most B-located genes and TEs are B-dosage-sensitive,

reads mapped to B-located genes only compose approxi-

mately 0.25% of reads uniquely mapped to A and B chro-

mosomes on average, while reads mapped to B-located

TEs cover approximately 7% of reads uniquely mapped to

all TE exemplar sequences. (iii) It is generally accepted that

there is a linear relationship between cell size, transcrip-

tome size, and ploidy in Arabidopsis and maize (Miller

et al. 2012; Robinson et al. 2018; Shi et al. 2021;

Tsukaya 2013). Another study reported that a cell cycle reg-

ulator, KIP-related protein 4, uses DNA content as an inter-

nal scale to regulate cell size in the Arabidopsis shoot stem

cell niche (D’Ario et al. 2021). That the epidermal cell size

is unchanged when comparing 5B to 0B suggests the tran-

scriptome size of mRNA does not increase with more Bs.

Therefore, a lack of changes in global gene and TE
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expression and in cell size correlated with B copy number

indicates a lack of correlation between transcriptome size

and B copy number.

The B chromosome causes a slight upregulation of glo-

bal gene expression, and this effect is dependent on the

presence of the B chromosome regardless of the B copy

number. Therefore, it is possible that the presence of the B

chromosome would lead to varied transcriptome size, but

the variation is not correlated with the B dosage. However,

this hypothesis is rejected based on the following evi-

dence. First, cell size is not significantly different in 0B

compared with 5B. Second, the total RNA was spiked with

the External RNA Controls Consortium (ERCC) before rRNA

removal and library preparation. If the transcriptome size

of mRNAs/TEs changes because of increasing B copy num-

ber, the same amount of total RNA would contain the

same amount of ERCC but a varied amount of mRNA/TE

transcripts. Thus, we would expect variations in ratios of

reads uniquely mapped to the reference genome (genome

for mRNA-seq or TE exemplar sequences, respectively) to

reads uniquely mapped to ERCC sequences. Our result

demonstrates that ratios regarding mRNAs and TEs are

not statistically different, respectively, in the experimental

genotypes compared with the control (Student’s t-test, P >
0.05) (Figure S24). In addition, considering that the expres-

sion of genes and TEs is not regulated towards the oppo-

site direction, it is unlikely that the effect on the mRNA

transcriptome size is canceled by the impact on the TE

transcriptome size. In sum, the size of the transcriptome of

mRNA or TE remains constant in the B dosage series and

is unlikely to be the cause of changes in global gene

expression.

Concluding remarks

Compared to the aneuploidy of the A chromosomes, the

varied copy number of the B chromosome is clearly less

detrimental (Hou et al. 2018; Shi et al. 2021; Yang

et al. 2021). The highly heterochromatic B chromosome

contains a limited number of actively transcribed genes.

However, our results demonstrated that the B chromo-

some is not totally inert, as the analysis of mRNA-seq data

reveals that 273 out of 758 predicted B-located genes are

actively transcribed in leaf tissue. Other B-encoded genes

may be expressed in other tissues. In addition, the B chro-

mosome causes differential expression of genes, miRNAs,

and TEs (summarized in Figure 7). Varied B dosage mainly

causes an overall B-dosage-insensitive regulation of A-

located genes, miRNAs, and TEs, with a small fraction

being B-dosage-sensitive, while changes in B copy number

lead to a predominant B-dosage-sensitive modulation of B-

located genes and TEs. B-located genes are likely to be

involved in the regulation of A chromosome expression.

Furthermore, A-located miRNAs participate in the regula-

tion of A chromosome gene expression under the impact

of the B chromosome and could potentially modulate its

targets in a cascade of effects. In summary, the presence

of the B chromosome results in changes in gene expres-

sion both transcriptionally and post-transcriptionally. An

increase of B copy number causes both cumulative effects

and non-cumulative effects on the expression of genes,

miRNAs, and TEs.

EXPERIMENTAL PROCEDURES

Plant material and morphological analysis

To screen for maize plants with B chromosomes, we performed
FISH on a collection of segregating maize W22 seeds with differ-
ent numbers of B chromosomes (Kato et al. 2004; Kato
et al. 2011). A probe targeting telomere sequences (TTTAGGG)(n)
homologous to portions of the B-specific element ZmBs was used
in the hybridization to visualize the B chromosome (Lamb
et al. 2005). Maize plants with 1–7 copies of Bs were saved and
grown in the Sears greenhouse at the University of Missouri-
Columbia under the following conditions: 16 h light, 25°C day/
20°C night. W22 wild-type plants with no B were used as the con-
trol for the experiment. Experimental groups with 5, 6, and 7 Bs
contain 2, 3, and 3 biological replicates, respectively. All other
experimental groups and the control group each contain 4 biologi-
cal replicates (Table S1). The central 12-inch (30.48-cm) portion of
leaf tissue without the mid-rib was collected from the fifth and
sixth leaves from the bottom of the plant 45 days after germina-
tion. The tissue was frozen in liquid nitrogen and then stored at
�80°C for further analysis.

Forty-five-day-old plants were used to obtain the epidermal cell
imprints for cell area measurement as described previously (Ferris

Figure 7. Summary of the impact of the B chromosome. Values in brackets

represent the percentage of B-dosage-sensitive genes, miRNAs, and TEs,

respectively. Varied B dosage leads to an overall B-dosage-insensitive

upregulation of A-located genes and miRNAs, with genes from different

functional classes responding differently. Ascending B copy number causes

a trend of B-dosage-sensitive upregulation of B-located genes. Although no

global change is observed for A- and B-located TEs, B-located TEs from dif-

ferent classes show trends of B-dosage-sensitive effects. Cell area does not

vary significantly with an increase of B dosage. ①: B-dosage-sensitive A-

located genes are likely to be regulated by B-dosage-sensitive B-located

genes. ②: A-located miRNAs modulate the expression of A-located targets

in a B-dosage-insensitive manner.
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et al. 2002; Ferris and Taylor 1994; Shi et al. 2021; Yao
et al. 2011). Imprints were taken from the abaxial surface of the
second leaf from the bottom of each selected leaf at similar posi-
tions and were examined by a brightfield microscope (Olympus).
For each plant, four imprints were taken. We measured the area of
25 epidermal cells from each imprint using Fiji (Schindelin
et al. 2012). We calculated the mean value for the area of 100 cells
for each plant and performed Student’s t-tests of means for statis-
tical significance.

Nucleic acid isolation and RNA-seq library construction

Total RNA and sRNA were co-extracted from maize leaves using
the mirVanaTM miRNA Isolation Kit (Thermo Fisher Scientific). For
mRNA-seq, total RNA was treated and libraries were prepared as
described in previous studies (Shi et al. 2021; Yang et al. 2021).
Libraries were sequenced on the NextSeq500 platform using
75 bp single-end sequencing. sRNA libraries were generated
directly from total RNA with the TruSeq Small RNA Library Prepa-
ration Kit (Illumina) and were sequenced on the NextSeq500 plat-
form. High-throughput sequencing was performed at the
University of Missouri DNA Core Facility.

mRNA-seq data processing

mRNA-seq data were processed as described in a previous study
(Shi et al. 2021). In short, adaptors were trimmed, and low-quality
reads were removed. Subsequently, reads mapped to ERCC and
maize chloroplast and mitochondrial genomes were excluded for
mapping. The remaining reads were mapped to the maize refer-
ence genome W22v2, the maize chloroplast and mitochondrial
genomes, and the B chromosome sequence using TopHat2 with
default parameters (Blavet et al. 2021; Bosacchi et al. 2015; Clifton
et al. 2004; Kim et al. 2013; Springer et al. 2018). In total, 11–
19 million uniquely mapped non-organellar read counts were
obtained for each plant (Table S1). Normalized read counts were
generated by Cuffdiff and lowly expressed genes (≤3 out of 28
samples with normalized count ≥ 1) were excluded (Shi
et al. 2021; Trapnell et al. 2013). PCA plots were generated in R
using normalized read counts.

To examine the expression of TEs, we generated TE exemplar
sequences based on TEs identified and annotated in maize gen-
ome W22v2 and the maize B chromosome reference sequence
(Blavet et al. 2021; Springer et al. 2018). In total, 57 955 A-located
and 2292 B-located TEs that are most likely to be intact and do not
overlap with other TEs were selected according to the GFF3 file,
converted to a FASTA format file, and used as the reference for
alignment. Adaptor-trimmed and quality-filtered mRNA reads
were mapped to the organellar genome as described above and
then mapped to the reference using bowtie2 (Langmead and
Salzberg 2012). Uniquely mapped reads were selected for further
analysis. RPKM normalization was performed and lowly expressed
TEs (≤3 out of 28 samples with RPKM ≥ 1) were removed.

sRNA-seq data processing

sRNA reads were trimmed for adaptors and filtered for a low-
quality score as described above. Reads matching known struc-
tural RNAs (rRNAs, tRNAs, sn-RNAs, and sno-RNAs) from Rfam
14.0 (Daub et al. 2015) and reads with poly(A) tails were removed
before further analysis. Reads between 18 and 24 nt in length
were aligned to the maize reference genome W22v2, the maize
chloroplast and mitochondrial genomes, and the B chromosome
sequence (Blavet et al. 2021; Bosacchi et al. 2015; Clifton
et al. 2004; Springer et al. 2018) using ShortStack version 3.8.3
(�mincov 20) (Axtell 2013; Axtell and Meyers 2018; Shahid and

Axtell 2014). ShortStack identifies islands with significant align-
ment coverage of sRNA reads, reports the predominant sRNA size
of each cluster as Dicercall, analyzes putative RNA hairpins, and
annotates MIRNA loci (Axtell 2013; Shahid and Axtell 2014).
ShortStack did not detect any B-located miRNA in the B dosage
series. MIRNA loci annotated by ShortStack were further con-
firmed by aligning the sequence of each cluster against miRNAs
reported in miRBase 22 (Kozomara et al. 2019) and the transcript
sequences in the RefSeq database at NCBI (O’Leary et al. 2016)
restricted to organism Z. mays with BLASTN (Altschul et al. 1990).
In parallel, miRNAs were annotated by their locations on the A
chromosomes using W22v2 genome annotation as a reference
(Table S9). Then, RPM normalization was performed and lowly
expressed miRNAs (≤3 out of 28 samples with RPM ≥ 1) were fil-
tered out.

Statistical analysis

All statistical tests were performed with extreme values (ratio > 6
or < 1/6) excluded. The mean, median, and SD of each comparison
were computed (Table S2). P-values of normality check were gen-
erated by Lilliefors (K–S) tests (Table S2). P-values used for simi-
larity determinations between two ratio distributions were
calculated by the K–S test (Table S6). Bartlett’s test was performed
to test if variances are equal across different groups (Table S7).

Ratio distribution and scatter plots

Ratio distribution plots were generated as described in previous
studies (Hou et al. 2018; Shi et al. 2020; Shi et al. 2021; Yang
et al. 2021). In brief, means of normalized counts of biological
replicates of each experimental genotype (1–7 Bs, respectively)
and the control group (0B) were computed. The ratio was gener-
ated by dividing the mean of treatment counts by the mean of
control counts and was plotted into a histogram. Mean and med-
ian of ratios with outliers excluded (ratio > 6 or < 1/6) were com-
puted and demarcated with labeled vertical lines in red and
yellow, respectively.

We performed DGE analysis with Cuffdiff and differential
miRNA/TE expression analysis with edgeR to test for the signifi-
cance of fold change values between each treatment group to the
control group (McCarthy et al. 2012; Robinson et al. 2010; Trap-
nell et al. 2012). The FDR-adjusted P-value or q value and log(FC)
were used for scatter plots. The log(FC) value between treatment
and control was plotted on the x-axis, while the sum of normal-
ized counts of the treatment and control group was plotted on the
y-axis. Data points with FDR (q value) < 0.05 and a corresponding
log(FC) > 0 were depicted in magenta, while points with FDR (q
value) < 0.05 and a corresponding log(FC) < 0 were depicted in
green. Otherwise, they were designated in black.

Gene Ontology enrichment analysis

All gene model names from the W22 genome were translated to
B73 (AGPv4) using the Translate Gene Model IDs tool from Mai-
zeGDB for GO enrichment analysis (Andorf et al. 2016). Analysis
was performed using the PANTHER Overrepresentation Test tool
via Fisher’s exact test with Bonferroni-corrected P-value (Thomas
et al. 2003). Categories with adjusted P < 0.05 were defined as sta-
tistically significant and are displayed in Table S4. Criteria for cat-
egorizing genes into groups are described below.

We computed the PCCs between the expression level of each
gene to the B copy number in the corresponding genotypes (0 to
7). Genes positively correlated with B copy number (PCC ≥ 0.8),
negatively correlated with B copy number (PCC ≤ �0.8), and
unchanged regardless of B copy number (�0.2 ≤ PCC ≤ 0.2) were
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determined by values of their PCC. Genes whose expression is
induced (or repressed) by B copy number are based on the follow-
ing criteria: genes are significantly differentially expressed with
FDR < 0.05 and log(FC) > 0 (log(FC) < 0 for repressed genes) in all
experimental genotypes (1B to 7B); genes in 0B have the mini-
mum (maximum for repressed genes) number of read counts in
comparing to experimental conditions (1–7 Bs); genes with PCC
between 0.2 and 0.8 (�0.8 to �0.2 for repressed genes). Silenced
genes are a subgroup of the repressed genes with an additional
condition that the gene ratio of the experiment to control is less
than 1/6. Outliers are genes with gene ratio > 6 in all experimental
conditions compared to the control.

microRNA target prediction

Differential gene expression analysis was performed to clusters
defined as MIRNA loci by edgeR as described above. DEMs with
significance (FDR < 0.05) in only one experimental condition (e.g.,
only in the 1B/0B comparison but not the others) are more likely to
be caused by experimental variation. Therefore, clusters signifi-
cantly differentially expressed in at least two experimental condi-
tions compared to the control were selected for further analysis.
The ‘major RNA’ sequence generated by ShortStack is hypothe-
sized to be the sequence of mature miRNA for each cluster.
Sequences of these major RNAs were extracted and used for target
prediction. The prediction was done using psRNATarget with an
expected value of 3 or less (Table S10) (Dai et al. 2018). psRNATar-
get could predict if an miRNA functions through target cleavage or
translation repression. Considering that we can only detect
changes in the transcription level, targets with type ‘translation
repression’ were filtered out. Degradome sequencing data were
collected from various studies regarding miRNA regulation (Fu
et al. 2017; Gong et al. 2015; Li et al. 2017; Liu et al. 2014; Wu
et al. 2016; Zhang et al. 2019; Zhao et al. 2013; Zhao et al. 2016;
Zhou et al. 2016). Afterward, we translated gene model names of
these targets from B73 to W22. Targets with significant differential
expression in at least two experimental conditions compared to the
control were retained. To examine the correlation between the
expression of an miRNA and its targets in each experimental and
control condition (0B to 7B), normalized read counts of miRNAs
and their targets were averaged across biological replicates and
were then used for the computation of PCCs (Tables S11 and S12).

Quantitative PCR

One microgram of total RNA was spiked in 2 ll 1:100 diluted ERCC
RNA Spike-In Mix (Thermo Fisher Scientific). cDNA was synthe-
sized using the SuperScript IV Reverse Transcriptase (Thermo
Fisher Scientific) with gene-specific primers. Quantitative real-time
PCR (qRT-PCR) was performed with a StepOnePlus Real-Time PCR
System (Thermo Fisher Scientific) and the PowerUp SYBR Green
Master Mix (Thermo Fisher Scientific). Two nanograms of cDNA
was used as the template for qRT-PCR. Three technical replicates
were carried out for each sample. RNA accumulation levels of
selected genes were measured in relation to levels of ERCC-00111
as a control. Primers are listed in Table S16.
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the control (0B) and the cell size comparison.

Figure S2. Ratio distributions of expression of B-located genes in
each experimental genotype compared with the control with out-
liers (ratio > 6 or < 1/6) included.

Figure S3. Scatter plots of DGE in each experimental genotype
compared with the control.

Figure S4. Gene ratios measured by qPCR compared with those
computed by RNA-seq.

Figure S5. Gene expression level of outliers and PCC with B copy
number (ratio > 6 or < 1/6).

Figure S6. Histogram of PCC between the expression level of A-lo-
cated genes from each functional class and B copy number.

Figure S7. Ratio distributions and scatter plots of DGE for the
functional class of TFs.

Figure S8. Ratio distributions and scatter plots of DGE for the
functional class of signal transduction.

Figure S9. Ratio distributions and scatter plots of DGE for the
functional class of structural proteins of the proteasome.

Figure S10. Ratio distributions and scatter plots of DGE for the
functional class of stress-related genes.

Figure S11. Ratio distributions and scatter plots of DGE for the
functional class of nuclear chloroplast genes.

Figure S12. Ratio distributions and scatter plots of DGE for the
functional class of nuclear mitochondrial genes.

Figure S13. Ratio distributions and scatter plots of DGE for the
functional class of peroxisomal-targeted genes.

Figure S14. Ratio distributions of A-located miRNAs and B copy
numbers.

Figure S15. Expression levels of miRNAs that are sensitive to B
dosage.

Figure S16. Expression levels of miRNAs and their targets in the B
dosage series.

Figure S17. Expression levels of the family members of zma-
MIR166 and their targets in the B dosage series, indicating differ-
ent members of the same family have the same targets.

Figure S18. Expression levels of zma-MIR167c and its targets in
the B dosage series.

Figure S19. Ratio distributions and scatter plots of differential
expression for all TEs.

Figure S20. Median of ratios of A-located and B-located TEs in dif-
ferent superfamilies.

Figure S21. Histogram of PCC between the expression level of
each TE and B copy number representing their B-dosage sensitiv-
ity.

Figure S22. Ratio distributions and scatter plots of differential
expression for Class I TEs.
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Figure S23. Ratio distributions and scatter plots of differential
expression for Class II TEs.

Figure S24. Ratios of reads uniquely mapped to the reference gen-
ome (a) and the TE exemplar (b) to those uniquely mapped to
ERCC sequences.

Table S1. Read mapping statistics and group information of
mRNA-seq and sRNA-seq experiments.

Table S2. The mean, median, SD, and normality tests for each dis-
tribution listed in the order of mention in the text.

Table S3. Expression levels and information of predicted B-lo-
cated genes.

Table S4. GO enrichment analysis on genes from different sub-
groups.

Table S5. Normalized counts and ratios of genes silenced in the B
dosage series.

Table S6. Distribution comparisons with K–S tests of significance
listed in the order of mention in the text.

Table S7. Comparisons of distribution variances with Bartlett’s
test listed in the order of mention in the text.

Table S8. Number of DEGs for each functional class.

Table S9. Clusters of MIRNA loci identified by ShortStack and
their annotations.

Table S10. Target prediction of DEMs in at least two experimental
conditions compared to the control.

Table S11. Correlation between the expression levels of DEMs
and their targets predicted by psRNATarget.

Table S12. Correlation between the expression levels of DEMs
and their targets found in degradome sequencing data.

Table S13. Number of A-located (a) and B-located (b) DETs in each
TE superfamily.

Table S14. Number and percentage of reads of B-located genes
mapped to the A chromosome.

Table S15. Correlation between the expression level of GRAS33
and the genes that co-express with it. ‘R’ refers to the Pearson cor-
relation between a gene and the corresponding B copy number,
representing its degree of B-dosage sensitivity computed as
described in Figures 3a and 6c.

Table S16. Primer sequences used in qPCR.
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