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Cytonuclear disruption may accompany allopolyploid evolution as a consequence of
the merger of different nuclear genomes in a cellular environment having only one set
of progenitor organellar genomes. One path to reconcile potential cytonuclear mis-
match is biased expression for maternal gene duplicates (homoeologs) encoding proteins
that target to plastids and/or mitochondria. Assessment of this transcriptional form
of cytonuclear coevolution at the level of individual cells or cell types remains unex-
plored. Using single-cell (sc-) and single-nucleus (sn-) RNAseq data from eight tissues in
three allopolyploid species, we characterized cell type—specific variations of cytonuclear
coevolutionary homoeologous expression and demonstrated the temporal dynamics of
expression patterns across development stages during cotton fiber development. Our
results provide unique insights into transcriptional cytonuclear coevolution in plant

allopolyploids at the single-cell level.

cytonuclear coevolution | single cell | allopolyploids

Allopolyploidy is an important evolutionary process in plants, involving the combination
of two or more divergent parental genomes into a single nucleus (1). Allopolyploid events
are commonly observed across angiosperms, including examples such as Arachis (peanut),
Gossypium (cotton), and Triticum (wheat). The merger of different nuclear genomes but
inheritance of only one set (usually maternal) of progenitor organellar genomes generates
potential cytonuclear mismatches. Nuclear genes encoding proteins targeted (2) to mito-
chondria and plastids (abbreviated as meNOT and ptNOT, respectively) offer an oppor-
tunity to investigate how cytonuclear mismatches are resolved in allopolyploids. Previous
studies for various allopolyploid tissues using bulk RNAseq data for whole tissues (most
commonly leaves) have characterized transcriptional cytonuclear coevolution, both globally
and for ptNOT 76¢S genes encoding the small subunits of RuBisCo (1, 5-bisphosphate
carboxylase/oxygenase). A common but not universally observed result is biased maternal
rbeS homoeolog expression (3—7). The variability of cytonuclear homoeolog expression
patterns is more evident when considering more allopolyploid lineages and whole-genomic
mt-/pt-NOT (2).

Notably, the assessment of transcriptional cytonuclear coevolution at the level of indi-
vidual cells remains unexplored, nor is it clear how this might vary among cell types (8).
Advances in single-cell transcriptomic sequencing techniques, at the level of the cell
(sc-RNAseq) and nucleus (sn-RNAseq), have made it feasible to characterize and compare
the single-cell transcriptome atlas of plant cells, capturing cell type—conserved and cell
type—specific expression patterns (8, 9). Here, we present an analysis of cytonuclear coev-
olution in allopolyploids at the single-cell level, using sc-/sn-RNAseq data from eight
tissues in three allopolyploid species. Given the variability in transcriptional cytonuclear
coevolution (2), we hypothesized i) that maternal preference is variable among cell types
within the same tissues of allopolyploids and ii) that there may be temporal dynamics in
this response across different developmental stages of the same cell type. Our findings
confirm cell type—specific transcriptional cytonuclear variation in homoeolog expression,
which is dynamic in development.

Results and Discussion

We collected or generated sc-/sn-RNAseq data from eight shoot and/or root tissues in
peanut (Arachis hypogaea), cotton (Gossypium hirsutum), and wheat (Triticum aestivum)
for single-cell cytonuclear coevolutionary analyses (Fig. 1 A, B, K, and L data generated
in this study; Dataset S1). Based on well-defined cell types (Dataset S1) and partitioning
of gene expression values into those either targeting organelles or not targeting organelles
(mt-/pt-NOT and non-mt-/pt-NOT; Dataset S2), we characterized and compared the

proportions of homoeologs exhibiting biased maternal expression, as well as their extents
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Fig. 1. Maternally biased expression of allopolyploid homoeologs at the single-cell level for cytonuclear genes. (A-/) Maternally biased homoeologous expression
of nuclear genes encoding proteins targeted to mitochondria (mtNOT) (colored lines) vs. other (non-mtNOT) genes (black lines) in different cell types from shoot
tissues of wheat (leaf; A and B), cotton (cotyledon and ovule epidermis; C, D, E, and F), and peanut (stem and peg; G and H), and root tissues of wheat (root; / and )
and peanut (hypocotyl and root; G and H). For all cell types specified at the vertices of each radar chart, the proportions of homoeologs exhibiting maternally
biased homoeologous expression, and their extents of bias (log, transformed ratio of maternal to nonmaternal homoeologous expression) are illustrated in
row 1 (A C E G, and /) and row 2 (B, D, F, H, and ), respectively. Species with the colored (nonblack) line extend beyond the background (black) line at certain
cell-type vertice(s) reflect maternally biased homoeologous expression. (K-N) Maternally biased homoeologous expression of nuclear genes targeted to the
plastids (ptNOT; colored lines) vs. other genes (non-ptNOT; black line) in wheat leaf (K and L) and cotton cotyledon (M and N). lllustrated are the proportions of
homoeologs showing homoeologous expression bias (K and M) and the relative extents of bias (L and N). (O and P) Density curves of cytonuclear ratios given
various thresholds for defining homoeologous expression bias (0: ptNOT and P: mtNOT; S/ Appendix). The cell types of different plant tissues are coded using
the same color scheme as in A-N panels. The vertical dashed line denotes equal proportions of homoeologous groups with maternally biased expression in the
NOT and non-NOT groups, i.e., 1.0. (Q and R) Uniform manifold approximation and projection (UMAP) visualization of pseudotemporal development trajectory of
cotton fiber as predicted by -1 to 0 dpa (Q) and -2 to 2 dpa (R) sc-RNA data. The black curve represents the pseudotemporal trajectory, and the dots in gradient
colors represent the cotton fiber cells developing at different pseudotime points (cells at earlier stages with smaller pseudotime values are in lighter color).
(Sand T) Dynamics of relative homoeologous expression bias as estimated in cytonuclear ratio (y axis) in cotton fiber at different pseudotime points (x axis) across
stages of =1 to 0 dpa (S) and -2 to 2 dpa (7). The horizontal dashed line denotes equal proportions of homoeologous groups with maternally biased expression
in the mtNOT and non-mtNOT groups, i.e., 1.0. Gradient colors are the same as in Q and R.

of bias (Fig. 1 A-/N and Dataset S4). Additionally, we used the
cytonuclear ratio (Materials and Methods and SI Appendix) to iden-
tify cell types harboring an excess of maternally biased homoeol-
ogous expression in mt-/pt-NOT groups (ratios higher than 1.0;
Fig. 1 Oand P).

Our analyses revealed that not all cell types in the surveyed
tissues and species exhibit equivalent cytonuclear coevolutionary
responses to allopolyploidy. Specifically, ptNOT homoeologs of
mesophyll and guard cells (in wheat leaf; Fig. 1 K, Z, and O)
exhibited maternally biased expression (i.e., 58.89% and 53.23%
of the homoeologs in ptNOT and non-ptNOT groups of meso-
phyll cells; Fig. 1K), whereas mtNOT homoeologs of xylem cells
(in wheat leaf; Fig. 1 4, B, and P), xylem, epidermal and primor-
dium cells (in cotton cotyledon; Fig. 1 C, D, and P), and differ-
entiated fiber cells and epidermal cells (in cotton ovule epidermis;
Fig. 1 E, F, and P) displayed maternally biased expression.
Intriguingly, maternal biased expression was also observed in four
peanut tissues, peg tip and basal, cortex cells, root epidermal and
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exodermal cells, and prevascular cells (Fig. 1 G, H, and P) and
protoxylem cells (in wheat root; Fig. 1 7, /, and P). This variation
in maternal preference among cell types in several different species
highlights the complexities that underlie the transcriptional bias
of homoeologs classically generated from bulk RNAseq, which
simply aggregates the transcript profile across cell types thus yield-
ing a composite average (8). Although the developmental signifi-
cance of this variation is unclear, our data point to the need for
studies investigating cell type-specific functional relationships
between homoeologs with respect to cytonuclear physiology. This
line of research is likely to provide certain clues about the potential
factors (e.g., organellar function requirement) that generate vari-
ation in transcriptional cytonuclear coevolution (10-12).

We also analyzed the temporal dynamics of homoeologous
expression bias during cotton fiber development using available
sc-RNAseq data from different developmental stages [-1 to 0 days
postanthesis (dpa); -2 to 2 dpa]. Based on the -1 to 0 dpa sc-RNA
data, we inferred the fiber developmental trajectory and subdivided
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the stages of fiber differentiation based on pseudotime values (ear-
lier stages assigned smaller pseudotime values; Fig. 1 Qand ). Our
analysis revealed that meNOT homoeologs in fiber cells exhibited
changing of cytonuclear ratios from higher than 1.0 ((-0.0118,2.35]
pseudotime) to lower than 1.0 ((2.35,11.8] pseudotime) as they
approach ending anthesis (0 dpa; Fig. 15). This implicates attenu-
ating maternal biased expression in mtNOT groups. We observed
a similar decrease of homoeologous expression bias during the early
stages of fiber differentiation ((-0.0231,13.2] pseudotime; Fig. 1
Rand 7) as revealed by the other -2 to 2 dpa sc-RNA data. These
observations coincide with the decrease of nuclear-mitochondrial
reactive oxygen species (ROS) scavenging during the fiber differ-
entiation period from -3 to 0 dpa (13). As revealed in later sc-RNA
data, a high level of maternal meNOT homoeologous biased
expression (cytonuclear ratios higher than 1.0) when approaching
2 dpa ((13.2,23.2] pseudotime) is also consistent with a previous
hypothesis that cotton fiber undergoes a period with high mito-
chondrial demand before 3 dpa (14). These data may thus hint at
a potential causal relationship between dynamic maternal meNOT
homoeologous biased expression and mitochondrial demand dur-
ing fiber development.

Our study represents an investigation of cytonuclear coevo-
lution in allopolyploids at the single-cell level. Given different
homoeologous expression patterns among cell types, yet con-
stant DNA composition, our data implicate developmentally
sensitive transcriptional machinery and epigenomic mechanisms
as being responsible for this form of homoeologous expression
variation in the same species. Our findings also indicate that
transcriptional cytonuclear coevolution may more precisely be
studied at the single-cell level, rather than as an aggregated met-
ric across multiple cell types. Future single-cell homoeologous
expression analyses using specific tissues at certain developmen-
tal stages in allopolyploids having different parental divergences
and/or ages of polyploidy events may provide insights into any
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cytonuclear coevolutionary generalities and/or uniqueness at the
single-cell level.

Materials and Methods

Public sc-/sn-RNAseq data were used from peanut (stem, peg, hypocotyl, and
root), cotton (cotyledon and ovule epidermis), and common wheat (root; cultivar
Aikang 58), in addition to 10 genomics sn-RNAseq data generated from 7-d-old
wheat seedling leaves (cultivar CS; Dataset S1) for this study. For the public data,
we used their published cell-type definitions and expression matrices. Seurat
was used for sample clustering and cell identity annotation for the wheat seed-
ling leaves (Dataset S3). OrthoFinder and pSONIC were employed to partition
expression of duplicate genes into their respective homoeologs. Transcriptional
cytonuclear coevolution was evaluated by quantitatively analyzing the proportions
of homoeologous groups that showed maternal-biased expression in mt-/pt-
NOT vs. that of non-NOT and qualitatively estimating the extent of bias for both
mt-/pt-NOT and non-NOT homoeologs. The "cytonuclear ratio” was calculated as
the proportion of maternal-biased expression homoeologous groups in the NOT
group compared to those in the non-NOT group. Cell types exhibiting cytonu-
clear ratios >1.0 across bias extent categories (various thresholds for defining
homoeologous expression bias) were identified. Monocle3 was employed to
reconstruct pseudotemporal trajectories for two cotton fiber libraries at different
developmental stages. Detailed information about the materials and methods
adopted is described in S/ Appendix.

Data, Materials, and Software Availability. Sequencing data have been
deposited in NCBI (PRINA985908) (15). All other data are included in the man-
uscript and/or supporting information. Previously published data were used for
this work (16-20).
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