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Unifying framework explaining howparental
regulatory divergence can drive gene
expression in hybrids and allopolyploids

Karel Janko 1 , Jan Eisner 2,3,6, Petr Cigler 4,6 & Tomáš Tichopád 3,5

Hybridization and polyploidy are powerful evolutionary forces, inducing a
range of phenotypic outcomes, including non-additive expression, sub-
genome dominance, deviations in genomic dosage, and transcriptome
downsizing. The reasons for these patterns and whether they are universal
adaptive responses to genome merging and doubling remain debated. To
address this, we develop a thermodynamic model of gene expression based
on transcription factor (TF)-promoter binding. Applied to hybridization
between species with divergent gene expression levels, cell volumes, or
euchromatic ratios, this model distinguishes the effects of hybridization from
those of polyploidy. Our results align with empirical observations, suggesting
that gene regulation patterns in hybrids and polyploids often stem from the
constrained interplay between inherited diverged regulatory networks rather
than from subsequent adaptive evolution. In addition, occurrence of certain
phenotypic traits depend on specific assumptions about promoter-TF coevo-
lution and their distribution within the hybrid’s nucleoplasm, offering new
research avenues to understand the underlying mechanisms. In summary, our
model explains how the legacy of divergent species directly influences the
phenotypic traits of hybrids and allopolyploids.

Hybridization and polyploidization have long intrigued researchers as
powerful drivers of evolutionary change, whichmay lead to a range of
phenotypic effects, from beneficial adaptations to detrimental dis-
balances in allelic products, e.g. refs. 1–4. Empirical studies of various
hybrid and polyploid organisms identified some notable patterns in
how these organisms modify gene expression levels as well as the
relative expression of orthologous alleles inherited from their parental
species.

Specifically, cases of non-additive expression have frequently
been documented, where expression levels of hybrid’s genes resemble
the expression levels of one of the parents, but do not match the

expected average expression between the parentals (i.e. the expres-
sion in a hybrid deviates from the mid-parental values). This leads to
the so-called expression-level dominance pattern1,5,6, Fig. 1A, Supple-
mentary Note 1—Fig. S1. Several studies that investigated absolute
transcriptome sizes also reported overall transcriptome downsizing
when gene expression in hybrids and in polyploids was not necessarily
scaled to the ratio of parental cell sizes, but may be systematically
modified7–10. Studies comparing relative allelic expression (RAE), noted
that divergence in cis-/trans-regulatory elements between parental
species may drive the allelic expression in hybrids and allo-polyploids.
Specifically, in hybrids between closely related (sub)species,
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orthologous alleles Ahyb and Bhyb derived from parental species A and
B tend to be subject to joint control by both sets of transcription
factors (TFs). By contrast, in cases of distantly related parental species,
cis-regulation prevails due to the divergence in promoters that
respond less to orthologous TFs11–13. Transcriptional bias between
subgenomes, known as the subgenome dominance, is also common
with hybrids and allopolyploids being phenotypically more similar to
one of their parental species, e.g. ref. 14. Finally, deviations from
genomic dosage are also commonly observed when expressions of
homoeologous alleles in allopolyploids do not match their ratio in
genomic DNA (gDNA). For instance, allopolyploid hybrids with asym-
metrical composition of parental genomes, like the AAB triploid
hybrids combining two genomes of parental species A and single

genome of species B, may disproportionately underexpress the min-
ority alleles (Bhyb) derived from the parent B compared to themajority
alleles (Ahyb) derived from the parent A5.

It is a matter of hot debate in contemporary evolutionary biology
as to which of these patterns are due to some case-specific mechan-
isms intrinsic to particular taxa, which stem from some common
background, and what molecular mechanisms underlie the gene
expression patterns in hybrids and polyploids. Three questions are
particularly debated2. Namely, do parallel patterns arise “instanta-
neously” in unrelated organisms as a direct consequence of genome
merging and multiplying (i.e. the “genomic shock”) or do they evolve
subsequently in response to selective pressure acting on established
hybrid and polyploid strains? Which effects may be assigned as a

Fig. 1 | Gene expression inheritance categories, types of cis- and trans-
regulation and their models through fractional occupancies of specific
binding sites. A Gene expression inheritance categories sensu Yoo et al.35; the
pictograms indicate expression levels in parental species A and B whose diploid
genomes are denoted as AA and BB, respectively, while hybrid is denoted as AB.
Simplified figure contains 8 out of 12 total categories; details provided in Supple-
mentary Note 1. B Types of cis- and trans-regulation of hybrids’ allele expression.
For each hypothetical gene (represented by a randomly chosen individual dot), the
scatterplot demonstrates its expressiondivergencebetweenparental species A and
Bon the x-axis (i.e. the log2 fold changedifferencebetween the gene’s expression in
parents corresponding to log2ðf A=f BÞ ratio in our model notation) and relative
expression of hybrid’s alleles Ahyb and Bhyb on the y-axis (i.e. RAE corresponding to
log2ðf AH=f BHÞ in our model notation, see Eq. 20 ad 21). Four types of cis-/trans-
regulatory interactions are depicted, depending on the slope of correlation a
between log2ðf AH =f BHÞ and log2ðfA=f BÞ ratios: (1) pure cis regulation (a � 1; blue
dots); (2) pure trans regulation (a � 0; red dots) when the RAE is balanced

irrespective of parental divergence implying that both alleles are equally regulated
by a common suite of TFs (i.e., when log2ðf AH=f BHÞ=0); (3) compensating cis-/trans-
interaction (a> 1; yellow dots) and (4) enhancing cis-/trans-interaction (0<a < 1
black dots).Details areprovided in SupplementaryNote 1.C Fractional occupancies
of specific binding sites (of A- and/or B-origin) under the reference scenario 1.
Fractional occupancies are weighted by their genomic dosages; scenario 1 assumes
single specific site per chromosome and negligible concentrationof free TFs. X-axis
shows the expression divergence between parental species in terms of fractional
occupancies log2ðf A=f BÞ, y-axis indicates the occupancies of all specific sites in an
individual. Note: Types of individuals and strength of cross regulation are denoted
by line colours, styles and symbols. Species A is indicated by cyan line, species B by
yellow line, their average expression (i.e. [expression of AA+ expression of BB]/2)
are denoted by grey line, diploid hybrid AB by red lines. Dotted lines show results
for ρ= 1 (full cross-regulation), slashed lines show for ρ= 2 (limited cross-regula-
tion) and full lines show ρ= 10000 (no cross-regulation).
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consequence of genome mixing (hybridization) and which may be
attributed to increased genome copy number (polyploidization)?
Finally, towhat extent do similar patterns among independently arisen
lineages follow some general processes or remain driven by taxon-
specific mechanisms?

Several general explanations have been proposed and for
instance, the subgenome dominance may arise as a consequence of
differential load and distribution of transposable elements (TEs)
between the two parental species. The subgenome having its TEs
generally closer to the genic regions is supposedly more prone to
epigenetic silencing its expression attenuation, e.g. ref. 15. Adverse
effects may also result from themixing of separately evolving species-
specific regulatory networks16,17. Unfortunately, finding generalizable
conclusions is challenging as it is often difficult to discern whether
observed patterns evolved as adaptive optimization of the ratio
between cell size and gene production in hybrids and polyploids (e.g.
ref. 2), or whether they have been induced by genome merging or
multiplication18. Moreover, regulatory elements of most genes are
either unknownor their detection is extremely challenging, labour and
cost intensive19, making themdifficult to directly investigate especially
in non-model organisms.

Nonetheless, recent advances in nucleic acid sequencing offered
unprecedented insight into themechanismsof gene regulation. Oneof
themost common approaches has been to performallele-specific RNA
sequencing of parents and their hybrid progeny. In such a way one can
evaluate how much the expression divergence between parental spe-
cies (i.e. fold change between expression of the gene in species A and
B) is conserved in the relative allelic expression (RAE) of their hybrids
(i.e. the cis-regulation inducing allele-specific effects) and how much
the trans-acting regulatory mechanisms affect both of the hybrid’s
alleles Ahyb and Bhyb derived from species A and B, respectively20; see
Fig. 1B and Supplementary Note 1. Suchmethods have been applied to
investigate the variation in gene expression across intra- as well as
inter-species levels, including polyploids (e.g. refs. 5,11,21–25). How-
ever, they offer only indirect insight into gene regulation and their
application to empirical cases may be confounded by hidden effects
imposedby differentiation betweenparental species12, ploidy level and
genomic dosage5.

To understand how alleles and traits are expressed in organisms
that have merged or multiplied genomes, scientists therefore need a
robust theoretical framework that can make testable predictions. A
promising approach to understanding the gene regulation under var-
ious circumstances may be to model the interactions between DNA
and regulatory molecules that bind to it. This is usually modelled
through thermodynamic and kinetic principles using statistical phy-
sics, Markov-chain models, or computational simulations26. In con-
cordance with empirical data (e.g. reviewed in ref. 27), these models
assume that TFs bind to both non-specific and specific sites on DNA,
including gene promoters, and that gene expression into mRNA can
occur when a TF molecule is physically bound to its promoter of a
given gene. Some of these models thus approximate the transcrip-
tional activity of a gene from the fractional occupancy of its promoter,
which is mathematically tractable by applied equations26. Despite the
utility of these models in systems biology to understand phenomena
like allelic dominance28 or gene regulatory networks29, there is still
much to learn about how transcription patterns in organisms with
merged or multiplied genomes relate to interactions between TFs and
their binding sites.

Recently, Bottani et al.30 proposed a thermodynamic model that
assumes that promoters derived from different subgenomes are
exposed to a common set of TFs within an allopolyploid organism
(Fig. 2) and assumed that transcriptional activity of a promotermay be
modelled by its fractional occupancy by TFs (f ). By modelling the
affinity of TFs to binding sites through corresponding dissociation
constants, they proposed how subgenome dominancemay emerge as

a consequence of different expression levels of homoeologous alleles
(genes with different ancestry but the same function) within an allo-
polyploid. Specifically, Bottani et al.30 investigated several scenarios of
divergence in trans-regulatory elements, cell volume and open chro-
matin conformation between parental species. They assumed that
transcription factors need an open chromatin conformation to bind
and this can happen also on non-specific binding sites in both parental
genomes31. The authors concluded that parental genomeswith a larger
euchromatic ratio should have evolved TFs that bindmore strongly, to
make up for the larger number of potential binding sites that are
accessible but not actually functional. Consequently, TFs from that
parental genome with more euchromatin should bind with higher
affinity to their homologous promoters. This in turn should bias their
expression upwards, thus explaining the pervasive subgenome dom-
inance in many allopolyploids.

Bottani et al.‘s study30 represents a crucial conceptual shift,
illustrating how differences between parental genomes, after mer-
ging and doubling into allopolyploids, may directly induce phe-
nomena like dosage compensation and subgenome dominance, a
trend also recently explored by An et al.32. However, to achieve
mathematical tractability of complex systems combining two
diverged regulatory networks in a single organism, Bottani et al.30

used certain mathematical simplifications, which can make some
conclusions of the study more context-specific than initially appar-
ent. For instance, the model was applied to allotetraploids with a
symmetric subgenome composition, such as AABB, which exhibit
similar properties to AB diploid hybrids in terms of the equations
used. This similarity raises questions about whether the observed
mechanisms are solely attributable to genome merging or also to
polyploidization. Furthermore, the model predicts that subgenome
dominance would occur even in scenarios of full cross-regulation, a
prediction that may not completely align with empirical data. Full
cross-regulation theoretically should ensure equal occupancy of
both sets of promoters, resulting in balanced gene expression from
both subgenomes24, even if one set of TFs binds more strongly to
specific sites. As we elaborate below and in Supplementary Note 2,
our analysis suggests that such a scenario would only be feasible if
the specieswith a higher euchromatic ratiomodified its binding sites,
rather than the TF molecules themselves.

To address these emerging questions, the present study intro-
duces an enhanced thermodynamic model to explicate TF-promoter
interactions, which resolves some of the constraints present in pre-
vious approaches. This flexiblemodel enables us to separately identify
the impacts resulting from genome merging (hybridization) and gen-
ome multiplication (polyploidy). We apply our model to a range of
biologically feasible hybridization and polyploidization scenarios,
thereby illustrating its capacity to accurately predict numerous
observed patterns.

Our work posits that the broad array of gene and allele expression
patterns witnessed in both experimental and natural diploid and
polyploid hybrids can be primarily attributed to the restricted inter-
communication among the diverged regulatory networks of their
parent species.

Results and discussion
In this study, we advanced our understanding of gene regulation in
hybrid and polyploid organisms by developing a novel thermo-
dynamic model that encompasses five mass-balance equations. These
equations delineate the equilibrium concentrations of transcription
factors (TFs) bound to specific and nonspecific sites in relation to the
total concentrations of all regulatory components inherited from
parental species.We assume that thebinding sites onDNAbind theTFs
independently, so formation of each complex of TF with its binding
site proceeds as an individual molecular event. Example equations are
visually described in Fig. 2 with their link to biological scenarios and
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they are described in detail in the Methods section and in Supple-
mentary Note 2.

We have ensured the adaptability of our model to a variety of
assumptions about the types of hybridizing species and the properties
of their regulatory networks. By tweaking parameters within the
model, we have simulated six different scenarios aimed at investigat-
ing the impact of factors such as the number of specific binding sites,
variations in cell volumebetween parental species, limitations in cross-
regulation between subgenomes, and alternate assumptions of TF
movement between binding sites on gene expression in hybrids (as
detailed in theMethods section). Furthermore,we have scrutinized the
influence of asymmetric euchromatic ratios on the outcome, specifi-
cally assessing the scenarios where the parental species with an
increased number of non-specific sites has adaptively adjusted the
binding attributes of its TFs molecules or its gene promoters.

In this section, we will discuss the results of our model and how it
predicts trends in hybrid and allopolyploid organisms based on
empirical studies. We will first explore overall gene expression pat-
terns, regardless of the allelic origin of a given transcript. Then, we will
look at RAEs and how they relate to the parental species.

Overall gene expression patterns
At the level of overall gene expression patterns, we observed two
prominent patterns in our simulations, namely the general downsizing

of hybrids’ transcriptomes and deviation from average “mid-parent”
values in hybrids’ expressionwith a trend towards the expression-level
dominance pattern:

Transcriptome downsizing
The applied thermodynamicmodel of TF binding onto promotor sites
implicitly predicts that as soon as the cross regulation between
hybrids’ subgenomes becomes limited due to regulatory divergence
between parental species, the downsizing of total transcriptome in a
hybrid is observed (see Fig. 1C for details ondiploidhybrids and Fig. 3A
for all biotypes). This effect of limited cross regulation is caused by the
fact that even if the hybrid preserves the samenumber of TFmolecules
per cell, the concentration of ‘conspecific’ TFs with respect to their
homologous promotor sites is halved. Consequently, the fractional
occupancy of promotors on each subgenome is lower than original
parental values (Fig. 3B). We observed such a downsizing under all
simulated scenarios and conditions, irrespective of number of specific
binding sites, proportion of bound vs free TFs, ploidy level or asym-
metries in cell volumes (Figs. 3–5).

We also found that transcriptome downsizing may occur even
under full cross regulation between subgenomes in a hybrid, but only
under certain conditions. Namely, it occurred onlywhen both parental
species differ in nonspecific DNA content and the adaptation to a
higher euchromatic ratiowas achieved via evolution of promotor sites,

Fig. 2 | Scheme of gene regulation via binding of transcription factors (TF) to
specific sites (gene promoters). Four types of nuclei are drawn, representing the
two diploid species A (blue) and B (beige) with genomic constitutions AA and BB,
respectively, and their diploid (AB) and triploid (e.g., ABB) hybrids visualized as
violet cells (symmetric tetraploids of AABB states are not shown). Nuclei may
contain variable volumes and two or more chromosomes, depending on their
ploidy. Each chromosome contains variable number of non-specific sites (N) and
one ormore specific binding sites (SA or SB), whose ancestry is visualized in colours
reflecting the original parental species. TFs of A- or B-origin occur in characteristic
concentrations, depending on parental gene expression levels, and may exist in
four states, i.e. free, bound to a non-specific site or bound to either gene promoter.
The last type of binding may be of “conspecific” form, when TF binds to the pro-
moter from homologous subgenome (e.g., A-type TF binds to A-type promoter) or
of “heterospecific” formwhen A-type TF binds to B-type promoter. The strength of

binding isdenotedby thedissociationconstantKij where indices i and j indicate the
A, B or N and corresponds to conspecific, heterospecific or nonspecific bindings,
respectively (see Eqs. 12–17). The gene is assumed to be expressed (arrow) when its
promoter site (SA or SB) is bound by any TF molecule. Example chemical equili-
brium equations (top-right) are presented for a single species A (for simplicity). In
this situation, TFbinds in twomanners only: strongly to the specific regulatory sites
SA (the corresponding dissociation constant KAA has a low value) and weakly to
many non-regulatory, non-specific sites NA (the corresponding dissociation con-
stant KAN has a high value). The insert in bottom-right visualizes the link between
the biological model andmass-balance equations Eqs. 4–6 for TFA, SA and NA used
to calculate their equilibrium concentrations in the species A (for a full set of
equations see the model description in Methods section, Eqs. 4–17). Created in
BioRender. Tichopád, T. (2023) BioRender.com/z05d991.
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as in Bottani et al.’s30 model (Fig. 4A). In such a situation, the hybrid’s
promotor sites derived from the species with larger euchromatic ratio
attract the TFs with higher affinities, leading to their higher fractional
occupancies. However, the decrease in occupancy of the other

parental’s promotors is more substantial, causing the overall down-
sizing of the hybrid’s transcriptome (Fig. 4B).

These findings have interesting implications for existing litera-
ture, which predicted that hybrids and especially polyploids would
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have their transcription level modified beyond the values expected by
simple summing or averaging of their parents7. However, empirical
tests of such predictions are scarce since typical RNAseq experiments
measure only relative, rather than absolute levels of expression33,34.
Ourmodel predicts that as soon as the regulatory networks of parental
species diverged to a level where full cross regulation is not possible,
the hybrids should possess generally lower expression levels per cell.

Non-additive gene expression
The utilized model also predicts that overall gene expression in
hybrids and allopolyploids deviates from additivity, i.e. hybrid’s
expression levels do not match the “mid-parent” values given by
averaging the expression levels in their parental species (see Fig. 1).
The occurrence of this pattern is caused by severalmechanisms, which
are discussed below.

In general, we found thatwhen the parental species have different
expression levels (i.e. when fractional occupancies differ between
parental species so that f A ≠ f B), the hybrids approach the expression-
level dominance-UP pattern and tend to have above-average occu-
pancy of promotors, closer to that of the parents with higher expres-
sion levels (see Fig. 1C for details on diploid hybrids and Fig. 3A, B for
all biotypes). To understand this effect, let us point at Fig. 3B, which
compares the occupancies of alleles in hybrids and in parental species.
It appears that when two species differ in expression of a particular
gene, their hybrids tend to upregulate the promoters of the less
expressing species and downregulate those of the more expressing
species. However, due to different concentration of both types of TFs,
such effects are asymmetric and the allelic upregulation is more pro-
minent than allelic downregulation (Fig. 3B). This is consistent with
empirical observations (e.g. refs. 5,35,36) and such an asymmetry
ultimately causes higher-than-average gene expression in hybrids,
tending towards the expression-level dominance-UP pattern (Fig. 3A).

We observed such non-additive expression patterns in all simu-
lated model designs, but the particular type of non-additivity (see
Fig. 1A and Supplementary note 1 for explanation of the term)
depended on the concentration of free TFs, the genomedosage within
hybrids, on asymmetries of cell volumes and on euchromatic ratios
between parents. Three notable patterns emerged from our
simulations.

Genome dosage has a considerable effect on non-additive
expression, depending on the asymmetry of a subgenome’s compo-
sition in hybrids. Namely, when the expression levels in species A are
higher than in B (i.e. when f A > f B), the expression levels in triploids
with an AAB subgenome composition match species A’s levels more
closely than do symmetric hybrids (AB or AABB). This indicates the
expression-level dominance UP pattern (Fig. 3A; right side of x-axis). In
contrast, the ABB triploid’s expression level approaches mid-parental
values or even slightly drops below them (Fig. 3A, right side of x-axis).
This is due to the fact that in a common nuclear environment, the
changes in concentration of more abundant A-derived TFs had larger
impact on B-derived promotors, than vice versa (Fig. 3B). Conse-
quently, when expression of species A is greater than that of species B
(f A > f B), the downregulation of A-derived promotors is much weaker
than upregulation of B-derived promotors. This leads to overall higher
expression levels of AAB hybrids than of AB or AABB hybrids.

Asymmetries in cell volume in combination with the variation in
proportion of free vs. boundTFs alsohad a considerable effect on non-
additive expression patterns in hybrids. Specifically, when most TF
molecules are bound and the concentration of free TFs isminimal, the
asymmetries in cell volumes have negligible effect and hybrids possess
above-average expression levels (Fig. 5A). Expression patterns thus do
not differ from the case of symmetric cell volumes (compare with
Fig. 3A). However, when cells contain a large fraction of free TFs,
asymmetries in cell volume start to matter. In such cases, above-
average expression levelsmay only be observed when the species with

larger cell volume also has stronger expression (i.e. when cell volume
(AA) > cell volume (BB) and f A > f B; Fig. 5C right side of x-axis). In the
opposite cases when cell volume (AA) > cell volume (BB) but f A < f B,
hybrids tend tomid-parental values or even lower occupancies; Fig. 5C
left side of x-axis.

The combined effect of cell size asymmetry and proportion
of free TFs may be understood from comparing the allelic
expression in hybrids and parental species (Fig. 5B and D).
Namely, as in Bottani et al.30, our model assumed that the change
in cell volume in parental species is accompanied by an adequate
change in the absolute number of TFs in its cells in order to
ensure the same fractional occupancy. Consequently, the parental
species with larger cells (AA) generally contributes more TF
molecules to a hybrid than the other species (BB). Hence, when
the species with larger cells has higher gene expression, the
upregulation of B-derived promotors is more significant than
downregulation of A-derived promotors (Fig. 5D upper left
quadrant). In the opposite case when the species with the larger
cell has lower expression (Fig. 5D lower right quadrant), the
upregulation of promoters is less prominent than in the previous
case while the downregulation is stronger. This causes the ten-
dency of hybrids towards expression level dominance-UP pat-
terns in genes where the parental species with a larger cell
volume has higher expression, and towards mid-parental values in
genes where it has lower expression. Interestingly, this mechan-
ism is almost undetectable when the concentration of free TFs is
minimal, so that hybrids generally tend to expression level
dominance-UP (compare Fig. 5B and 5D).

Finally, we noted the effect of asymmetric contents of non-specific
binding sites. This mechanism is described in greater detail in the next
section about subgenome dominance. Here we just note that the
impact of interparental difference in euchromatic ratio depends on
whether the adaptation to increase the amount of non-specific sites
occurs via modification of promotor sequences or via modification of
TFmolecules.Whenpromotors aremodified, the subgenome from the
species with higher euchromatic content (species B in our simulation)
always has higher fractional occupancy because it has higher affinity
for all TFs (Fig. 4A, B). The other subgenome is downregulated in such
a case, conforming to the subgenome dominance pattern (Fig. 4B). As
a side effect of such asymmetry, hybrids’ genes are generally down-
regulated (Fig. 4A).

On the other hand, when TF molecules are modified, the hybrid’s
fractional occupancies match the species with a higher euchromatic
ratio and conform to the expression-level dominance pattern. Speci-
fically, they conform to the expression-level dominance-UP in genes
where the species with a higher euchromatic ratio has higher expres-
sion (Fig. 5E, left side of x-axis), and to the expression-level dominance-
DOWN in genes where the species has lower expression (Fig. 5E, right
side of x-axis). This is because under full cross-regulation, TFs from the
species with the higher euchromatic ratio have a higher affinity
towards any specific sites and consequently have a higher impact on
promoter occupancies than the other parental’s TFs. Consequently,
the fractional occupancies of promotors from the species with the
higher euchromatic ratio are modulated to a lesser extent than the
other parental’s promotors (Fig. 5F).

Overall, our simulated results align well with numerous empirical
patterns. Like in our model, hybrid and allopolyploid organisms often
exhibit deviations from ”mid-parent” values, leading to non-additive
gene expression. This frequently conforms to the expression-level
dominancepatternwhenexpressing their genes at levels that resemble
one of the parental species2,5,6. Consistent with empirical data, our
model indicates that hybrid expression levels predominantly match
the parent with higher expression, reflecting an expression-level
dominance UP pattern e.g. refs. 5,6,35,36, but see refs. 37,38. Inter-
estingly, our model’s predictions regarding the effect of gene dosage
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finds empirical support in a recent study by Bartoš et al.5, which
examined gene expression in diploid and triploid hybrids of spined
loach species, Cobitis elongatoides and C. taenia. The authors reported
that triploids with double the genomic dosage of C. elongatoides had a
higher proportion of genes exhibiting elongatoides-expression-level
dominance patterns compared to diploid hybrids and triploids with

double the genomic dosage of C. taenia, where genes with taenia-
expression-level dominance were more prevalent.

Allele specific expression
At the level of allelic-specific expression patterns, threemajor patterns
were revealed:
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Subgenome dominance
A prominent feature of many hybrids and allopolyploids is that one
ancestor’s subgenome dominates the transcriptomic and phenotypic
patterns of the other. According to performed simulations, this sub-
genomedominance arises as a direct consequence of genomemerging
when cross-regulation between subgenomes is limited. Three
mechanisms triggering this pattern are noteworthy:

First, the genome dosage significantly impacts the subgenome
dominancewhen cross-regulation is limited. In unbalanced polyploids,
like e.g. AAB triploids, the promoter sites of the species contributing
higher genomic dose (A-derived promoters) tend to have system-
atically higher fractional occupancies than promoters of the other
species (Fig. 6A). This is because in a common cellular environment of
an AAB hybrid, there is generally a higher concentration of A-derived
TF molecules than of B-derived ones. Consequently, the A-derived
promotors are downregulated to a lesser extent than the B-derived
ones (Fig. 3B). In hybrids with balanced genome dosages, like AB
diploids or AABB tetraploids, the subgenome dominance does not
occur due to this mechanism.

Second, asymmetries in cell volumes between parental species
and the type of movement of TF molecules (i.e. the variation in
proportion of free vs. bound TFs) also affects the allelic ratios. Spe-
cifically, the genomeof the parental specieswith larger cells provides
a higher amount of TF molecules and consequently, its promotors
tend to have higher fractional occupancies when cross-regulation is
limited (Fig. 6B). This pattern occurs in all ploidy levels and genome
dosages, however, as mentioned in the section about non-additive
gene expression, it was observed only when a significant proportion
of TFs existed in a free state. In the case when TFs are (almost) fully
bound to binding sites, this type of subgenome dominance van-
ished (Fig. 6C).

Third, asymmetries in the euchromatic ratio generally caused
higher fractional occupancy of promotors derived from the species
with higher concentrations of non-specific binding sites. This phe-
nomenon typically occurred under limited cross-regulation between
parental subgenomes, but in some situations it was alsopossible under
full cross-regulation (Fig. 6D). However, the subgenome dominance
would not occur under full cross-regulation when the parental species
adapted to a higher euchromatic ratio solely by increasing the speci-
ficity of its TFs. This is because all promotor sites would be equally
occupied by both types of TFs even if one has generally higher specific
binding energy (Fig. 6E). The only one situation when full cross-
regulation allowed subgenome dominance to occur was when adap-
tation to increased euchromatic ratio was realized via evolution of
promotor binding sites (compare Fig. 6D, E). In such a case, the higher
affinity of its promotor sites to any TFs attracted both conspecific and
heterospecific TFs with higher likelihood.

The impact of regulatory divergence on trans-regulation and on
the classification of genes in a hybrid
The applied thermodynamicmodel also explains the deviations of RAE
in hybrids and polyploids from values predicted by the expression

divergence between parental species. To understand this pattern, let
us first consider the behaviour of RAE under two extreme conditions;
the full cross-regulation when orthologous TFs do not differentiate
between homologous and orthologous promotors, and no cross-reg-
ulation, when TFs do not differentiate between allospecific (ortholo-
gous) promotors and other non-specific DNA motifs.

In the case of full cross-regulation, the values of RAE, normalized
per chromosome in order to compare diploids and polyploids, always
equals 1. This is because TFs from both subgenomes bind with equal
affinity to homologous and orthologous copies of promotors, thereby
enforcing their equal expression (Fig. 6A; dotted line). Genes in such
hybrids would thus be categorized as “only trans” according to the
nomenclature used in refs. 20,22,24, (see Fig. 1B and Supplementary
Note 1 for explanation of categories), because both parental alleles in a
hybrid (Ahyb and Bhyb) have equal expression (i.e. the fractional occu-
pancies of conspecific binding sites on these alleles are the same,
f AH = f BH, where the lower H index stays for AB, BA, AAB or ABB hybrid
type, see model description in the Methods section for details) irre-
spective of the expression divergence between parental species A and
B (i.e. log2ðf A=f BÞ). In other words, the slope of correlation between
RAE in hybrids and gene expression divergence between parental
species equals zero (i.e. log2ðf AH=f BHÞ � log2ðf A=f BÞ=0).

By contrast, with no cross-regulation, the RAE tends to exceed
the expression divergence of parents and the slope of correlation is
steeper than 1, i.e. log2ðf AH=f BHÞ � log2ðf A=f BÞ> 1 (Fig. 6A; solid lines). A
hybrid’s geneswould thus be categorized as under “compensating cis
and trans effects” according to nomenclature used in refs. 20,22,24,
see Fig. 1B. A combination of two processes is responsible for this
effect. First, the limited cross-regulation generally causes lower
fractional occupancies of orthologous promotors, leading overall to
a downregulation of the hybrid’s transcriptome (see the section
about transcriptome downsizing above). Second, and simulta-
neously, the promotors from the parental species with lower gene
expression are downregulated to a greater extent than the promo-
tors of the parentwith higher expression (Fig. 3B). This is because in a
common cellular environment, the TFs from the parent with lower
expression are “diluted” to a greater extent than TFs from the species
with stronger expression. A combination of these two effects leads to
the slope of correlation >1, i.e. log2ðf AH=f BHÞ � log2ðf A=f BÞ> 1 (Fig. 6A;
solid lines).

At intermediate situations with existing but limited cross-
regulation, the RAE deviates from 1 and the slope of the correlation
takes a value greater than zero, i.e. log2ðf AH=f BHÞ � log2ðf A=f BÞ>0.
According to nomenclature used in refs. 20,22,24 (Fig. 1B) a hybrid’s
genes may thus conform to “enhancing cis and trans effects” when
the slope is between 0 and 1, “only cis regulation” when the slope
equals 1, or even “compensating cis and trans effects” when the
slope is >1.

We noted that strength of cross-regulation affected the correla-
tion between RAE and parental expression divergence (log2ðf AH=f BHÞ �
log2ðf A=f BÞ) under all simulated scenarios and assumptions (Fig. 6A-E).
In our opinion, it has considerable implications for studies about gene

Fig. 5 | Fractional occupancies of genes and alleles under combination of
reference scenarios 3 and 5 and 6.b. A, B Combination of scenarios 3 and 5, i.e.
single specific site per chromosome with negligible concentration of free TFs and
cell volumes of parental A twice as large as the parental B. C, D Different combi-
nation of scenarios 3 and 5, i.e. single specific site per chromosomewith significant
concentration of TFs in a free state and cell volumes of parental A twice as large as
the parental B. E, F Scenario 6.b, i.e. single specific site per chromosome, negligible
concentration of free TFs and 10 times higher euchromatic ratio in species B with
adaptation through modification of TF molecules. A, C, and E Fractional occu-
pancies of specific binding sites (of A- and/or B-origin) weighted by their genomic
dosages (note that A-derived binding sites have twice higher absolute numbers in
AA species than in AB hybrid and identical to AAB triploid). X- and y-axes are

analogous to Fig. 1c. Line colours, styles and symbols correspond to the types of
individuals and strength of cross regulation analogously to Fig.3.
B, D, F Comparison of fractional occupancies of alleles in hybrids (f AH and f BH,
respectively) relative to occupancies of their homologous alleles in parents (f A and
f B, respectively). X-axis shows the log2ðf AH=f AÞ ratio of Ahyb allele’s occupancy in
hybrid relative to that in parental species A, y-axis shows the log2ðf BH=f BÞ ratio of
Bhyb allele’s occupancy in hybrid relative to that in parental species B. Line colours
and styles are identical toA,C, and E. Note: Square and diamond symbols along the
lines provide the link betweenA,C,E andB,D,Fby showing two reference values of
log2ðf A=f BÞ expression divergence between parental species; square:
log2ðf A=f BÞ= � 1 and diamond: log2ðf A=f BÞ= 1.
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regulation. Effectively, it suggests that even if the expression of a given
gene is fully under trans- regulation, as assumed by our model, its RAE
in a hybrid may apparently conform to pure- cis, pure-trans or com-
bined cis-/trans- regulation, depending on the cross-talk between the
two merged regulatory networks. This is in accordance to previous
empirical data11–13.

Non-linear distribution of RAE and the impact of ploidy and
genomic dosage on efficiency of trans-regulation
Finally, our model has revealed another intriguing finding that chal-
lenges conventional analyses of cis-/trans- regulation of genes which
are based on relative allelic expression (RAE) (e.g. refs. 20,22,24, see
Fig. 1B). Specifically, we have observed that the relationship between
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the relative expression of hybrid’s alleles Ahyb and Bhyb, log2ðf AH=f BHÞ,
and the expression divergence between the two parents, log2ðf A=f BÞ,
was non-linear when the cross regulation of the subgenomes was
limited (refer to Fig. 7A). When parental strains differ in expression
levels (i.e. f A ≠ f B), the TFs derived from the more highly expressing
parent exhibit higher concentrations within the hybrid’s nucleus
compared to those from the less expressing parent. As a result, the TFs
from the more expressing parent exert a stronger influence on the
hybrid’s promoters and disproportionately strongly modulate the
fractional occupancies of promoters derived from the less expressing
parent (see Fig. 7B). The size of this effect increases as the degree of
expressive divergence between the parents increases. Consequently,
as the expression divergence increases, the first derivation of
log2ðf AH=f BHÞ � log2ðf A=f BÞ correlation decreases and the curve
becomes “flatter” towards the extremes of the x-axis of Fig. 7A.

Such nonlinearity is more pronounced in polyploid organisms
with asymmetric genome dosage, such as AAB or ABB triploids, com-
pared to symmetric hybrids like AB diploids or AABB tetraploids.

To understand why asymmetric genomic dose matters, let us
consider the case where expression in species A is greater than in
species B (f A > f B; Fig. 7A—right part of the x-axis). In such cases, the

proportion of A-derived TFs is higher in AAB triploids than in sym-
metric hybrids and consequently, the A-derived TFs have an even
greater influence on the fractional occupancies of B-derived pro-
moters (Fig. 7B, upper left quadrant). Similarly, the downregulation of
A-derived promoters in AAB triploids is less pronounced than in
symmetric hybrids (Fig. 7B, upper left quadrant). A mirror effect is
observed in cases of ABB triploids when f A < f B (Fig. 7B, lower right
quadrant). Therefore, when log2ðf AH=f BHÞ �log2ðf A=f BÞ correlations are
fitted with linear regression as in refs. 20,22,24, one observes a smaller
slope in asymmetricalAABorABB triploids compared toABdiploids or
symmetric AABB polyploids, which has been empirically shown e.g.
in ref. 5.

These findings suggest that interpretations of cis-/trans- regula-
tion types, which are based on RAE should take into consideration the
non-linear nature of the log2ðf AH=f BHÞ �log2ðf A=f BÞ correlation, requir-
ing alternative approaches. Furthermore, our findings provide an
explanation for the impressionof greater efficiency of trans-regulatory
crosstalk between subgenomes in asymmetrical polyploids compared
to diploid hybrids, as reported e.g. by Bartoš et al.5, who used Shi
et al.‘s24 model to compare the distribution of RAE in diploid and tri-
ploid fish hybrids.

Fig. 6 | Relative allelic expression (RAE) in hybrids and polyploids with respect
to parental expression divergence. A Simulation results under reference scenario
1, i.e., assuming single specific site per chromosome and negligible concentration
of free TFs. B Simulation results under the combination of scenarios 3 & 5, i.e.
assuming single specific site per chromosome, significant concentration of TFs in a
free state and asymmetric cell volumes with the parental A twice as large as the
parental B.C Simulation results under the combination of scenarios 3 & 5 assuming
single specific site per chromosome, negligible concentration of free TFs and
asymmetric cell volumes with the parental A twice as large as the parental B.
D Simulation results under the combination of scenarios 3 & 6.a, i.e. assuming
single specific site per chromosome, negligible concentration of free TFs and

10 times higher euchromatic ratio in species B with adaptation through modifica-
tion of binding sites. E Simulation results under the combination of scenarios 3 &
6.b, i.e. assuming single specific site per chromosome, negligible concentration of
freeTFs and 10 timeshigher euchromatic ratio in speciesBwith adaptation through
modification of TF molecules. X-axis demonstrates the expression divergence
between parental species in terms of their fractional occupancies log2ðf A=f BÞ,
y-axis indicates the relative allelic ratios log2ðf AH=f BHÞ of orthologous (parental)
alleles Ahyb and Bhyb in a hybrid, normalized by their genomic dosage (note that
A-derived binding sites have twice higher absolute numbers in AA species than in
AB hybrid and identical to AAB triploid). Line colours and styles correspond to the
types of individuals and strength of cross regulation analogously to Fig.3.
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Fig. 7 | Relative allelic expression (RAE) and fractional occupancies of alleles in
hybrids and polyploids with respect to parental expression divergence. A RAE
in hybrids and polyploids under the limited cross-regulation (ρ= 2). X-axis
demonstrates the expression differentiation between parental species in terms of
their fractional occupancies log2ðf A=f BÞ, y-axis indicates the relative allelic ratios of
orthologous (parental) alleles Ahyb and Bhyb in a hybrid, normalized by their
genomic dosage log2ðf AH=f BHÞ (note that A-derived binding sites have twice higher
absolute numbers in AA species than in AB hybrid and identical to AAB triploid).
Coefficients aof regression slopes are estimated upon the assumption of a linear fit
of each curve for diploid AB (red), triploid AAB (black) and triploid ABB (blue).

B Comparison of fractional occupancies of alleles in hybrids (f AH and f BH, respec-
tively) relative to occupancies of their homologous alleles in parents (f A and f B,
respectively).X-axis shows the log2ðf AH=f AÞ ratio of Ahyb allele’s occupancy in hybrid
relative to that in parental species A, y-axis shows the log2ðf BH=f BÞ ratio of Bhyb

allele’s occupancy in hybrid relative to that in parental species B. Line colours and
styles are identical to the panel A. Note: Square and diamond symbols along the
lines provide the link between panels A and B by showing two reference values of
log2ðf A=f BÞ expression divergence between parental species; square:
log2ðf A=f BÞ= � 1 and diamond: log2ðf A=f BÞ= 1.
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Utility and shortcomings of equilibrium physicochemical mod-
els for predicting hybrid’s and polyploid’s expression and future
directions
A growing amount of data on hybrid and polyploid organisms brings
us closer to understanding the molecular processes underpinning the
wide diversity of phenotypic traits possessed by these organisms.
Bottani et al.30 made a pioneering step by demonstrating that the
subgenome dominance, a prominent pattern, may arise instanta-
neously as a direct consequence of genome merging from differently
adapted parental species onto an allopolyploid, rather than as a result
of subsequent evolution. However, while the assumptions in their
model provided valuable insights, they also somewhat limited the
exploration of more complex interactions, particularly in distinguish-
ing the roles of genome merging from those of genome multiplying.
The present versatile thermodynamic model (Eqs. 7–11 in section
Methods below) indicated that even wider array of empirical obser-
vations may be explained as a direct and immediate consequence of
the mixing of regulatory networks with diverged cis- and trans- ele-
ments through interspecific hybridization. In addition to subgenome
dominance, other well-known patterns may be depicted by thermo-
dynamic model, like the effects of trans-regulatory divergence
between parental species on the cross-regulation between sub-
genomes in hybrids or the non-additive expression with frequent
expression-level dominance. It also depicted some less well studied
patterns, like the overall transcriptome downsizing in hybrids, and
indicated how the polyploidization may affect the efficiency of trans-
regulation of a hybrid’s alleles via modifications of the subgenome
dosage rather than via mere multiplication of the subgenomes.

The presentedmodel also highlights three important aspects that
have implications for assessing gene expression regulation pathways.
Firstly, it suggests a need to revisit some commonly used measures of
cis-/trans-regulation based on RAE (e.g., refs. 20,24, see Fig. 1B) since
the correlation between RAE values and parental expression diver-
gence is not necessarily linear (Fig. 7A). The model also indicated that
even if the gene is under strict trans-regulation, it may appear fully cis-
regulated, depending on the interparental divergence. Finally, third,
our findings indicate that certain patterns observed in hybrids and
polyploids rely on specific assumptions about how components of
regulatory network function and evolve. For example, unequal cell
volumesof hybridizing speciesmay trigger the subgenomedominance
but only when a significant proportion of TF molecules are in a free
state (see the section about subgenome dominance above and com-
pareFig. 6Bwith Fig. 6C). Similarly, subgenomedominance inducedby
an unequal euchromatic ratio may occur under full cross-regulation
between subgenomes, but only if the parental species has adapted to
increased euchromatic ratios by modifying specific binding sites
rather than TF properties themselves (see the section about sub-
genome dominance above and compare Fig. 6D with Fig. 6E).

These results imply that understanding how traits are expressed
in hybrids and polyploids critically depends on the available knowl-
edge and assumptions regarding the distribution of TF molecules
within a nucleus and their coevolution with other components of the
regulatory network. For instance, whilemechanisms of protein to DNA
binding are extensively studied and TF binding sites have recently
been shown to be under increased rates of adaptive evolution39, it
remains unclear how organisms adapt to changes in the euchromatic
ratio in their genomes. Moreover, models investigating controlled TF
binding commonly assumes that trans-acting factors create an envir-
onment common to all cis-regulatory elements (reviewed in ref. 26,
Fig. 2). However, TF movement can take different forms, ranging from
sliding along chromosomes to free movement through
nucleoplasm40,41. This variation affects the presumed concentration of
free TF molecules within a cell, and as our model demonstrates, this
parameter significantly impacts the predicted effects of hybridization
and polyploidization.

The obtained results underscore the utility of TF-promoter bind-
ing models in improving our understanding of trait expression in
hybrid and polyploid organisms. However, it is important to
acknowledge that there are still limitations in thermodynamic models
that may have unknown impacts on their applicability to real-world
scenarios12. Theoretical models, including the one presented here,
often use various simplifying assumptions, such as using TF-promoter
binding as a proxy for gene expression or not considering the com-
plexity of TFs as multimeric molecular complexes, e.g. refs. 1,26,30.
The binding events at nucleic acid chains are thus considered as
independent (i.e. not affecting each other either in cooperative or
repulsive ways) and the presence of other DNA-binding proteins is
neglected, but more complex models may take cooperativity into
account, as made e.g. in ref. 42. Additionally, thermodynamic models
inherently assume equilibrium states. In reality, however, cellular
environments are non-equilibrium and the link to RNA or protein
expression is more intricate than simple TF binding.

The agreement of our model with empirical observations should
also be interpreted with caution. It indeed aligns with numerous
empirical data suggesting that when expression-level dominance
occurs, hybrids generally match the more expressing parent, i.e.
expression-level dominance UP prevails over DOWN5,6,35,36. However,
opposite patterns or prevalent expression-level dominance DOWN
patterns have also beenobserved in certainorganisms38, andUP versus
DOWN patterns may also reflect the ancestry of particular
subgenomes37.

These observations indicate that the mechanisms underlying
expression in hybrids and allopolyploids are influenced by multiple
factors, necessitating further refinement of theoretical models.
Hybrids and allopolyploids combine two sets of trans-acting factors,
which may interact in various ways within a common nucleus, ranging
from redundancy to diverse oppositional or compensatory effects. Hu
and Wendel12 further argue against assuming that trans-acting reg-
ulators and cell architecture are additively inherited in a polyploid
nucleus since the same regulatory circuits may not necessarily be
shared between parental species, even when their expression outputs
are equivalent43.

Despite these limitations, the observed correspondence with
empirical observations and the inferreddependency of patterns on the
type of regulatory network function suggests that integrating models
of TF-promoter binding in systems biology holds promise for enhan-
cing our understanding of the evolutionary consequences of hybridi-
zation and polyploidization. Further investigation of their strengths
and weaknesses, specifically regarding hybrids and polyploids, could
provide insights into howdivergence in cis-/trans-regulatory networks
among parents directly translates into the observed patterns in
hybrids and polyploids.

Methods
In this section, we briefly outline the Bottani et al.30 model and we than
present our improved and more complex model along with six mod-
elling schemes we considered.

Models of TF-promoter binding and application to hybrids and
polyploids
Bottani et al.30 modelled the fractional occupancy (f ) of the promoter
(which can be considered as a proxy of transcriptional activity) in the
parental species such as

f i =
TFi
� �

e�Ei=kBT

TFi
� �

e�Ei=kBT + NS½ �e�ENS=kBT
ð1Þ

where TFi
� �

refers to concentration of a TF in the parental species,
NSi
� �

refers to a concentration of nonspecific sites in a genome,
e�Ei=kBT describes the binding energy between TF and specific site, and
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e�ENS=kBT describes binding energy between TF and nonspecific site. To
describe the fractional occupancies (f 0i) of orthologous promoters
from both parental subgenomes in the allopolyploid (Eqs. 3 and 4 in
their Appendix), Bottani et al.30 used the equation for one orthologue:

f 01 =
TF1
� �0e�E1=kBT + TF2

� �0e�E21=kBT

TF1
� �0e�E1=kBT + TF2

� �0e�E21=kBT + NS½ �e�ENS=kBT
ð2Þ

and an analogous formula for f 02 (their Eq. 5 in the Appendix) for the
other orthologue. Here, the indices “1” and “2” refer to the origin from
parent A and B, respectively, so that e�Ei=kBT describes the binding
energy between TF and specific site, both originating from the species
i, while e�Eji=kBT refers to the binding energy between TF originating
from species j and a specific site originating from species i.

In essence, Bottani et al.’s30 approach stems from a mechanistic
model as one can find in Chu et al.’s26 Eq. 13, which assumes the
interaction of single specific binding site with TFs that are in a large
excess. Binding of a TF molecule to a specific site has negligible effect
on their overall concentration and hence fractional occupancies f 01, f

0
2

in a common nucleus may be calculated independently of each other.
Such an approach is useful as it reduces the number of equations

necessary to solve the complex thermodynamic system describing
allopolyploid organism, making it therefore mathematically more
tractable. However, it brings along several simplifications, which may
affect the interpretability of the model with respect to real biological
scenarios. Namely, by using their simplified equations, Bottani et al.30

implicitly considered two independent specific binding sites in the
hybrid’s cell. This may not sufficiently differentiate between diploid
hybrid of AB genomic constitution and an allotetraploid of AABB
constitution that in reality should have four copies of each gene.
Consequently, in our opinion, Bottani et al.’s30 model may not distin-
guish the effect of symmetric genome multiplication (e.g., AABB tet-
raploid) frommere hybridization. This poses no problem if one wants
to evaluate the effect of mixing diverged regulatory networks on the
expression of alleles. However, it may complicate disentangling the
effects of pure polyploidization from those of genome mixing
(hybridization) and may not necessarily address the situation in
asymmetric polyploids, like triploids.

We further explore the implications of Bottani et al.‘s30 model,
particularly regarding hybridization between species with unequal
euchromatic ratios. Bottani et al.30suggest that the parent with higher
euchromatic ratio may modify its TF molecules to increase their affi-
nity for specific binding and consequently, allopolyploids should
express subgenome dominance even under full cross-regulation
between subgenomes from both parental species. However, our ana-
lysis indicates that their model might also be interpreted as if the
species with higher non-specific site concentration (species B) is
modifying its promoter sites to increase affinity for any TFs, without
any changes to the properties of the TF molecules themselves. This
interpretation appears from the definition of the coefficient C1 con-
trolling the cross-regulation of specific binding sites in Eq. 4 in
Appendix of ref. 30:

f 01 =
TF1
� �0 + TF2

� �0C1

TF1
� �0 + TF2

� �0C1 + NS½ �K1

: ð3Þ

Here, e�E21=kBT =C1e
�E1=kBT and e�ENS=kBT =K1e

�E1=kBT. CoefficientK1

describes howmuch lower is the affinity of A-type TFs for non-specific
binding sites relative to their affinity for A-type specific sites and
coefficient K2 is defined analogously for B-type TFs. Meanwhile, the
coefficient C1 describes the relative affinity of heterospecific TFs from
species B to specific binding site A compared to the affinity of A-type
TFs for their conspecific A-type site and C2 is similarly defined for
B-type specific binding sites. C1 and C2 can range from zero (no cross-
regulation) to one (full cross-regulation). When cross-regulation is

limited, the subgenome dominance would occur, irrespective of how
the parental species adapted to increased euchromatic ratio. However,
under full cross-regulation, setting both C1 and C2 to one implies that
each specific binding site binds with its characteristic energy to all TFs,
regardless of their parental origin. This energymay be specific for sites
of A- or B- types (i.e., possibly E1≠E2), but it does not differentiate
between TF molecules from both parental species (i.e., E1 = E21 and
E2 = E12). This viewdiverges from the verbal interpretation providedby
Bottani et al.30, where adaptation through modification of TFs was
suggested. Our analysis suggests that if this was the case, the equality
between energies would be E1 = E12 and E2 = E21. Thus, our findings
propose that Bottani et al.’s30 model aligned with a scenario assuming
modification of the binding sites rather than TF molecules.

This nuance is significant as it opens new avenues for under-
standing how subgenome dominance can manifest in relation to the
evolutionary adaptations of binding sites versus TF molecules. While
binding sites of TFs are known to undergo accelerated evolution39, it
remains an open question whether such adaptations would occur
simultaneously in all ormost gene promoters or in fewer genes coding
for the respective TF molecules and their binding motifs, which pre-
sumably represent greater mutational target size, relative to cis-
regulatory mutations44. Our study aims to contribute to this ongoing
discussion, offering insights that might refine our understanding of
regulatory adaptations in hybrid and polyploid species.

Presentation of generalized thermodynamic model
Description of themodel. To alleviate limitations inherent in previous
models, we introduce a thermodynamic model of mass-balance
equations relating the equilibrium and total concentrations of the
regulatory components involving the TF molecules of types A and B
(i.e. TFA and TFB, respectively), the specific binding sites of type A and
B (i.e. SA and SB, respectively) and non-specific binding sites (N).
Indices ‘A’ and ‘B’ describe the origin from parental species A and B
(Fig. 2).We assume that TFs can occur in four states, i.e. free (i), bound
to either specific binding site of type A (ii) or type B (iii), or bound to
non-specific binding sites N (iv). Analogously, each binding site SA, SB
or N can be either empty or occupied by conspecific or heterospecific
TF molecule. Although the binding sites are formally present on one
macromolecule of DNA, we consider them to interact with TFs
individually.

In a single parental species A, the model reduces to three mass-
balance equations (Fig. 2) with 3 parameters of total concentrations of
TFs, c TFA

� �
, specificbinding sites, c SA

� �
, andnon-specificbinding sites

c Nð Þ:

c TFA
� �

= TFA
� �

+
TFA
� �

SA
� �

KAA
+

TFA
� �

N½ �
KAN

, ð4Þ

c SA
� �

= SA
� �

+
TFA
� �

SA
� �

KAA
, ð5Þ

c Nð Þ= N½ �+ TFA
� �

N½ �
KAN

: ð6Þ

This model outputs the concentrations of free TFs ( TFA
� �

), empty
specific ( SA

� �
) and non-specific ( N½ �) binding sites and is applicable

analogously for the parent B.
In hybrids, however, the situation is more complex since the

model requires 5 total concentrations of both types of TFs, c TFA
� �

and
c TFB
� �

, both types of specific binding sites, c SA
� �

and c SB
� �

, and of
non-specific binding sites c Nð Þ. Hence, the cross-terms describing the
bindings of orthologous sets of TFs and promoters must be
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considered, giving rise to a system of five equations:

c TFA
� �

= TFA
� �

+
TFA
� �

SA
� �

KAA
+

TFA
� �

SB
� �

KAB
+

TFA
� �

N½ �
KAN

, ð7Þ

c TFB
� �

= TFB
� �

+
TFB
� �

SA
� �

KBA
+

TFB
� �

SB
� �

KBB
+

TFB
� �

N½ �
KBN

, ð8Þ

c SA
� �

= SA
� �

+
TFA
� �

SA
� �

KAA
+

TFB
� �

SA
� �

KBA
, ð9Þ

c SB
� �

= SB
� �

+
TFA
� �

SB
� �

KAB
+

TFB
� �

SB
� �

KBB
, ð10Þ

c Nð Þ= N½ �+ TFA
� �

N½ �
KAN

+
TFB
� �

N½ �
KBN

: ð11Þ

Such a set of five equations describes the scenario of hybridiza-
tion between two parental species A and B and the formation of their
hybrids of various ploidy levels (Fig. 2), which are specified by the
concentration vector C; see Supplementary note 2. The model is than
calculated independently for each type of hybrid.

The affinities of binding sites and TFs are characterized by six
dissociation constants K , which describe
conspecific interactions

KAA =
TFA
� �

SA
� �

TFASA
� � , ð12Þ

KBB =
TFB
� �

SB
� �

TFBSB
� � , ð13Þ

heterospecific interactions

KAB =
TFA
� �

SB
� �

TFASB
� � , ð14Þ

KBA =
TFB
� �

SA
� �

TFBSA
� � , ð15Þ

and non-specific interactions

KAN =
TFA
� �

N½ �
TFAN
� � , ð16Þ

KBN =
TFB
� �

N½ �
TFBN
� � ð17Þ

(in our notation of Kij , i stays for the origin of TFs, j for the origin of
binding sites).

By setting the values of the five total concentrations (left hand
sides of Eqs. 7–11) and the six dissociation constants (Eqs. 12–17), the
model finds for each type of hybrid a numerical solution that provides
concentrations of free TFs and of empty binding sites. Themodel then
allows for the calculation of fractional occupancies of both types of
specific binding sites in a hybrid, which are normalized per number of
chromosome copies and represent the ratio of occupied binding sites
to the total number of binding sites of a particular type.

In particular, fractional occupancy f A of the specific binding sites
in the parental species A is expressed as

f A = 1�
SA
� �
c SA
� � =

TFA
� �

SA
� �

c SA
� �

KAA
ð18Þ

since both alleles originate from the same parental species A.
Analogously, the fractional occupancy f B in the parental species B

is expressed as

f B = 1�
SB
� �
c SB
� � =

TFB
� �

SB
� �

c SB
� �

KBB
: ð19Þ

In the case of hybrid (H) or allopolyploid, the situation is more
complex since its nucleus contains at least two alleles originated from
different parental species, each potentially having different occu-
pancies. Hence, in the diploid hybrid AB and triploid hybrids AAB and
ABB, the fractional occupancy of A-type specific sites f AH is calculated
as:

f AH = f AAB = f
A
AAB = f

A
ABB = 1�

SA
� �
c SA
� � =

TFA½ � SA½ �
KAA

+ TFB½ � SA½ �
KBA

c SA
� �

=
TFA
� �
KAA

+
TFB
� �
KBA

� �
SA
� �
c SA
� �

ð20Þ

and the fractional occupancy of B-type specific sites as:

f BH = f BAB = f
B
AAB = f

B
ABB = 1�

SB
� �
c SB
� � =

TFA½ � SB½ �
KAB

+
TFB½ � SB½ �
KBB

c SB
� �

=
TFA
� �
KAB

+
TFB
� �
KBB

� �
SB
� �
c SB
� � :

ð21Þ

Although fractional occupancies f AAB, f
A
AAB, f

A
ABB and f BAB, f

B
AAB, f

B
ABB,

respectively, are expressed by the same formulas, their values in par-
ticular hybrid types depend on concentration of free TFs
( TFA
� �

and TFB
� �

) and free binding sites ( SA
� �

and SB
� �

) as calculated by
Eqs. 7–11. These values differ among AB, AAB and ABB hybrids
depending on particular genomic doses controlled by the concentra-
tion vector C; see Supplementary Note 2. The resulting fractional
occupancies are presented in Figs. 3–7. utilizing the R statistical lan-
guage and its ggplot2 library45.

Versatility of the model and simulated scenarios. Our model differs
from the model used by Bottani et al.30, as it relaxes some of their
assumptions allowing us to simulate a range of biologically relevant
scenarios. We thus explicitly test how the subgenome dominance
arises upon hybridization between species with different euchromatic
ratios, depending on whether adaptation to an increased amount of
non-specific sites occurs via modification of TFs or via modification of
promotor sites. We also explore additional scenarios, such as the
effects of asymmetric cell volumes between hybridizing parental
species, restricted cross-regulation between subgenomes, as well
as alternative assumptions of existence of free TFs affecting their
movements between binding sites. All these scenarios can be simu-
lated using simple changes in model parameters, which are summar-
ized in Supplementary Note 2 and described in the following
paragraphs. In total, we simulated six different modelling schemes:
(1) To begin our simulations, we establish a model setup similar to

Bottani et al.30 as a reference point. In this setup, we assume that
regulatorydivergencebetween conspecific and heterospecific TF-
promotor bindings arises from evolution of promotor sequence,
rather than from changes in TFs. In addition, we initially assume
that only a negligible proportion of TFs exists in a free state, and
virtually all TFs are bound to specific or non-specific sites, but this
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condition will be tested in alternative setups. For each model, we
initially set the fractional occupancies of specific sites to be the
same for both parental species (f A = f B =0:5), resulting from the
interplay between the concentrations and dissociation constants.
Next, we simulate situations where parental species differ in their
gene expression levels, resulting in log2ðf A=f BÞ ratios varying
from −1 to 1. We achieve this change in expression solely by
modifying the concentrations of TFs in both parental species.
Having set the reference set up, we explored the effects of two
distinct modelling assumptions:

(2) Number of specific binding sites: To account for the fact that
particular TF may regulate many genes simultaneously1, we
compared the reference scenario assuming a single specific
binding site (gene promoter) per subgenome, with a situation
where TFs may find more specific promoter sites. We modelled
this alternative scenario assuming 150 binding sites per sub-
genome, as in Veitia et al.1.

(3) Type of TF movement among binding sites: To address various
types of TFs trafficking throughout the cell26, we compared the
reference scenario which assumes that TFs do not occur in free
states, with a situation where a considerable portion of TFs is free
in the cytoplasm.We achieved this alternativemodel by balancing
the concentration of TFs and dissociation constants, simulating a
situation where TFs may be present in a nucleoplasm when not
bound to specific or non-specific sites26,31.
We than modified model coefficients to test four biological
scenarios relevant to understanding how parental expression
differentiation affects hybrids and allopolyploids.

(4) Firstly, we investigated how the divergence in trans-regulatory
elements between parental species impacts on the fractional
occupancy of promoters in hybrids. Such divergence was
simulated by modifying parameter values of corresponding
dissociation constants that ultimately control the cross-
specificity of affinities between transcription factors and promo-
tors (TF-S). To do so, we kept fixed the ratio of specific to non-
specific affinity constants (Kii=KiN = 104; where i stands for origin
fromA or B species). However, we controlled the cross-regulation
between orthologous sets of TFs and promoters through the
parameter ρ, which characterizes the ratio of the corresponding
“cross-dissociation constants”. Depending on whether the trans-
regulatory divergence is driven by changes of binding sites as
assumed in Bottani et al.’s30 model, or by TF molecules (see
modelling assumptions 6.a and 6.b below), the parameter ρ
equals the ratios KBA=KAA and KAB=KBB or the ratios KAB=KAA and
KBA=KBB, respectively (see Supplementary Note 2 for details).
Namely, we investigated three scenarios:

a. full cross-regulation was simulated by setting TF-S affinity
uniform irrespective of the ancestral origin ofmolecules (here,
ρ= 1), suggesting that KBA=KAA =KAB=KBB = 1 or, respectively,
that KAB=KAA =KBA=KBB = 1Þ.

b. limited cross-regulation where the binding affinity of hetero-
specificTF-S interactions is two times lower thanof conspecific
ones (ρ=2, and hence, KBA=KAA =KAB=KBB = 2 or, respec-
tively, KAB=KAA =KBA=KBB = 2Þ.

c. no cross-regulation where the affinity between TFs and het-
erospecific copies of promotors (e.g., TFASB) is as low as the
binding of a TF to a non-specific site. In other words, in the no
cross-regulation scenario, TFs in a hybrid do not bind to
orthologous regulatory elements with higher affinity than to
nonspecific sites. In such a case, ρ= 104 and KBA =KAB =KAN;
see Supplementary Note 2).

(5) Next, we investigated the role of unequal cell volumes in parental
species. We assumed a scenario where one parental species had a
cell volume twice as large as the other, resulting in lower con-
centrations of specific and non-specific binding sites. Tomaintain

the same fractional occupancy of its promoters, the species
increased the concentration of its TFs without modifying their
binding affinities. After genome merging, hybrids and allopoly-
ploids had average cell sizes between the respective ancestors,
and the concentrations of their TFs were calculated from their
parental values as in Bottani et al.30; see Supplementary Note 2.

(6) Finally, we examined the effects of unequal amounts of non-
specific binding sites among parents. This scenario simulates
asymmetries in euchromatic ratios among hybridizing species,
and assumes that the parental species with a higher euchromatic
ratio had adaptively evolved its TF-promotor interactions to
mitigate the higher concentration of non-specific binding sites30.
Two types of such adaptation were tested.
a. Firstly, we simulated the scenario assuming that adaptation to

intracellular conditions is driven by evolution of promotor
sites towards binding any TFs with higher affinity (the scenario
actually modelled by Bottani et al.30).

b. Secondly, we employed the alternative scenario suggesting
that adaptation occurred via evolution of properties of TF
molecules towards higher binding affinities.

These contrasting scenarios 6.a and 6.b were modelled by mod-
ifying how the value of the cross-regulatory parameter ρ controlls the
trans-regulatory interactions between conspecific and heterospecific
TF-promotor binding. Specifically, the effect of evolution of promoter
sites was modelled by controlling the KBA=KAA and KAB=KBB ratios
while the effect of TF evolution was modelled by controlling the
KAB=KAA and KBA=KBB ratios; see Supplementary Note 2 for details and
precise use of parameter ρ.

Data availability
No biological data were generated in this paper; all results are
presented.

Code availability
The code processed by octave software is described in Supplemen-
tary Code 1.
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