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ABSTRACT

The  divergence  and  continuous  evolution  of  plants
and  animals  contribute  to  ecological  diversity.
Promoters  and  transcription  factors  (TFs)  are  key
determinants  of  gene  regulation  and  transcription
throughout  life.  However,  the  evolutionary
trajectories  and  relationships  of  promoters  and  TFs
are  still  poorly  understood.  Here,  we  conducted
extensive  analysis  of  large-scale  multi-omics
sequences  in  420  animal  species  and  223  plant
species  spanning  nearly  a  billion  years  of
evolutionary  history.  Results  showed  that  promoter
GC-content  and  TF  isoelectric  points,  as

features/signatures  that  accompany  long  biological
evolution, exhibited increasing growth in animal cells
but  a  decreasing  trend  in  plant  cells.  Furthermore,
the  evolutionary  trajectories  of  promoter  and  TF  
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signatures  in  the  animal  kingdom  provided  further
evidence  that  Mammalia  as  well  as  Aves  evolved
directly  from  the  ancestor  Reptilia.  The  strong
correlation  between  promoter  and  TF  signatures
indicates  that  promoters  and  TFs  formed
antagonistic  coevolution  in  the  animal  kingdom,  but
mutualistic  coevolution  in  the  plant  kingdom.  The
distinct  coevolutionary  patterns  potentially  drive  the
plant-animal  divergence， divergent  evolution  and
ecological diversity.

Keywords:   Molecular  evolution;    Coevolution;
Promoter;    Transcription  factor;    Plant-animal
divergence

 INTRODUCTION

Promoters,  transcription  factors  (TFs),  and  their  interactions
are  vital  for  transcriptional  regulation  and  affect  nearly  all
stages  of  the  cell  life  cycle  (Mirny,  2010).  The  evolution  of
promoters  and  TFs  (Thomas  &  Chiang,  2006)  in  eukaryotic
cells  has  occurred  approximately  1.6–2.1  billion  years
(Bengtson  et  al.,  2017;  Zhu  et  al.,  2016).  However,  our
knowledge  concerning  the  evolutionary  trajectories  and
relationships  of  promoters  and  TFs  remains  limited.  In  this
study,  we  explored  promoter  and  TF  evolution  over  nearly  a
billion  years  of  evolutionary  history  by  analyzing  their
signatures.
Promoter  stability  is  critical  for  the  initiation  of  gene

transcription. The GC-content (see Materials and Methods) of
promoters has a substantial effect on DNA molecular stability
and  gene  activity  because  the  connection  between  G  and  C
bases  (three  hydrogen  bonds,  G≡C)  is  stronger  than  that
between  A  and  T  bases  (two  hydrogen  bonds,  A=T),  and
stacking  energy  is  more  favorable  for  GC  pairs  than  for  AT
pairs (Yakovchuk et al., 2006). GC-content is variable within a
given  genome  (Furey  &  Haussler,  2003)  and  across
organisms (Birdsell, 2002), and is well developed in biological
evolution  (Blanc-Mathieu  et  al.,  2017;  Clément  et  al.,  2015;
Shen  et  al.,  2020;  Su  et  al.,  2011;  Tan  et  al.,  2011;  Zahn,
2015).  Therefore,  GC-content  is  a  useful  signature  for
exploring  the  evolution  of  promoters.  In  addition  to  GC-
content,  the  isoelectric  point  (pI)  of  proteins  is  a  crucial
physicochemical  property  and  a  major  biochemical  factor
(Dika et al., 2015; Liu et al., 2009) affecting the structure and
functions  of  proteins  (including  TFs).  Thus,  we  explored  the
evolutionary  trajectories  and  relationships  of  TFs  and  their
corresponding promoters in an entire phylogeny by assessing
the  variation  in  their  signatures,  i.e.,  isoelectric  points  of  TFs
and GC-content of promoters.
The  benchmark  datasets  included  both  genome  and

proteome sequences (from the AnimalTFDB (Hu et al., 2019),
PlantTFDB  (Jin  et  al.,  2017),  Ensembl  (Hunt  et  al.,  2018),
EnsemblPlants  (Kersey  et  al.,  2018),  and  UniProt  databases
(The  UniProt  Consortium,  2019),  see  Supplementary  Table
S1)  and covered almost  the entire  evolutionary  history  of  the
plant  and  animal  kingdoms.  We  performed  extensive  multi-
omics  sequence  analysis  of  promoter  and  TF  signatures  to

evaluate  their  evolutionary  trajectories.  Results  showed  that
the  evolutionary  trajectories  of  promoter  and  TF  signatures
shared a strikingly synchronous increase in animal cells but a
synchronous decreasing trend in  plant  cells.  These signature
trajectories  provide  additional  evidence  that  both  Mammalia
and Aves originated directly from Reptilia.

 MATERIALS AND METHODS

 Data acquisition and preprocessing
The genome and proteome sequence datasets were obtained
from several  benchmark  databases  (i.e.,  AnimalTFDB (Hu  et
al., 2019), PlantTFDB (Jin et al., 2017), Ensembl (Hunt et al.,
2018), EnsemblPlants (Kersey et al., 2018), and UniProt (The
UniProt  Consortium,  2019)).  Promoters  are  generally  located
upstream  of  the  transcription  start  sites  (TSSs)  and  typically
contain  1  000–5  000  bases.  As  2  000  bases  are  commonly
used  as  a  gene  promoter,  we  selected  2  000  bases  as  the
upstream promoter sequence.
It  is inevitable that information for some sites is ambiguous

due  to  site  mutations  or  limitations  of  sequencing  depth.  For
example, many sites are labeled N in genome sequences or X
in  proteome  sequences  (Malde,  2008).  Noise  from
indeterminate  nucleic  acids  and amino  acids  was  considered
in our study to increase accuracy.

 GC-content
GC-content is generally the percentage of guanine or cytosine
in a DNA or RNA molecule (Kudla et al., 2006; Šmarda et al.,
2014;  Smith,  2009).  In  our  study,  for  a  given  promoter
sequence,  GC-content  is  the  sum  of  the  percentages  of
guanine and cytosine:

GC − content = Number of G + Number of C
Length of sequence − Number of N

(1)

where N denotes uncertain sites.

 TF and protein isoelectric points
Similar  to  promoter  data,  the  TF  and  proteome  sequences
also  contain  noise.  Given protein  sequence S and isoelectric
point  values  of  20  amino  acids  (Supplementary  Table  S2)  at
25 °C,  the mean isoelectric  point  of  protein S was calculated
as:

pI =
∑∣S∣

i= I(Si)∣S∣ − ∣X∣ (2)

I(Si) ith∣S∣ ∣X∣where   represents the isoelectric point of the   amino acid
in  sequence S; X  is  noise;  and    and    are  the  lengths  of
sequences S and X, respectively.

 RESULTS

 Promoter and TF/TF-cofactor signatures
TFs  and  TF-cofactors  play  distinct  roles  in  gene  expression
(Reiter  et  al.,  2017;  Thomas  &  Chiang,  2006).  TFs  typically
bind to transcription factor binding sites (TFBSs) located in the
corresponding promoters to open the double DNA strands of a
gene  and  further  control  the  rate  of  transcription  of  genetic
information from DNA to mRNA. As intermediary proteins, TF-
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cofactors are recruited by TFs to activate RNA polymerase II,
thereby  modulating  the  expression  of  genes.  Why  do  they
perform  differential  functions?  The  difference  in  spatial
conformation  between  TF  and  TF-cofactor  molecules  is  an
important  factor  affecting  their  functions  (Garcia  et  al.,  2019;
Frankel  &  Kim,  1991; Gonzalez,  2016;  Liu  et  al.,  2001).  The
electrical  properties  of  amino  acids  are  crucial
physicochemical  properties  that  shape  the  specific  spatial
conformation  of  proteins.  Therefore,  we  estimated  the
electrical  properties  of  TFs/TF-cofactors  (97  animal  species)
and  whole  proteomes  (74  animal  species)  in  terms  of
isoelectric point.
Interestingly,  we  found  that  the  mean  isoelectric  points  of

TFs were significantly higher than those of TF-cofactors at all
phylogenetic levels of evolution (Figure 1A, total P=4.68E-71),
and  the  combined  isoelectric  points  of  TFs  and  TF-cofactors
were also significantly higher (total P=1.04E-18) than those of
the  corresponding  whole  proteomes  (except  for  Arthropoda).
Based on the total mean isoelectric point (=6.066 at 25 °C) of
all  whole  proteomes,  we  found  that  amino  acids  with  higher
isoelectric  points  (>6.066  at  25  °C)  tended  to  be  positively
charged  (alkalinity),  whereas  those  with  lower  isoelectric
points  (<6.066  at  25  °C)  tended  to  be  negatively  charged
(acidity)  under  the  same  physiological  conditions.  Thus,

TFs/TF-cofactors  displayed  relatively  stronger  positive
charges  compared  to  the  corresponding  whole  proteomes.
DNA  exhibits  one  intrinsic  negative  charge  per  base  at  its
sugar-phosphate  backbone  (Fritz  et  al.,  2002).  Therefore,
TF/TF-cofactor  proteins  with  high  isoelectric  points  may
preferentially access DNA strands.
We then  assessed  the  GC-content  of  promoter  sequences

as well as exon and coding sequences in 249 animal species.
Results  showed  that  GC-content  was  significantly  lower  in
promoter  sequences  than  in  exon  and  coding  sequences
across  the  tree  of  life  (Figure  1B),  indicating  that  promoters
may interact with TFs more readily. Taken together, the above
findings  suggest  that  isoelectric  point  and  GC-content,  as
signatures, can represent protein family- and DNA sequence-
specific  physicochemical  properties,  respectively.  Notably,
TFs/TF-cofactors with higher isoelectric points are more likely
to interact with promoters (TFBSs), especially those with lower
GC-content.  This  is  because  TFs/TF-cofactors  hold  relatively
stronger  positive  charges  compared  to  corresponding  whole
proteomes,  while  DNA  exhibits  one  intrinsic  negative  charge
per  base  at  its  sugar-phosphate  backbone.  Furthermore,
promoters with lower GC-content have lower stacking energy,
which is beneficial for TF binding.

 

Figure 1  TF Isoelectric points and promoter GC-content as signatures
A, B: X-axis labels show species categories, which follow a phylogenetic relationship (Figure 2B). Animal logos under/over x-axis labels represent
corresponding  categories.  Each  triple  like  (1,1,3),  or  (11,11,11)  element  between  x-axis  labels  and  animal  logos  represents  species  number  of
TF/promoter  sequences,  TF-cofactor/exon  sequences,  and  whole-proteome/coding  sequences,  respectively.  A:  TFs  show  significantly  higher
isoelectric points than TF-cofactors across the tree of life (Supplementary Table S3). Isoelectric points of groups of TFs and TF-cofactors are also
significantly higher than those of corresponding whole proteomes (except Arthropoda). B: In 249 animal species, promoters (8 503 028 sequences)
show significantly lower GC-content than that of exons (49 239 643 sequences) and coding sequences (7 311 335 sequences) across the tree of
life. As signatures, isoelectric point and GC-content can characterize the specificity of protein families and DNA sequences, respectively.
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 Increased evolution of animal promoter and TF signatures
As signatures, GC-content and isoelectric point can represent
DNA  sequence  and  protein  family  specificity,  respectively
(Figure  1;  Supplementary  Table  S3).  Here,  we  first
investigated the evolutionary trajectories of GC-content in the

promoters  of  249  animal  species  (Nematoda  to  Homo  in
Ensembl  (Hunt  et  al.,  2018))  grouped  by  the  most  probable
(overall)  evolutionary  history.  The  phylogenetic  tree  is
illustrated  in  Figure  2B  using  the  representative  logos  of  the
animal categories. We found that promoter GC-content clearly

 

Figure 2  Trajectories and correlations of promoter GC-content and TF isoelectric points in animal evolution
A–C: A and C share the same x-axis labels, each representing an animal species category. Representative animal logos of these categories are
listed in order as shown in B. A: GC-content in promoters showing increase in almost all categories (except Aves). B: Phylogenetic tree of animal
categories  showing  (possible)  evolutionary  history  in  A  and  C  based  on  Ensembl.  C:  Isoelectric  points  of  TFs  showing  overall  increase.  D:
Correlation  between promoter  GC-content  and  TF isoelectric  points.  E,  F:  Location  of  Aves  (outlier)  is  separate  from mammals  and amphibians
(P=0.3204), but points for Reptilia are very close to fitted line (PCC=0.9084). G: Promoter GC-content in top 10 gene families (Supplementary Table
S4). H: Trend in promoter GC-content in top 20 gene families (Supplementary Table S4). I: Trend in TF isoelectric points in top 20 gene families
(Supplementary  Table  S4).  Correlations  between promoter  GC-content  and  TF isoelectric  points  show consensus  at  genome scale  and in  gene
families. Overall, in evolution of animals, promoter and TF signatures showed synchronous increase and strong correlation.
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increased (Figure  2A)  in  almost  all  categories  (except  Aves).
Following  convention,  we  use  TFs  hereafter  to  refer  to  TFs
and TF-cofactors if not otherwise specified. We next estimated
the  changes  in  the  isoelectric  points  of  TFs  during  the  same
evolutionary  process  described  above  and  found  that
isoelectric  points  showed  an  overall  increasing  trend
(Figure  2C).  In  particular,  the  isoelectric  points  of  mammals
exhibited a strong monotonic trend.
Figure  2A,  C  showed  a  similar  trend.  Therefore,  we

explored  the  relationship  between  promoter  GC-content  and
TF isoelectric points using a scatter diagram. Results showed
a  strong  positive  correlation  between  promoter  GC-content
(Figure  2A)  and  TF  isoelectric  points  (Figure  2C)  in  animal
cells,  with  a  Pearson  correlation  coefficient  (PCC)  of  0.8141
and  P-value  of  0.0007  using  two-tailed  t-test  (Figure  2D).
Observation  revealed  that  the  points  for  Aves  diverged
markedly  from the global  trajectory  in Figure 2A,  C.  We then
analyzed  the  relationship  between  promoter  GC-content  and
TF  isoelectric  points  in  the  Amphibia,  Aves,  and  Mammalia
group.  The  scatter  diagram  (Figure  2E)  showed  clear
separation  of  Aves  (outlier)  from  Mammalia  and  Amphibia.
Subsequently,  we  combined  Amphibia,  Reptilia,  and
Mammalia  as  a  hypothetical  evolutionary  lineage  and
investigated  the  relationship  between  promoter  GC-content
and TF isoelectric points. Results (Figure 2F) showed that the
Reptilia  point  was  close  to  the  fitted  line  (PCC=0.9084,
P=0.0018).  Regression  analysis  of  promoter  GC-content  and
TF  isoelectric  points  provided  additional  evidence  that
mammals more likely evolved from reptiles than from birds, as
reported  in  previous  research  (Janes  et  al.,  2010),  thus
supporting the correlation between the two signatures.
We further explored the evolutionary trajectories of promoter

GC-content and TF isoelectric points in both gene families and
genes.  Results  showed  that  gene  families  and  major  genes
exhibited  similar  evolutionary  trends  and  correlations  in
promoter  and  TF  signatures  at  the  genome  scale
(Figure  2G–I;  Supplementary  Figure  S1  and  Tables  S4,  S5).
Thus, promoter and TF signatures in animal cells displayed a
synchronous  increase  with  strong  correlations  during
evolution.

 Decreased evolution of plant promoter and TF signatures
We also  explored  the  relationship  between  promoter  and  TF
signatures in 223 plant species categorized by evolution. The
phylogenetic  tree  of  these  plant  categories  is  shown  in
Figure  3C.  Due  to  the  absence  of  gymnosperm  data  in  the
benchmark databases,  angiosperm species were divided into
three  sub-groups,  i.e.,  lower,  medium,  and  higher
angiosperms,  to  increase  the  number  of  evolutionary
categories.
By tracking the trend of  promoter  GC-content  in  plant  cells

(62 plant species), we unexpectedly found an overall decrease
in  GC-content  (Figure  3A),  opposite  to  the  trend  found  in
animal cells. In addition, the TF isoelectric point trends in 161
plant  species  (Algae  to  Angiosperm)  showed  an  overall
decrease  in  the  isoelectric  point  curve  (Figure  3B),  similar  to
the  trend  found  for  promoter  GC-content  (Figure  3A).
Analyzing  the  scatter  diagram (Figure  3D)  between promoter
GC-content  and  TF  isoelectric  points,  we  found  a  strong
positive correlation (PCC=0.9357, P=0.0061) between all plant

categories  and  an  equally  strong  positive  correlation
(PCC=0.9357)  in  the  Algae,  Pteridophyta,  and  Angiosperm
group,  indicating  that  both  Pteridophyta  and  Bryophyta  may
evolve  directly  from  Algae  rather  than  Pteridophyta  evolves
from  Bryophyta.  The  evolution  of  TFs  in  gene  families
(Supplementary  Table  S6)  also  showed  a  similar  isoelectric
point trajectory at the genome scale (Figure 3F, G). Together,
promoter  GC-content  and  TF  isoelectric  point,  as  signatures
accompanying  biological  evolution,  exhibited  a  downward
trend in plant cells.

 Coevolution between promoters and TFs
Molecular  evolution  is  a  fundamental  driver  of  genetic
divergence,  ontogenesis,  and  ongoing  trait  evolution  in
species (Cui et al.,  2021; Yang et al.,  2021). Billions of years
of  interactions  between  promoters  and  TFs  have  potentially
driven  their  coevolution.  Our  results  showed  that  paired
promoter  and  TF  signatures  accompanying  evolutionary
processes  monotonically  increased  in  animal  cells  but
decreased  in  plant  cells,  reflecting  different  evolutionary
trajectories  of  promoters  and  TFs  in  the  evolution  of  animals
and  plants.  The  strong  correlation  between  promoter  and  TF
signatures  suggests  that  promoters  and  TFs  formed
coevolutionary relationships in plant and animal evolution.
In animal cells (Figure 4A, B), promoter GC-content clearly

increased  during  the  evolutionary  process.  In  this  case,
promoter  region  strands  tend  to  be  harder  to  unwind  and
transcribe  because:  (1)  GC  pairs  contain  three  hydrogen
bonds while AT pairs contain only two bonds; and (2) GC-rich
regions  typically  contribute  to  the  base  stacking  of  adjacent
bases and therefore block interactions between promoters and
TFs (Yakovchuk et al., 2006). The evolutionary increase in the
isoelectric  points  of  TFs  suggests  that  TFs  carried  stronger
positive  electrical  charges  during  animal  evolution,  thus
providing  more  opportunities  to  trigger  interactions  with
promoters,  as  DNA  molecules  exhibit  an  intrinsic  negative
charge on their double-helix backbone (Fritz et al., 2002). The
opposite charges between TFs and DNA molecules increased
their  attraction  and  interactions  with  each  other.  Thus,
promoters  protected  double-strand  DNA  from  TF  unwinding
and  transcription  by  increasing  promoter  GC-content.  In
contrast,  TFs strengthened their  own ability to bind to TFBSs
by  increasing  their  positive  electrical  properties.  These
findings  provide  potential  evidence  for  parasitism  and
mutualism  between  promoters  and  TFs.  Thus,  the  selective
pressures of their physicochemical properties may have driven
an  evolutionary  arms  race  between  promoters  and  TFs,
namely an antagonistic coevolutionary relationship.
In contrast to animal cells, promoter GC-content showed an

overall  decrease  in  plant  cells  (Figure  4C,  D).  This  decrease
may  be  beneficial  for  TF  function  during  transcription.
Interestingly,  the  positive  electrical  property  of  TFs  was
weaker, showing a similar trend as promoter GC-content. The
simultaneous  weakening  of  promoter  stability  and  TF  activity
may  benefit  both  partners,  thus  retaining  symbiotic  evolution
of  molecules  in  plant  cells.  Taken  together,  the  altruistic
interactions  between  promoters  and  TFs  resulted  in  the
mutualistic coevolution in plant cells.
Overall,  promoters  and  TFs  showed  an  antagonistic

coevolutionary  relationship  induced  by  syntropic  changes  in
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promoter  and  TF  signatures  in  animal  cells,  but  exhibited  a
mutualistic  coevolutionary  relationship  due  to  the  altruistic
features of their signatures in plant cells.

 DISCUSSION

Our  extensive  analysis  of  multi-omics  sequences  of  animal
and  plant  species  revealed  several  intriguing  patterns.
Promoter GC-content and TF isoelectric points, as signatures

accompanying  biological  evolution,  showed  a  continuing
increase in  animal  cells  but  a decreasing trend in  plant  cells.
The evolutionary trajectories of promoter and TF signatures in
the  animal  kingdom  provide  further  evidence  that  Mammalia
as  well  as  Aves  evolved  directly  from a  common ancestor  in
Reptilia.  In  addition,  the  strong  correlation  between  promoter
and TF signatures suggested that promoters and TFs formed
an  antagonistic  coevolutionary  relationship  in  the  animal
kingdom,  but  a  mutualistic  coevolutionary  relationship  in  the

 

Figure 3  Trajectories and correlations of promoter GC-content and TF isoelectric points in plant evolution
A–C:  X-axes  share  the  same  plant  species  categories,  and  representative  logos  are  shown  in  order  in  C.  Numbers  to  the  right  of   “#”  indicate
number  of  species.  Phylogenetic  tree  in  C  of  plant  categories  shows  evolutionary  history  based  on  EnsemblPlants  (Kersey  et  al.,  2018).  Both
promoter GC-content and TF isoelectric points decreased overall (except in Bryophyta). A and B are characterized by a similar trend. D, E: Strong
positive  correlation  (PCC=0.9357)  between  promoter  GC-content  and  TF  isoelectric  points  in  all  plant  categories  and  strong  positive  correlation
(PCC=0.9835) in Algae, Pteridophyta, and Angiosperm group are shown, indicating that both Pteridophyta and Bryophyta may evolve directly from
Algae rather than Pteridophyta evolves from Bryophyta. F: Trend in TF isoelectric points in top 20 gene families (Supplementary Table S6). G: TF
isoelectric  points  in  top  10  gene  families  (Supplementary  Table  S6).  Overall,  in  evolution  of  plants,  promoter  and  TF  signatures  showed
synchronous changes and strong correlation.
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plant  kingdom.  Molecular  adaptation  (Guo  et  al.,  2021; Peng
et al., 2021) and evolution are fundamental drivers of species
genetic  divergence,  ontogenesis,  and  trait  evolution.  Due  to
the  vital  roles  of  promoters  and  TFs  in  transcriptional
regulation  in  eukaryotic  cells,  the  distinct  evolutionary
trajectories and strong correlations in signatures may highlight
genetic  divergence  between  animals  and  plants  from  their
common  ancestor.  Under  natural  selection,  pervasive
antagonistic  coevolution  may  be  a  critical  pattern  and
important  driver  of  species  diversity  in  the  animal  kingdom
(~7.77  million  species  (Mora  et  al.,  2011;  Strain,  2011))
compared  to  the  plant  kingdom  (~298  000  species  (Mora  et
al.,  2011)).  These  results  provide  a  strong  basis  for  further
exploration of plant-animal evolution using conserved patterns
(Zhang et al., 2015, 2016, 2020), (co-)mutations (Zhang et al.,
2021b),  gene  regulatory  networks  (Dai  et  al.,  2020),  and
network  biomarkers  (Shi  et  al.,  2021,  2022;  Zhang  et  al.,
2021a).  This  study  not  only  provides  insights  into  the
interactions  between  promoters  and  TFs,  but  also  advances
our  understanding  of  plant-animal  divergence,  divergent
evolution and ecological diversity.

 DATA AVAILABILITY

The  raw  sequencing  data  reported  in  this  paper  were
deposited in the Ensembl (http://asia.ensembl.org/index.html),
EnsemblPlants  (http://plants.ensembl.org/index.html),
AnimalTFDB  (http://bioinfo.life.hust.edu.cn/AnimalTFDB#!/),
and  PlantTFDB  (http://planttfdb.cbi.pku.edu.cn/)  websites.
They  are  also  available  from  the  corresponding  author  upon
reasonable request.
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