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Abstract 

Histone H1s are basic nuclear proteins, which played key role in the binding of DNA and nucleosome, eventually 
the stability of eukaryotic chromatin. In most species, H1s possess an evolutionarily conserved nucleosome-DNA 
binding globular domain (GH1), which is conserved between species, especially in mammals. However, there is lim-
ited information on the phylogeny, structure and function of H1s in poplar. In the present research, 21 GH1-contain-
ing proteins found in Populus trichocarpa were classified into three subgroups (H1s, Myb (SANK) GH1 and AT-hook 
GH1) based on their domains. The Populus H1 proteins contained lysine-rich N-, C-terminal tails and a conserved GH1 
domain, particularly the characteristic amino acids in the helix and strand structures of the five H1 subtypes. The phy-
logenetic and structure diversity analysis of GH1 proteins across different Populus species and model plants revealed 
three conserved subgroups with characteristic amino acids. The variation in the number of members across the five 
subtypes was consistent with the evolutionary relationships among Populus species. The conserved characteris-
tic amino acids among same Populus subtype can be served as markers for subtype identification. Furthermore, 
the abundance analysis of H1s in Populus indicated their unique functions in young tissues and stages, which may 
be related to DNA methylation. The consistent expression pattern of H1 across Populus species was in accordance 
with collinearity pairs. Present analyses provided valuable information on the diversity and evolution of H1s in Populus, 
advocating further research of H1s in plants.
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Introduction
Eukaryotic DNA packed with histones in nucleosomes, 
constitutes the basic chromatin organization that shapes 
the 3-dimensional structure of the genome and gene 
expression [1]. Unlike the core histones (H2A, H2B, H3 
and H4), histone H1 links the nucleosomes to DNA and 
protects the linkage of linker DNA and nucleosomes 
[2, 3]. Linker histones (H1s) bind to nucleosomes via 

electrostatic interactions, is essential for the stabiliza-
tion of eukaryotic chromatin structure, and folding and 
compaction dynamics of nucleosome [4, 5]. Histone H1, 
conserved in higher eukaryotes, contains a tripartite 
structure including a conserved central globular domain 
(GD), a short N-terminal domain (NTD) and a long 
C-terminal domain (CTD) [6]. Unlike core histones, H1 
is often highly variable in terms of the number of variants 
(or subtypes), and sequence divergence among different 
eukaryotes, or cell types [7]. For instance, 12 H1 variants 
with different expression patterns have been reported in 
different tissue/ cell types in human and mice [1, 8]. The 
distribution density of H1s and the binding or unbind-
ing status of H1s and DNA, in particular, broadly affect 
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the opening/ closing dynamics of chromatin accessible 
regions and regulate gene expression [9, 10].

In plants, the subtypes and functions of different H1s 
have been studied. Three Arabidopsis H1s harbored a 
conserved GD, similar to those in animals, but displayed 
low sequence similarity among the subtypes (H1-1, H1-2 
and H1-3) [11]. Five linker histones identified in castor 
bean presented conserved structure (GD) but different 
sequences [12]. Plant H1s can also regulate gene expres-
sion and plant growth through epigenetic mechanisms. 
In Arabidopsis, H1 regulates transcriptional silencing 
of genes and transposable elements (TEs) by targeting 
methylated DNA sequences, altering nucleosome organi-
zation, and modifying the methylation levels of TEs [13, 
14]. H1s can assist H2A.W in promoting chromatin com-
paction, maintaining the density of heterochromatin, and 
preventing DNA methylation in Arabidopsis [15], while 
its deficiency affects seed dormancy, flowering time, lat-
eral root formation, stomata development, and callus 
formation, mediated by influence heterochromatin struc-
ture, histone acetylation, and methylation [16]. Overex-
pression of Arabidopsis H1 in tobacco induced chromatin 
structural changes, affecting genes associated with devel-
opmental processes [17].

H1 histones also play important roles in plants under 
stress conditions. The function of different H1 subtypes 
are various. The interaction between Pin1 and histone 
H1 can regulate the residence time of phosphorylation 
to affect the stabilization of chromatin, which plays an 
important role in pathogen response [18]. Loss of H1s 
can activate pericentromeric highly DNA-methylated 
TEs under heat stress to influence plant heat stress resist-
ance [19]. H1.3 (a subclass of minor H1 variants), is 
required for DNA methylation and stomatal functioning 
under normal or water-deficient conditions [4]. In addi-
tion to growth regulation and stress response, H1s are 
involved in the plant reproductive development. The his-
tone H1 depletion during Arabidopsis male gametogene-
sis leads to activation of TEs by relaxing heterochromatin 
through DEMETER-directed DNA demethylation [20]. 
Histone H1 can influence gene imprinting in Arabidopsis 
via DNA methylation changes in gene promoter regions 
(MEA, FWA, FIS2) in the endosperm [21]. The suppres-
sion of H1 expression in Arabidopsis can influence DNA 
methylation patterns and heritable development [22].

There are numerous evidences on the importance of 
histone H1, which varied among subtype the subtypes, 
however, limited information is available on features of 
linker proteins between different species. Genome-wide 
identification and characterization analysis was an effec-
tive method to begin exploring the subtypes and func-
tions of linker proteins, which are structurally conserved, 
but differ in types, numbers, and functions [23]. Poplar, 

a model tree species, possess significant economic and 
ecological values, including fiber, timber, biofuel, biore-
mediation, and animal feed [24]. In this study, we iden-
tified 21 GH1 domain proteins in P. trichocarpa, which 
were grouped into three subtypes, similar to Arabidop-
sis thaliana homologs. The distribution of GH1 members 
across different Populus species (39 in Populus euphra-
tica, 44 in Populus alba, 39 in Populus tomentosa, 23 in 
Populus deltoids) was consistent with plant evolution. 
The H1 showed higher abundance of hydrophilic amino 
acids (Lys and His) in GD, especially between helices 
and strands and variability among H1 members, which 
ensured their function in DNA binding. All poplar spe-
cies contained five H1 subtypes with characteristic rec-
ognition sites, however these may be associated with 
distinct functions. The expression analysis revealed role 
of H1s in plant primary growth, which may be associated 
with cell division proliferation and DNA methylation. 
Overall this study provides several insights into different 
aspects of poplar H1s, advocating further investigations 
into the functions of H1s in plants.

Results
Genome‑wide identification and characterization 
of histone H1 proteins in P. trichocarpa
Genome-wide similarity search of P. trichocarpa using 
Arabidopsis H1 proteins identified 21 P. trichocarpa pro-
teins containing the conserved GH1 domains (Table 1). In 
addition to the GH1 domain, AT-hook and Myb domains 
were also present and used for sub-categorization of 
some GH1 proteins. The P. trichocarpa 21 GH1 proteins 
were classified into three subgroups, i) H1 subgroup (9 
members) containing conserved GH1 domain, flanked 
by unstructured NTD and CTD tail, typical structure of 
H1, except protein Potri.005G069700 with long CTD, ii). 
Myb (SANK) GH1 subgroup (6 members) containing an 
additional Myb (SANK) domain in the NTD and a Coiled 
Coil domain in the CTD, and iii). AT-hook GH1 sub-
group (6 members) containing multiple (5–8) AT-hook 
motifs in the CTD along with the GH1 domains towards 
NTD (Fig. 1, Table 1).

To explore the DNA binding function of GH1 domain 
in linker histone, the structure features of identified GH1 
proteins were analyzed. All the GH1 proteins contained 
GH1 domain ranged from 70 to 72 amino acids in length 
(Table  1). The sequence analysis of P. trichocarpa GH1 
proteins and the representative protein 3D structure 
revealed the presence of three Helixes (Helix I, II and 
III) and β-strand, which were typical characteristic of the 
GH1 domain in linker histones (Figs.  1, and  2). At the 
junctions between helices and strands, many hydrophilic 
amino acids were detected. The conserved His5 (Helix 
I) and His38 (Helix II) (as screen in Potri.002G043100) 
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were located near the duplex DNA, consistent with the 
recognized helix and strand structure in the GH1 model 
(Fig.  1A, FigS1). Additionally, conserved basic residues 
such as Lys20 and Lys22 (β-strand), Lys32 (Helix II), and 
Lys37 (3’ end of Helix II), Lys49 and Lys56 (Helix III), 
Lys66 and Lys73 (β-hairpin) were identified in the H1 of 
P. trichocarpa (Fig. 1A, FigS1). The 3D model of the GH1 
domain showed that all conserved residues were located 
on the surface (FigS1C), facilitating DNA binding of H1. 
The GH1 domains of other two GH1 subgroup proteins 
contained fewer conserved residues, even with no con-
served residues (Fig. 1A).

Except for the long GH1 protein Potri.005G069700, 
sequence analysis identified only 8 H1 proteins contain-
ing lysine-rich NTD and CTD (mostly over 30%), which 
may facilitate their DNA-binding function. The lower 
lysine content in Myb (SANK) GH1 and AT-hook GH1 
may be insufficient for the DNA-binding function of the 
GH1 domain (Table 1).

A neighbor-joining (NJ) phylogenetic tree was con-
structed by aligning the protein sequences of 21 GH1 
protein domains from P. trichocarpa (Fig.  1). Except 

for the long GH1 protein Potri.005G069700, the other 
GH1 proteins were placed into three subgroups, i) eight 
H1 typical GH1 domain proteins, ii) six Myb (SANK) 
GH1 proteins, iii) six AT-hook GH1 proteins (Fig.  1B). 
Based on the evidence above, we considered the 8 GH1 
domain contained to be the true linker histone H1s in 
P. trichocarpa. The distinct separation in phylogeny and 
structure of these GH1 domain proteins indicated the 
differentiation of H1, Myb (SANK) GH1 and AT-hook 
GH1, aiding in the identification of linker histones.

Variability of histone H1 proteins among different Populus 
species
To investigate the extent of divergence of histone H1 
proteins in Populus, the GH1 proteins were also identi-
fied in P. euphratica, P. alba, P. tomentosa and P. del-
toids (Table  S1). The lengths of GH1 domains ranged 
from over 50 to less than 72 amino acids in Populus spe-
cies (Table  S1). Full-length sequences of 166 Populus 
GH1 proteins (39 in P. euphratica, 44 in P. alba, 39 in P. 
tomentosa, and 23 in P. deltoids) and three Arabidopsis 
H1s were utilized to construct a maximum likelihood 

Fig. 1 Protein sequence alignment, phylogenetic tree, and domain structure display of GH1 domains in all GH1 proteins of P. trichocarpa. A 
Alignment of amino acid sequence of GH1 domains. The sites with asterisks or arrows above are the putative conserved basic binding sites of H1 
proteins. B Neighbor-joining phylogenetic tree and domain architecture of GH1 domain proteins in P. trichocarpa. Phylogenetic tree was built 
with protein sequences of GH1 domains of P. trichocarpa GH1 proteins using MEGA 5.05 (bootstrap values of 1,000 replicate). C 3D model 
and conserved binding residues (in red) in GH1 domain of Potri.002G043100 using I-TASSER. Potri.002G043100 model was built using 4qlc.1.K 
template and 3.50 Å X-ray method with 0.39 sequence similarity, 0.26 coverage, 60–130 range
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(ML) phylogenetic tree, and classified into three main 
subgroups: H1s, Myb (SANK) GH1, and AT hook GH1, 
except abnormal H1 (FigS2). Similar subgroups were 
also identified in model plants (FigS3, Table  S2). The 
distribution of GH1 subgroups varied among Populus 
species. Key differences include that P. alba had a rela-
tively large number of AT—hook GH1s (25), while P. 
euphratica had a notably high count of Myb (SANK) 
GH1s (22). P. tomentosa had the most H1s (14) among 
the species mentioned. This diverse distribution of GH1 
proteins across Populus species may be related to their 

evolutionary history (FigS4), potentially indicating func-
tional differences among these species.

Sequence and phylogenetic analysis revealed that all 
Populus species possess abnormal H1 proteins, charac-
terized by a long C-terminal tail and low lysine content. 
The number of abnormal H1 variants varied among 
Populus species, with most species retaining one vari-
ant, except for P. alba (3 variants) and P. tomentosa (2 
variants) (Table  2). The abnormal H1 proteins formed 
distinct phylogenetic branches compared to typical H1 
proteins, highlighting their divergence (FigS2).

Fig. 2 Sequence and phylogeny analysis of H1 in Populus. A Maximum likelihood phylogenetic tree based on protein sequences of the GH1 
domain of Populus H1 proteins. B Amino acid sequence alignment of GH1 domains of Populus H1. The sites in the red boxes are conserved binding 
site residues in H1.1, the sites in the yellow boxes are conserved binding site residues in H1.2, the sites in the blue boxes are conserved binding site 
residues in H1.4, the sites in the green boxes are conserved binding site residues in H1.3, the sites in the orange boxes are conserved binding site 
residues in H1.5

Table 2 Different GH1 subgroups of different Populus species

Species Genome size (Mb) Myb 
(SANK) GH1

AT‑hook GH1 H1

H1.1 H1.2 H1.3 H1.4 H1.5 abnormal H1

Populus trichocarpa 434.29 6 6 2 1 2 2 1 1

Populus alba 416.99 25 7 2 2 2 2 1 3

Populus tomentosa 739.8 11 12 4 1 4 3 2 2

Populus deltoids 428.64 7 6 2 1 3 2 1 1

Populus euphratica 496.03 22 9 2 2 2 0 1 1
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Sequence analysis of Populus H1 identified the con-
served GH1 domain, which included three character-
istic helices and a β-strand structure (Fig.  2). The GH1 
domain sequences from five Populus species classified 
them into five distinct subtypes (Fig. 2). The Populus H1 
proteins were categorized into five variants, designated as 
H1.1, H1.2, H1.3, H1.4, and H1.5, with the exception of P. 
euphratica, which lacked H1.4 subtypes (Fig. 2, Table 2). 
H1.1, conserved in A. thaliana, was present in all Popu-
lus species. P. alba and P. euphratica had two H1.2, more 
than other species. H1.3, involved in plant abiotic stress 
responses, was unevenly distributed. H1.5 was rare in 
most Populus species, except P. tomentosa with the larg-
est genome.

Through sequence analysis, we identified conserved 
hydrophilic residues in the Populus GH1 domains 
(Fig.  2). The 10 putative DNA binding residues in the 
histone linker H1 identified in P. trichocarpa (Fig.  1A) 
were also conserved across H1.1 subtypes in different 
Populus species (Fig. 2). The number of these conserved 
H1.1 proteins varied among different Populus species: P. 
trichocarpa, P. alba, P. euphratica, and P. deltoids each 
had two H1.1 protein, while P. tomentosa had four. In 
addition to the conserved hydrophilic sites, characteris-
tic sites of H1.1, such as Glu8, Phe52, His53, and Gly68, 
were also identified (Fig.  2). The second group H1 pro-
teins in Populus had conserved Lys-/Arg- residues in 
helix II, helix III and the β-hairpin structure, but His5 
and Lys22 were replaced by Tyr5 and Arg22, respectively 
(Fig. 1, Fig. 2). The number of H1.2 proteins was low: P. 
trichocarpa, P. deltoids and P. tomentosa each had one, 
while P. alba and P. euphratica each had two. These H1.2 
proteins were identified by their characteristic sequences 
Ser5, Phe6, Val8, and Ser11 (Fig.  2). The forth group of 
H1 proteins were conserved, with His5, Lys22, and His32 
replaced by Tyr4, Arg21, and Gln37, respectively. All H1s 
in this group, except for those with missing sequences, 
had a mutation at the His32 site (Fig. 2). P. trichocarpa, 
P. deltoids, and P. alba each had two H1.4 proteins, while 
P. tomentosa had three (Table  2). They also had charac-
teristic conserved residues at Ser39 and Asn60 (Fig.  2). 
The third group of H1 proteins had a conserved substi-
tute of Lys38 for Asn39 (Fig.  2). All H1.3 proteins had 
lost sequences at the N-terminals and had a conserved 
substituted of Lys22 for Glu21. The number of H1.3 pro-
teins varied: P. euphratica, P. trichocarpa and P. alba con-
served each had two; P. deltoids had three, P. tomentosa 
had four. The characteristic sequences of H1.3 included 
Gln9, Asn19, Pro26, Tyr32, Met33, Ala39, Val40, Ile49, 
Asn56, Ser57, Ala58, Ile66, Arg67 and Ala68, which were 
highlighted in green boxes (Table  2). The fifth group of 
H1 proteins had substitutions of Leu4, Arg21, Arg31 
and Tyr37 for His5, Lys22, Lys32 and His38, respectively 

(Fig.  2). P. euphratica, P. trichocarpa, P. deltoids and P. 
alba each had one H1.5, while P. tomentosa had two 
(Table 2). The characteristic sequences of H1.5 included 
Leu4, Thr16, Pro27, Arg31, Ser44, Val49, Ser51, Glu61, 
Arg62, Cys66 (Fig. 2). The same H1 subtype in different 
Populus species may indicate conservation within spe-
cies. The variation in the number of different H1 subtypes 
among different Populus species may suggest evolution-
ary divergence (FigS4). The characteristic sequences in 
the coding regions of different H1 subtypes could serve 
as DNA markers for Populus (FigS5).

Collinearity analysis of P. trichocarpa H1 proteins
To detected the origin relationships of H1 from differ-
ent Populus species, we employed collinearity analysis 
involving the P. trichocarpa genome and across differ-
ent poplars. The intraspecific collinearity analysis of P. 
trichocarpa H1 predominantly distributed among mem-
bers of the same H1 subtypes. However, some collinearity 
pairs were also observed between H1.1, H1.2, H1.4 mem-
bers (FigS6). The ka/ks values between P. trichocarpa H1 
and their homologs from other Populus species were all 
less than 1, which indicated that these H1 homologous 
were undergoing purifying selection (negative selection) 
(Table S3). Based on the intergenetic collinearity analysis, 
H1 from five Populus species represented enriched col-
linearity relationships with P. trichocarpa H1 (Fig. 3). The 
collinearity analysis revealed a distinct pattern among 
H1 subtypes. Collinearity pairs were predominantly 
and uniformly enriched within the same H1 subtypes, 
indicating a high degree of genomic conservation at the 
subtype-level. This suggests that genes within the same 
H1 subtype may have evolved in a more coordinated 
manner. Moreover, we also observed the presence of col-
linearity pairs distributed across different H1 members, 
specifically among H1.1, H1.2, and H1.4. As detailed in 
Table  S3, these inter-subtype collinearity relationships 
imply complex evolutionary connections between these 
particular H1 variants.

Tissue‑specific expressional analyses of P. trichocarpa GH1 
proteins
We retrieved publicly available transcriptomic data to 
explore the expression profiles of histone H1 genes at 
different development stages and in various tissues in P. 
trichocarpa. As shown in Fig.  4 and Table  S4, the three 
subtypes of GH1 proteins exhibited distinct expression 
patterns, with H1s demonstrating higher expression lev-
els. H1.1, H1.2 and one H1.4 variant (Potri.010G076800) 
exhibited high expression levels across all the examined 
tissues. H1.3 displayed high expression levels in young 
plant tissues, particularly in dormant buds and young 
leaves. One H1.4 variant (Potri.008G162300) and H1.5 
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exhibited consistently low expression levels throughout 
the developmental stages, except in young leaves and 
root tips. The atypical H1 variant (Potri.005G069700) 
also exhibited low expression level across all tissues. The 
differential expression of histone genes was consistent 
with the subgroup members, especially H1.1, H1.2  and 
H1.3. The high enrichment in young tissues suggests that 
H1 plays a crucial role during periods of rapid growth. 
The main proteins related to DNA methylation also pre-
sented similar expression pattern during different tissues 
(FigS7).

Expressional analyses of H1 proteins in different Populus 
species
From the expression data of drought stress and recov-
ery treatment across different tissues of P. alba, we 
observed distinct expression patterns of H1 proteins 

(Fig.  5A). In general, histone H1 expression patterns 
showed distinct characteristics across different con-
ditions and species. In drought-recovery and nor-
mal tissues, certain H1 variants maintained stable 
low expression, such as one H1.2 (XP_034908057.1) 
and H1.5. Conversely, H1.1, H1.3, and one H1.4 
(XP_034930896.1) exhibited high expression levels. 
Additionally, one H1.4 (XP_034925135.1) and one H1.2 
(XP_034908059.1) accumulated under specific condi-
tions, suggesting specialized functions.

When considering species-specific H1 expressions, P. 
deltoids presented unique patterns. H1.1, H1.2, and two 
H1.3 variants were highly induced under biotic stress 
and in developmental tissues, particularly in active 
buds, indicating their crucial roles in early growth 
processes. Meanwhile, H1.5, one H1.3, one H1.4, and 
abnormal H1 showed low expression across various 

Fig. 3 Collinearity analysis of poplar H1. Orange bars represent chromosomes of P. trichocarpa, green and black represent chromosomes 
or scaffolds of other poplars. Red lines connect collinear H1 genes, and gray background lines represent all collinear gene pairs between genomes. 
Species names are marked on the left side of the chromosomes
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treatments. One H1.4 (Podel.10G072000.1.p) has low 
expression during the stress stage but accumulated in 
the early growth phase (Fig. 5B, Table S4).

In P. euphratica, one H1.1 (XP_011028747.1) and one 
H1.3 (XP_011043228.1) were induced by all treatments, 
highlighting their significance in both stress responses 
and development. XP_011025929.1 (H1.4) was highly 
induced in most cases, except in seeds. On the con-
trary, XP_011038552.1 (H1.2), XP_011042192.1 (H1.5), 
and abnormal H1 (XP_011031098.1) were inhibited. 
XP_011026031.1 (H1.1) and XP_011038551.1 (H1.2) 
had low expression levels, except in growth-stage tis-
sues. XP_011025929.1 (H1.3) accumulated during 
both stress and growth, and these expression changes 
implied differential gene functions (Fig. 5C, Table S4).

Expressional verification of poplar H1 proteins
To investigate whether H1 proteins respond to different 
stress and growth stage, we collected tissues from dif-
ferent growth stages and stress treatment samples of P. 
yunnanensis (which is evolutionary closely related to P. 
trichocarpa) [25], and analyzed the expression changes of 
eight H1 genes using qRT-PCR. As shown in Fig. 6A, six 
out of the eight H1 genes exhibited significant expression 
changes. In contrast to EF1(control), Poyun10755and 
Poyun30287showed no detectable expression during any 
of the experimental growth stages as represented of their 
homologs (Potri.002G199900, Potri.007G014200) in P. 

trichocarpa (Table S4, Table S5). Four H1 genes, includ-
ing Poyun12377(H1.1), Poyun13213 (H1.1), Poyun23177 
(H1.4) and Poyun24440 (H1.2) showed high expression 
levels during the pre-germinated bud stage. Poyun14213 
(H1.3) displayed differential expression across growth 
stages, with higher expression levels observed in young 
tissues. The expression of Poyun16041 (H1.4) was signif-
icantly higher during young stages, except in old leaves. 
All H1 genes were significantly induced by Abscisic Acid 
(ABA), except for Poyun10755 (H1.5, Fig. 6B). Under salt 
and cold stress conditions, the expression of most H1 
genes was significantly inhibited. With the exception of 
Poyun14213 (H1.3), the expression of most H1 genes was 
inhibited under drought stress. These results suggested 
that most H1 genes may play distinct roles in young 
growth stages, tissues, and stress responses at the tran-
scriptional level.

Discussion
Histone protein, H1 play key role in packing of DNA 
into nucleosomes and maintenance of the chromatin 
structure [4, 5]. Consistent with earlier analyses of linker 
histones in Arabidopsis and castor bean [12, 26], the sub-
groups of Populus GH1 proteins can be classified as H1s, 
Myb (SANK) GH1, and AT-hook GH1 (Fig. 1, Table S1). 
The subtype composition may be influenced by post-
translational modifications (PTMs), which modulates 
chromatin structure, and affects transcriptional status 

Fig. 4 Heatmap of expression profiles of GH1 proteins in P. trichocarpa. Expression data is based on  log2(FPKM) values from Phytozome 13. Female 
early: spring female plant; female late: winter female plant; male early: spring male plant; male mild: winter male plant; predormant bud 1: bud 
in winter; early dormant bud: bud in late winter; late dormant bud: bud in spring; fully open bud: bud in late spring; leaf first fully expanded: first 
opened leaves; leaf immature: normal growth leaves; leaf young: bottom leaves; root tip and root; stem node and stem
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of genes during normal and disease conditions in mam-
mals and plants [8, 27, 28]. The phylogenetic tree of P. 
trichocarpa GH1 proteins and other plants showed sub-
groups specific to H1s, Myb (SANK) GH1, and AT-hook 
GH1 related proteins (Fig.  1, Table  S1, FigS1). Further-
more, the classification of GH1 protein subtypes also 
suggested conserved nature of H1 proteins across differ-
ent plant genera (FigS2, FigS3, Table S2).

The analyses of protein sequences and conserved 
motifs revealed that all GH1 proteins and H1s harbored 
GH1 domain, which was relatively conserved during 
plant evolution (FigS3). The H1 proteins showed same 
domain architecture as in other eukaryotes [29]. In addi-
tion to the conserved GH1 domains, Populus H1s showed 
diversity in N- terminal and low complexity domains 
C- terminals. The N-terminal and C-terminal regions of 
Populus H1s play crucial roles in the protein’s interaction 

Fig. 5 Heatmap of expression profiles of H1s in P. alba (A), P. deltoids (B) and P. euphratica (C). Expression data was obtained from RNA-seq analysis 
using raw data from the NCBI database with accession numbers reported in reference articles. Log2(FPKM) values were used for the heatmap
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with DNA. The observed diversity in these regions is 
likely to be associated with the kinetic properties of DNA 
binding, which may lead to variations in how quickly and 
tightly the H1 proteins bind to DNA [29].

The long GH1 protein Potri.005G069700, with low 
lysine content, a long C-terminal tail, and aberrant 
DNA binding subunits (Table  1, Fig.  2), may belong to 
a special category of H1, which may be evolutionar-
ily important across all Populus species. These aberrant 
H1 proteins were generally maintained as a single copy 
among the Populus species, except P. alba (3 aberrant 
H1s) and P. tomentosa (2 aberrant H1s) (FigS2, Table S1). 
The significance of aberrant H1 proteins required further 
investigation.

Compared to the GH1 domain proteins found in Arabi-
dopsis, a significantly higher number of 21 GH1 proteins 
were identified in P. trichocarpa [22, 26], which may be 
related to certain evolutionary events (Table 1). Presence 
of similar number of GH1 proteins in P. trichocarpa (21) 

and P. deltoids (23) reflected their close evolutionary rela-
tionship (Table  2, FigS4). These findings supported the 
prevailing view that H1 domain proteins have evolved 
throughout plant evolution [25, 26]. Moreover, the num-
ber of H1 proteins also showed copy number variations 
during the course of evolution, as P. tomentosa harbored 
the maximum number of H1 proteins, which is consist-
ent with its evolutionary position and triploid back-
ground (Table 2, FigS4) [25, 30]. P. trichocarpa, P.deltoids 
and P.alba shared a similar evolutionary relationship and 
possessed a similar number of H1 proteins, particularly 
H1.1, H1.4, and H1.5 (Table 2, FigS4) [25]. P. euphratica 
had lost H1.4, possibly due to its distinct evolutionary 
trajectory within the Populus genus. As shown in Table 2 
and Figure  S4, P. euphratica has diverged more signifi-
cantly from other Populus species compared to the rest 
of the group. Another contributing factor to this genomic 
variation might be the relatively low conservation level 
of H1 proteins. Previous research has indicated that H1 

Fig. 6 Relative expression pattern of H1 in P. yunnanensis. A Relative expression pattern of H1 on different growth stages in P. yunnanensis. B Relative 
expression pattern of H1 under different stress and treatment in P. yunnanensis. EF1 (Poyun37990) was used as an internal control. Data are means 
of three biological replicates, and error bars represent ± SE from three independent experiments, each performed with 2–3 leaves from three 
separate plants. Asterisks denote significant differences determined by the LSD test. Specifically, * indicates p < 0.05 (significant difference), and ** 
indicates p < 0.01 (highly significant difference)
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proteins exhibit a lower degree of sequence conservation 
across different organisms [31]. H1 variants are impor-
tant for organizing of higher-order chromatin structures, 
which suggesting the functional differentiation accord-
ing to the differential number of H1 proteins in poplar 
[32]. The differential distribution of GH1 proteins among 
model plants was consistent with their diverse evolution-
ary histories (Table S2) [26].

Based on the sequence analysis, the H1 proteins of 
Populus can be classified into five subtypes H1.1, H1.2, 
H1.3, H1.4 and H1.5. H1.1 and H1.3, which shared 
same branches with A. thaliana, were named based 
on the classification and nomenclature in A. thaliana 
(FigS2) [26]. Although, the number of H1 subtypes var-
ied among different Populus species, the structure and 
hydrophilic amino acids were conserved. At the junc-
tions between helices and strands, hydrophilic amino 
acids play a crucial role in DNA binding [33]. All H1.1 
subtypes had conserved hydrophilic amino acids (Lys- 
residues) and recognition sites (His-) (Fig. 2). The H1.2, 
H1.3, H1.4 and H1.5 subtypes also conserved contained 
hydrophilic amino acids. Compared to H1.1 subtype, 
residues within the same subtype members were sub-
stituted with the same hydrophilic amino acids (Fig.  2). 
The conserved characteristic residues have been identi-
fied among same subtype members of Populus species, 
such as four conserved amino acids in H1.1 and H1.2 
subtypes, two hydrophilic amino acids in H1.4 subtypes, 
more than 10 conserved amino acid sites in H1.3 and 
H1.5 subtypes (Fig. 2). Higher content positively charged 
residues of H1s were required during the DNA binding 
of H1 [32]. The characteristic amino acids involved in 
same H1 subtypes can be used as DNA markers in Pop-
ulus (Fig.  2, FigS5). Gene duplication events are always 
associated with evolution in plant, collinearity analysis of 
H1 revealed the origins and duplication events, particu-
larly among members of same H1 subtype members in P. 
trichocarpa. The enriched collinearity relationship mem-
bers were also highly expression during different tissues 
and stress treatment (Fig. 3, FigS6, Table S4).

Assessing relapse after chemotherapy through the 
quantitative analysis of histone H1 variants suggesting 
that protein abundance may infer their function [34]. In 
this study, H1 proteins of different Populus species exhib-
ited extremely variable expression across various tissues 
and development stages (Fig.  4–6, Table  S4). Most H1 
proteins (H1.1, H1.2 and H1.3) maintained high expres-
sion levels across different tissues, particularly in young 
plant tissues, which were similarity to those observed in 
cucumbers [35]. The atypical H1 maintained low expres-
sion levels across all tissues and during stress treatments. 
Under biotic stress, H1.3 played a lesser role compared 
to its role during plant growth and abiotic stress, as 

observed in Arabidopsis [4]. The low expression level of 
atypical H1 and H1.4 across different Populus species and 
treatments may be related to the number of evolutionary 
subtypes [25]. These results suggested the various func-
tions of different H1 proteins during different tissue and 
stress treatment. The activated H1 members reported on 
other plants were also active across Populus genomes, 
revealing their evolutionary similarities (Fig. 6) [36].

The differential expression level of different H1 mem-
bers may be involved in modulating differential bind-
ing affinity or related to differential cellular regulation 
[29, 37]. The PTM sites of H1s (located in GH domain 
and tails) for phosphorylation, acetylation, methylation, 
ubiquitination, and ADP-ribosylation, regulate the func-
tion of linker histones [38]. The activity of major DNA 
methylation enzymes, such as cytosine-specific methyl 
transferase (CMT2, CMT3) and DNA cytosine-5-meth-
yltransferase 3-related (DRM2) were induced in the 
young tissues and development stages (FigS7) [39]. The 
nucleus location of histones and their expression in the 
centromere of cucumber imply their regulation function 
[35]. The abundance of DNA cytosine-5 methyl trans-
ferase (DNMT), and lysine-specific histone demethylase 
(LSD1) were significantly increased during young tis-
sues (predormant bud, young leaf, root tip etc.). These 
results suggested the role of H1s in rapid growth stages, 
which may be related to DNA methylation (FigS7) [40]. 
Beyond the immediate connection with DNA methyla-
tion in rapid growth, histone variant modifications have 
broader implications. Histone variant sequence modifi-
cations and their expression levels are not only essential 
for maintaining chromosomal integrity but also have a 
profound impact on damaged chromatin dynamics [41]. 
In the context of Populus evolution, the variations in the 
number and expression of H1s tell a complex story. They 
are not merely numerical or expression-level changes; 
instead, they serve as a molecular record of the species’ 
evolutionary journey. This work not only enhances our 
knowledge of H1s in plants, but also paves the way for 
future research on epigenetic regulation, with potential 
applications in plant breeding and genetic engineering.

Materials and methods
Identification of GH1 proteins
Genome data of P. trichocarpa (black cottonwood), P. 
euphratica (Euphrates poplar), P. alba (white poplar), P. 
tomentosa (Chinese white poplar) and P. deltoides (eud-
icots) were obtained from the Genome data of NCBI 
(https:// www. ncbi. nlm. nih. gov/ genom e/? term= Popul us). 
The genome data of P. yunnanensis were obtained from 
the National Genomics Data Center (NGDC, https:// ngdc. 
cncb. ac. cn) with accession number PRJCA010101 [25]. 
Histone H1 proteins from Arabidopsis were obtained from 

http://www.ncbi.nlm.nih.gov/genome/?term=Populus
https://ngdc.cncb.ac.cn
https://ngdc.cncb.ac.cn
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the Arabidopsis Information Resource (TAIR, https:// 
www. arabi dopsis. org) using the known genes [22, 26, 42].

Sequence similarity searches for P. trichocarpa were 
performed using the BLASTP function of the standalone 
BLAST + tool (NCBI-blast-2.7.1 +) with Arabidopsis H1 
proteins (At1g06760, At2g30620, and At2g18050) [43]. 
P. trichocarpa H1 proteins containing conversed domain 
sequences were used as queries to identify potential Pop-
ulus proteins in P. euphratica, P. alba, P. tomentosa and P. 
deltoids with a maximum E-value of 1e-5 (Table S1). The 
lysine content of histone H1 and terminal domains was 
calculated using ProtParam (http:// us. expasy. org/ tools/ 
protp aram. html). Subcellular location predictions were 
obtained using WoLF PSORT [44].

Phylogenetic analysis of GH1 proteins and Populus species
The phylogenetic tree of GH1 domain proteins in 
P. trichocarpa was constructed using their protein 
sequences of GH1 domains in MEGA 5.05 (http:// www. 
megas oftwa re. net/ histo ry. php) with neighbor-joining 
(NJ) method. The phylogenetic tree of H1 proteins in 
various Populus species was constructed in MEGA 5.05 
using the ML method with the protein sequences of their 
GH1 domains [45, 46]. The phylogenetic tree of H1 pro-
teins from represent plants was constructed in MEGA 
5.05 using the ML method with their whole length pro-
tein sequences. The bootstrap values reported for each 
branch represented the percentage of 1,000 replicate 
trees that included that branch. The rooted species tree of 
Populus was obtained by the OrthoFinder method with 
species orthologs, which revealed the evolutionary rela-
tionship of Populus species [47]. The collinearity analysis 
of H1 coding genes was obtained by TBtools [48].

Protein structure and conserved motif analysis of GH1
The functional domains of Populus H1 sequences were 
analyzed using SMART (http:// smart. embl- heide lberg. 
de/). The lysine content of P. trichocarpa H1 sequences 
was calculated using ExPaSy (https:// www. expasy. org/) 
[49]. The protein model was constructed using I-TASSER 
[50]. The most similarity template was used to build 3D 
models, such as 4qlc.1.K template of Potri.002G043100.

Expression patterns of H1 genes in different Populus species
P. trichocarpa transcriptome data were obtained from 
Phytozome 13 (https:// phyto zome- next. jgi. doe. gov/). The 
data was utilized to analyze the expression profiles of P. 
trichocarpa H1 genes across various developmental stages 
(spring, winter female and male plants) and tissues (bud 
(predormant, early dormant, late dormant and fully open), 
leaf (first fully, immature and young), root (tip and whole), 
stem (node and whole)).

The transcriptome FastQ data of various Populus spe-
cies were download with SRA-Explorer using their acces-
sion number reported in the articles (https:// sra- explo 
rer. info) [51–61]. To compare the expression of H1 genes 
across different Populus species under various stress, we 
compared the transcriptome data to their background 
genomes. Transcript reconstruction was performed using 
hisat2 software [62] following alignment with Samtools. 
The merging of assembled read partitions was evaluated 
using StringTie [63]. The expression levels of each gene 
were quantified and normalized using Fragments Per 
Kilobase of transcript per Million mapped reads (FPKM). 
The expression heatmaps were constructed based on the 
 Log2 values of the FPKM.

qRT‑PCR assays
The P. yunnanensis materials were collected from Kun-
ming  (E102。74N25。17), and were well grown in the cul-
ture room of Southwest Forestry University, Kunming, 
under natural conditions. Fresh and healthy dormant 
buds (late dormant, germinated bud), leaf (unexpanded, 
young, old), stems (young, old), roots (germinated, 
young) were collected. For stress treatment: 200  mM 
NaCl was added for the salt treatment; plants were 
subjected to 24  h 4℃ for the cold treatment; 1  weeks 
no-water treatment was executed for the drought treat-
ment; 100 mM ABA was added for the ABA treatment, 
following the previously reported treatment methods 
[64]. Total RNAs were extracted from different tissues 
of P. yunnanensis using the RNAprep Pure Plant Plus 
Kit (Cat. DP441, Tiangen, Beijing, China), following the 
manufacturer’s instructions. 1 μg RNA was treated with 
DNaseI and reverse-transcribed with oligo (dT) and the 
PrimeScriptTMRT reagent Kit (Takara, Japan). The rela-
tive expression levels of individual genes were measured 
using gene-specific primers by real-time quantitative 
PCR (qRT-PCR) analysis, carried out in a 20 μL reaction 
mix containing 1 μL of diluted cDNA template and SYBR 
Premix Ex TaqII (Takara, Japan) on a Bio-Rad CFX96. 
The elongation factor 1-alpha (EF1) gene (Poyun37990, 
homolog of Potri.009G018600) served as the internal 
control [65]. The internal control and data analysis were 
conducted according to previously reported methods 
[64]. The primer sequences used for qRT-PCR are listed 
in Table S6.

Conclusions
The study aimed to understand the structure, evolution, 
and function of GH1 proteins and H1s in Populus. Phyloge-
netic analysis classified GH1 members into three variants, 
and five H1 subtypes were identified with characteristic 

https://www.arabidopsis.org
https://www.arabidopsis.org
http://us.expasy.org/tools/protparam.html
http://us.expasy.org/tools/protparam.html
http://www.megasoftware.net/history.php
http://www.megasoftware.net/history.php
http://smart.embl-heidelberg.de/
http://smart.embl-heidelberg.de/
https://www.expasy.org/
https://phytozome-next.jgi.doe.gov/
https://sra-explorer.info
https://sra-explorer.info
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amino acids for subgroup distinction. The characteristic 
amino acids of Populus H1 subtypes can serve as markers 
for subgroup distinction, enhancing our understanding of 
H1s’ evolutionary relationships and structural conserva-
tion. Expression analysis showed functional differentiation 
of H1s in primary growth and DNA methylation regula-
tion, indicating specialized roles in Populus development. 
DNA methylation was found crucial for H1s’ function 
in tissue development and stress responses. Future work 
should focus on leveraging the identified characteristic 
markers for more accurate H1 subtype identification in 
Populus. Additionally, experiments on these subtypes will 
further clarify their functions in primary growth and DNA 
methylation. These efforts will not only deepen our under-
standing of H1s in Populus but also lay a foundation for 
broader research on H1s across the plant kingdom.
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