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ABSTRACT

Physarum polycephalum belongs to Mycetozoans, a
phylogenetic clade apart from the animal, plant and
fungus kingdoms. Histones are nuclear proteins in-
volved in genome organization and regulation and
are among the most evolutionary conserved proteins
within eukaryotes. Therefore, this raises the ques-
tion of their conservation in Physarum and the po-
sition of this organism within the eukaryotic phylo-
genic tree based on histone sequences. We carried
out a comprehensive study of histones in Physarum
polycephalum using genomic, transcriptomic and
molecular data. Our results allowed to identify the
different isoforms of the core histones H2A, H2B,
H3 and H4 which exhibit strong conservation of
amino acid residues previously identified as subject
to post-translational modifications. Furthermore, we
also identified the linker histone H1, the most diver-
gent histone, and characterized a large number of
its PTMs by mass spectrometry. We also performed
an in-depth investigation of histone genes and tran-
script structures. Histone proteins are highly con-
served in Physarum and their characterization will
contribute to a better understanding of the poly-
phyletic Mycetozoan group. Our data reinforce that P.
polycephalum is evolutionary closer to animals than
plants and located at the crown of the eukaryotic tree.
Our study provides new insights in the evolutionary
history of Physarum and eukaryote lineages.

INTRODUCTION

Chromatin consists of nucleosome arrays, with each nucle-
osome being composed of a central tetramer of H3/H4 hi-
stones flanked by two dimers of histones H2A-H2B. The
core histone octamer is wrapped by ∼147 bp of DNA to
form the nucleosome core (1). A fifth histone, the linker
histone or H1, binds to linker DNA entering/exiting the
nucleosome core and is involved in higher-order struc-
tures of chromatin to compact and organize DNA into
the nuclear space (2). Core histone proteins share a struc-
tured domain, the histone fold domain, which provides
an extensive dimerization interface between histone pro-
tein pairs and defines contacts to DNA. Core histone pro-
teins also contain unstructured N-terminal tails that me-
diate interactions within and between nucleosomes (3) and
are decorated by a broad range of post-translational mod-
ifications (PTMs) that serve as epigenetic modulators of
transcription.

Histones are highly conserved through eukaryotic evo-
lution. However, within the same organism, each histone
type can display several isoforms presenting differences
in their sequence, such as punctual amino acid changes,
insertions or deletions. The different isoforms are typi-
cally classified as canonical histones and variants; this clas-
sification is mainly defined based on their temporal ex-
pression during the cell cycle. Indeed, canonical histones
are largely synthesized during the S-phase in conjunction
with DNA replication while the histone variants are typ-
ically produced throughout the cell cycle (4). The tar-
geted incorporation of histone isoforms into nucleosomes
as well as the presence of PTMs on histone tails con-
tribute to define the epigenetic landscape. Since stoichio-
metric amounts of each histone type are required, their syn-
thesis, transport and incorporation need to be finely tuned.
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This control can be achieved at the level of 3′ end pro-
cessing of histone transcripts. Messenger RNAs undergo 3′
end processing with an endonucleolytic cleavage of the 3′-
untranslated region (UTR) downstream of the polyadeny-
lation signal (PAS) followed by the addition of a poly(A)
tail. All eukaryotic mRNAs follow this two-step process-
ing, except those of the animal canonical histones whose
3′ end processing is achieved via a stem-loop (SL) struc-
ture recognized by the stem-loop binding protein (SLBP)
and via a histone downstream element (HDE) recognized
by the U7 small nuclear RNA (snRNA) by base-pairing
(5). However, this 3′ end processing mechanism of canon-
ical histone transcripts is not found in yeast and plants
(5).

The Mycetozoans include a large variety of slime molds
and represent a divergent eukaryotic lineage from plants,
animals and fungi. The Myxomycetes are categorized in
five orders with Physarales (which include Physarum poly-
cephalum) constituting the largest order. Physarum poly-
cephalum displays a sophisticated life cycle comprising a
vegetative diploid stage and a haploid reproductive stage
as well as several other forms depending on the environ-
mental conditions (6). The vegetative stage is characterized
by a syncytium called plasmodium containing millions of
nuclei. This organism has been used in a wide range of
life science fields of studies, such as cognition (reviewed in
(7)), biophysics (8) and epigenetics (9) and was extensively
used in the 1980s for the study of the cell cycle (10) as well
as in cell and developmental biology (11). These studies
have brought to ask the fore important questions regard-
ing the position of P. polycephalum within the phylogenic
tree.

Here, we performed the first comprehensive study of P.
polycephalum histones. Although histones from this organ-
ism were first isolated in 1969 from nuclei (12), they were
only partially defined more than a decade later (13). In-
deed, while similarities were reported between Physarum
histones and histones from other model systems such as
calf thymus (13,14), these studies were lacked identification
of the various histone isoforms in Physarum. To address
this, we carried out a comprehensive analysis of the P. poly-
cephalum genome and transcriptomes to identify the vari-
ous histone isoforms. Phylogenetic analyses comprising his-
tone proteins from different organisms (animals, plants and
unicellular eukaryotes) allowed us to establish the position
of P. polycephalum in the tree of life. Moreover, comparative
analyses of histone protein sequences allowed the identifica-
tion of conserved residues harboring PTMs. In addition, we
determined transcript abundance at precise cell cycle stages
for all the genes encoding the Physarum putative histone
isoforms while a detailed analysis of histone transcript se-
quences to identify signatures for 3′ end processing revealed
that most histone mRNAs in Physarum contained a stem-
loop structure as well as a PAS. Our comprehensive char-
acterization of histones provides evidence that Physarum
polycephalum is positioned closer to animals in the eukary-
otic tree than previously appreciated, although this organ-
ism also displays characteristics specific to the plant king-
dom.

MATERIALS AND METHODS

Identification of Physarum genes, transcripts and proteins for
histones and other proteins

Genomic and transcriptomic sequences from Physarum
polycephalum were obtained from www.physarum-blast.
ovgu.de and from further published data (6,15). Protein
sequences from Homo sapiens, Mus musculus, Danio re-
rio, Drosophila melanogaster, Xenopus laevis, Caenorhabdi-
tis elegans, Amborella trichopoda, Arabidopsis thaliana, Zea
mays, Physcomitrella patens, Tetrahymena thermophila, Dic-
tyostelium discoideum and Saccharomyces cerevisiae were
obtained from NCBI. Protein sequences for yeast and plant
H2A used were the ones described in (16). For H2B, re-
trieved proteins for an organism were cleaned from proteins
identical at 92–99% on the whole length. For H1, retrieved
proteins for an organism were cleaned from proteins iden-
tical at 92–99% on the whole length and from truncated
isoforms. Protein homologs in P. polycephalum were iden-
tified with TBLASTN from NCBI (17). All used protein
sequences were reported in Supplementary Table S3. Tran-
scripts identified as histone-coding were reported in Sup-
plementary Figure S9. Sequences for transcripts and pro-
teins were deposited in Genbank, numbers being indicated
in Supplementary Table S3. To identify histone-coding
genes, mRNAs coding for histone proteins were identified
from the Physarum reference transcriptomes (6,15) by a lo-
cal BLASTn (blast 2.6.0) and then aligned them on the
Physarum reference genome (6) to identify expressed cod-
ing genes. A tBLASTn search was finally performed to iden-
tify genes coding histones but not expressed in the reference
transcriptomes.

Phylogenetic analyses and protein sequence alignments

To generate phylogenetic trees, selected sequences were first
aligned with MUSCLE (18), a multiple sequence alignment
tool, using default parameters. For H3 trees, H3v2 from
D. discoideum was not included in the study since it was
reported to localize to the cytoplasm (19). For H1, align-
ment was then refined using Gblocks (v0.91b) (20). Fast-
Tree (v2.1.8) (21) was further applied with default parame-
ters for the construction of the phylogenetic trees. Fast-Tree
enabled to infer approximately-maximum-likelihood phy-
logenetic trees from alignments. Finally, phylogenetic trees
were drawn using the ITOL (Interactive Tree Of Life) tool
(22). In phylogenetic trees, plant, animal and Physarum pro-
teins were, respectively, depicted in green, blue and red. For
yeast, D. discoideum and T. thermophila, they were displayed
in black. To compare identified Physarum homologs with
known proteins, multiple alignments were performed with
the Clustal Omega program (23). Conserved domains for
SLBP and LSm proteins were identified with the InterPro
webserver (www.ebi.ac.uk/interpro/search/sequence/). The
CPH models-3.2 server was used to create the 3D protein
modelling and the Chimera software (24) for superimposi-
tion.
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Searches for stem-loop structures in histone mRNAs and of
U7 snRNA

To identify the SL structures in histone mR-
NAs, the RNA-fold webserver was used to
predict stem loops (rna.tbi.univie.ac.at/cgi-
bin/RNAWebSuite/RNAfold.cgi). The logo of conserved
features for histone SLs was generated with the WebLogo
web server (25). Presence of two U7 snRNAs were reported
(26), but their sequences were not available. A Perl script
was made to screen Physarum genome with the Mus muscu-
lus sequence of the U7 snRNA to identify U7 snRNA genes
(according to (27)). The analysis was performed also for the
U7 reverse complement. The U7 sequence was shortened
until a match was found against the Physarum genome.
No bona fide U7 snRNA was identified with this method.
Moreover, we were not able to retrieve U7 snRNAs in
the available Physarum poly(A)-selected transcriptomes
since snRNAs are generally not poly(A)-tailed. Thus, our
determination of a potential HDE signature relied on the
presence of a purine-rich sequence downstream of the
stem-loop structure.

Physarum material

Physarum polycephalum strain TU291 from was cultured as
asynchronous plasmodia, as described in (28). For analyses
at specific cell cycle stages, mitosis was monitored on mitoti-
cally synchronous plasmodia by phase contrast microscopy
observations of explants (28).

Experimental RNA analysis procedures

Asynchronous plasmodia were briefly centrifuged and
washed in water before freezing in liquid nitrogen. Three
mitotically synchronous plasmodia were prepared on three
independent dates. Each mitotically synchronous plasmod-
ium was cut in six equal fragments. Each fragment corre-
sponded to one stage of the cell cycle which was harvested
following a wash in 5 mM EDTA and quickly frozen in liq-
uid nitrogen. The fragments were harvested ∼10 min before
mitosis 2 (late G2-phase), 2 min after mitosis (beginning of
S-phase), 1 h after mitosis (mid S-phase), 2.5 h after mito-
sis (late S-phase) and 5.5 h after mitosis (beginning of G2-
phase). RNAs were extracted with Tri-Reagent (Ambion)
from frozen samples according to the manufacturer’s in-
structions followed by a phenol-chloroform extraction prior
to a DNase I (NEB) treatment and a second purification
by phenol-chloroform extraction. Polyadenylated-enriched
RNA samples were prepared from 10 �g of total RNAs
with the NEBNext® Poly(A) mRNA Magnetic Isolation
Module (NEB). The cDNAs were synthesized with iScript™
Reverse Transcription Supermix for RT-qPCR (BioRad)
containing a blend of oligo(dT) and random primers. They
were diluted 1:3 and 5 �l were used in PCR (DreamTaq
DNA Polymerase, Thermofisher) or in quantitative PCR
with the SyberGreen qPCR master mix kit (ThermoScien-
tific) on a Biorad Cycler. Transcript abundances (in copy
number of transcripts produced by the analyzed gene) for
each gene were calculated as follow in asynchronous plas-
modia: Transcript Level = 1011 × E–Ct. E is the efficiency

for each primer set and was calculated with the follow-
ing formula: E = 10(-1/-slope), the slope being determined
from the standard curve obtained with serial dilutions of
cDNAs. For histone mRNA abundance analyses during
the cell cycle in mitotically synchronous plasmodia, relative
transcript levels (no unit) were calculated as follow: 106 ×
E–Ct[histone gene]/E–Ct[19S]. RT-qPCR histograms show means
of transcript levels ±SE obtained for two independent PCR
amplifications of three biological replicates. Primers used in
this study are listed in Supplementary Table S4.

Experimental protein analysis procedures

Histones were prepared either from asynchronous plas-
modia (Figure 1B) or from mitotically synchronous plas-
modia harvested at specific cell cycle stages (Figure 6A and
Supplementary Table S2). Nuclei were isolated from plas-
modia accordingly to (29). Total histones were prepared by
20% trichloroacetic acid (TCA) precipitation with 0.4 M
HCl to solubilize nuclear proteins. Similarly, linker histone
H1 was prepared by 20% TCA precipitation with 5% HClO4
to solubilize nuclear proteins. To determine the H1 PTMs, a
Physarum H1 synthetic gene was cloned in the pET3a plas-
mid and the Physarum H1 protein was expressed in bacteria
and extracted by a precipitation of the cellular lysate with
5% HClO4 and 20% TCA. This unmodified Physarum H1
produced in bacteria was used as a reference to determine
the in vivo Physarum H1 modifications at specific cell cycle
stages. Mass spectrometry analyses were carried out by MS-
Bioworks and the protein sequence coverage in G2-phase,
S-phase and mitosis were, respectively, of 94%, 100% and
94%.

RESULTS

Identification of core histones from the Physarum genome
and transcriptomes

In order to identify core histones, we used the Physarum ref-
erence genome and transcriptomes (6,15). We identified 15
histone-coding genes (one gene for H1, 3 genes for H2A, 3
genes for H2B, 5 genes for H3 and 3 genes for H4; see Mate-
rials and Methods) and 12 distinct transcripts. Our analysis
revealed that each histone isoform is encoded by a single
gene, except one Physarum H4 protein which is encoded by
two different genes (Table 1). In animals, genes encoding hi-
stone proteins are clustered together and present in multi-
ple copies (i.e.∼100 copies in Drosophila on chromosome 2
(30)) while they are present in one-to-a few copies in plants
(31) and S. cerevisiae (32). To decipher the genomic distribu-
tion of histone genes, we mapped them onto the Physarum
genome and observed that histones are encoded by a few
gene copies dispersed throughout the Physarum genome,
similarly to plants. We monitored the expression of these
15 histone genes in Physarum asynchronous plasmodia.
Most histone genes exhibit an elevated abundance of tran-
scripts compared to the 19S ribosomal transcript level. In-
deed, PpHTT4 transcripts are around ∼100 times less abun-
dant that the 19S ribosomal transcripts, ribosomal RNAs
representing ∼80% of RNAs found in cells (Figure 1A).
Moreover, PpHTA2 and PpHTA3 transcripts are around
∼1000 times less abundant, PpHTB1 and PpHTT2 and
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Figure 1. Analysis of Physarum histones at the RNA and protein levels. (A) Mean transcript level for histone genes displayed with a logarithmic scale and
measured by qRT-PCR on three biological replicates consisting of independent asynchronous plasmodia cultures. The 19S rRNA was used as a control.
(B). SDS-PAGE analysis of histones proteins from Physarum nuclear extracts. The lane #1 is the molecular weight marker, the lane #2 corresponds to a
nuclear preparation of total histones and the lane #3 corresponds to a nuclear preparation of histone H1. The asterisk indicates a protein present in the
extract besides histones.

PpHTF1 (∼10 000 times), PpHTT3 (∼25 000), PpHTT1
(∼60 000 times) and PpHTF2 (∼200 000) transcript abun-
dance being lower (Figure 1A). Finally, PpHTO1, PpHTB2
and PpHTT5 genes produce much less transcripts since
their abundance is ∼2 (PpHTO1 and PpHTT5) or ∼10
(PpHTB2) million times smaller than the 19S transcript
abundance. In addition, PpHTA1, PpHTB3 and PpHTF3
(Physarum polycephalum HisTone 2A 1, HisTone 2B 3
and HisTone Four 3) genes, which do not appear to
be transcribed in sporulation-competent or sporulating
plasmodia (15,33), were not detectably expressed in plas-
modia and were not found in the genome of the TU291
strain we used for your study (Supplementary Figure
S1A).

We then analyzed the predicted histone proteins. Pre-
viously reported molecular weights of Physarum histones
(13) were consistent with our bioinformatic (Table 1) and

SDS-PAGE analyses (Figure 1B and Supplementary Fig-
ure S1B). After this initial identification of Physarum hi-
stone genes, transcripts and proteins, we performed a
comprehensive analysis for the identified histone protein
isoforms––predicted from the analysis of the Physarum
genome and transcriptomes––to infer the position of Myce-
tozoa and more specifically Physarum in the eukaryotic tree
of life. Hence, we carried out a phylogenetic analysis using
several species among animals (H. sapiens and M. musculus
for mammals, D. rerio for fishes, D. melanogaster for insects,
C. elegans for nematodes), plants (A. thaliana for eudicots
and Z. mays for monocots and A. trichopoda that is fre-
quently used for plant phylogeny since it is considered as the
most basal angiosperm and P. patens for mosses) and uni-
cellular eukaryotes (the ciliated protozoan T. thermophila,
the yeast S. cerevisiae and a Dictyostelid D. discoideum that
also belongs to the Mycetozoa).
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Evolution and characterization of histones in Physarum

Histones H2A. The histone H2A family consists of sev-
eral groups: (i) H2A.W is a plant specific H2A isoform
(16), (ii) macroH2A and H2A.Bbd are restricted to ani-
mals and mammals, respectively, (iii) H2A.X, which has di-
verged several times through evolution, constitutes a poly-
phyletic group and harbors a SQEY motif, the serine and
tyrosine residues being phosphorylated during the DNA
damage response (34,35), (iv) H2A.Z constitutes a mono-
phyletic group and displays a 15 amino acid motif (LEYL-
TAEVLELAGNA), which was proposed as a signature for
the H2A.Z variant (36), and (v) canonical H2A diverged re-
peatedly (37). Physarum possesses the H2A.1, H2A.X and
H2A.Z isoforms, each one being encoded by a single gene
(Table 1). The PpHTA1 (HisTone 2A 1, no intron, Ta-
ble 1) gene encodes a protein without any typical H2A-
variant signature that was thus named H2A.1 and further
referred as the Physarum canonical H2A (Figure 2A). The
PpHTA2 gene (one intron, Table 1) encodes a protein with
the highly conserved SQEY motif in its C-terminus (Fig-
ure 2A and Supplementary Figure S2A) that was named
H2A.X. The protein encoded by PpHTA3 (4 introns, Table
1) contains the LEYLTAEVLELAGNA motif (Figure 2A
and Supplementary Figure S2B) and was named H2A.Z.
The Physarum H2A.X and H2A.Z proteins share 63% iden-
tity while they are more divergent from H2A.1 that harbors
a longer N-terminus (Figure 2A and Supplementary Table
S1). Various PTMs have been identified in the human H2A
and are found on a large number of amino acid residues
(38), thus we restricted our predictions to lysine methylation
and acetylation, arginine methylation and serine/threonine
phosphorylation. Sequence comparison with HsH2A (Sup-
plementary Figure S2A,B) disclosed that most residues har-
boring PTMs in human were conserved in at least one of
the three different Physarum H2A isoforms (14 out of 23
residues, Figure 2A). Our phylogenetic analysis revealed
that the Physarum H2A.1 diverged from the other H2A pro-
teins since it displays a long branch in the unrooted phy-
logenetic tree, similarly to the D. discoideum H2A canon-
ical proteins (Figure 2B). The Physarum H2A.X belongs
to the same clade as ScH2A and animal H2A and H2A.X
proteins (Figure 2B). As expected, the Physarum H2A.Z
belongs to the monophyletic group composed of the vari-
ous eukaryotic H2A.Z (Figure 2B). The natural synchrony
of Physarum plasmodia provides the opportunity to study
histone transcript levels at precise stages of the cell cycle,
which comprises of a 0.5 h closed mitosis, 3 h S-phase
and 6 h G2-phase. Importantly, Physarum plasmodia lack
a G1-phase (39). We thus took advantage of this perfect
synchrony to assess PpHTA2 and PpHTA3 mRNA levels
during the cell cycle, the PpHTA1 gene being absent from
our Physarum strain. As in asynchronous plasmodia (Fig-
ure 1A), PpHTA2 exhibits at a higher transcript level than
PpHTA3 throughout the cell cycle (Figure 2C) and is ex-
pressed at a constant level, except for a ∼4-fold increased
expression in late G2-phase. This finding suggests that the
putative H2A.X protein encoded by PpHTA2 might be pro-
duced at higher levels during the cell cycle than the putative
H2A.Z protein encoded by PpHTA3. Indeed, we found that
these mRNA levels are consistent with the relative abun-

dance of H2A.X and H2A.Z proteins (Figure 1B) and the
lower abundance of H2A.Z in chromatin of most organ-
isms. Moreover, the PpHTA3 mRNA level increases during
the S-phase and in late G2-phase (Figure 2C). To conclude,
Physarum possesses three putative types of H2A proteins
with conserved features compared to the other organisms
but with specific variations in sequences.

Histones H2B. The histone H2B family contains variants
but their dedicated functions remain largely unknown. We
identified three genes that encode three putative H2B iso-
forms. The putative H2B.1 and H2B.2 proteins, respec-
tively, encoded by PpHTB1 and PpHTB2 (with one in-
tron each, Table 1), shares 87% identity between each other
but only ∼46% identity with H2B.3 (Supplementary Ta-
ble S1). Indeed, H2B.3 is shorter than the two other iso-
forms by 30 amino acids with a truncated N-terminus (Fig-
ure 3A). Similar to H2A PTMs, we performed a sequence
comparison between the putative Physarum H2B proteins
and human H2B (Supplementary Figure S3A). It revealed
that most residues harboring PTMs in the human H2B
(38) were conserved in at least one of the three Physarum
H2B isoforms (27 out of 33 residues, Figure 3A). Our phy-
logenetic analysis of the Physarum H2B proteins showed
that the Physarum H2B.1 and H2B.2 constitute a mono-
phyletic group––related to the D. discoideum H2B.3––while
the Physarum H2B.3 belongs to a clade composed of di-
vergent H2B proteins from Tetrahymena, Arabidopsis and
maize and displays a long branch (Figure 3B and Supple-
mentary Figure S3B). Moreover, the coding sequence of
PpHTB1 and PpHTB2 mRNAs are 89% identical while the
PpHTB3 transcript is highly divergent. Both findings sug-
gest that a duplication event gave rise to H2B.1 and H2B.2
paralogs while H2B.3 has a different evolutionary history.
Finally, we used mitotically synchronous plasmodia to as-
sess Physarum PpHTB1 and PpHTB2 mRNA levels dur-
ing the cell cycle, the PpHTB3 gene being absent from our
Physarum strain. As in asynchronous cells (Figure 1A), the
PpHTB1 mRNA level was higher than that of the PpHTB2
one during the entire cell cycle (>100 times more abun-
dant, Figure 3C). Moreover, the PpHTB1 transcript level
increased during S-phase and in late G2-phase while the
PpHTB2 transcript level remained fairly constant during
the cell cycle (Figure 3C). To conclude, of the three H2B-
coding genes found in the Physarum reference genome, we
identified the H2B.1 and H2B.2 proteins in our strain, with
the former being the major plasmodial protein isoform. Of
note, all three predicted Physarum H2B proteins are char-
acterized by a strong divergence from other species.

Histones H3. The histone H3 family contains three ma-
jor groups: (i) the replication-dependent H3.1 defined as
canonical H3 and expressed only during S-phase of the cell
cycle, the replication-independent (ii) H3.3 and (iii) cenH3
(the centromeric H3 isoform) variants that are expressed
during the whole cell cycle. We identified five H3-coding
genes (named PpHTT1 to 5) in the Physarum reference
genome and found that all five genes were expressed in our
strain (Figure 1A and (6)) (Table 1). Four H3 genes en-
code putative proteins of highly similar sequences whereas
PpHTT2 encodes a much more divergent protein that we
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Figure 2. Identification and analysis of PpH2A. (A) Protein sequence alignment of Physarum H2A isoforms. PTMs are shown based on the sequence
alignment of the canonical human H2A (Supplementary Figure S2A,B) (38) and conserved residues potentially harboring those PTMs are displayed in
green (except for the S and Y residues in the SQEY motif of the PpH2A.X protein that are phosphorylated upon double-strand break damage in most
eukaryotes). Positions refer to the mature protein without the initial methionine. There are two putative translation starts for PpH2A.1 that are indicated in
red (residues R1 and A48). Only lysine methylation and acetylation as well as S/T phosphorylation are reported. The various helices and loops (L1 and L2)
are indicated. The signature of H2A.X is depicted in pink and the H2A.Z one in cyan. Asterisk indicates a fully conserved residue. Colon and dot indicate
conservation between residues of, respectively, strongly and weak similar properties. (B) Phylogenetic tree of H2A proteins from P. polycephalum and various
eukaryotes. The mammal-specific H2A.L was not included in the analysis. Atr: Amborella trichopoda; At: Arabidopsis thaliana; Ce: Caenorhabditis elegans;
Dd: Dictyostellium discoideum; Dr: Danio rerio; Dm: Drosophila melanogaster; Hs: Homo sapiens; Mm: Mus musculus; Pp: Physarum polycephalum; Ppa:
Physcomitrella patens, Sc: Saccharomyces cerevisiae; Tt: Tetrahymena thermophila; Zm: Zea mays. (C) Mean relative transcript level for Physarum histone
H2A genes displayed with a logarithmic scale and measured by qRT-PCR on three biological replicates consisting of independent mitotically synchronous
plasmodia cultures harvested at different times of the cell cycle.
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Figure 3. Identification and analysis of PpH2B. (A) Protein sequence alignment of Physarum H2B isoforms. PTMs are shown based on the sequence
alignment of the canonical human H2B (Supplementary Figure S3A) (38) and conserved residues potentially harboring those PTMs are displayed in green.
Positions refer to the mature protein without the initial methionine. Only lysine methylation and acetylation as well as S/T phosphorylation are reported.
The various helices and loops (L1 and L2) are indicated. Asterisk indicates a fully conserved residue. Colon and dot indicate conservation between residues
of, respectively, strongly and weak similar properties. (B) Phylogenetic tree of H2B proteins from P. polycephalum and various eukaryotes. Atr: Amborella
trichopoda; At: Arabidopsis thaliana; Ce: Caenorhabditis elegans; Dd: Dictyostellium discoideum; Dr: Danio rerio; Dm: Drosophila melanogaster; Hs: Homo
sapiens; Mm: Mus musculus; Pp: Physarum polycephalum; Ppa: Physcomitrella patens, Sc: Saccharomyces cerevisiae; Tt: Tetrahymena thermophila; Zm:
Zea mays. (C) Mean relative transcript level for Physarum histone H2B genes displayed with a logarithmic scale and measured by qRT-PCR on three
biological replicates consisting of independent mitotically synchronous plasmodia cultures harvested at different times of the cell cycle.
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identified as the H3 centromeric variant and named it
CenH3 (Supplementary Table S1). In order to discriminate
between canonical and variant isoforms of H3, we analyzed
the transcript levels of the PpHTT genes during the cell cy-
cle in mitotically synchronous plasmodia. While the mRNA
level of PpHTT1 is elevated at the beginning and mid S-
phase, it decreased later in the cell cycle before an increase
in late G2-phase (Figure 4A), suggesting that PpHTT1 en-
codes the canonical H3 of Physarum, H3.1. The PpHTT5
transcripts were present at a low level during the cell cycle
whereas PpHTT4 mRNAs were found at a consistently high
level throughout the cell cycle. The PpHTT3 mRNA level
strongly increased in late G2-phase while PpHTT3 mRNAs
presented a low level during the rest of the cell cycle (Fig-
ure 4A). We thus proposed that PpHTT3, PpHTT4 and
PpHTT5 encode Physarum variants that we named H3.3,
H3.4 and H3.5, respectively. Noteworthy, PpHTT2 which
encodes the Physarum CenH3 exhibited a constant mRNA
level during most of the cell cycle, but with an increased
mRNA abundance in late G2-phase (Figure 4A).

Alignment of proteins encoded by PpHTT1 and
PpHTT3 revealed that they differed by four amino acids
at positions 31 (S/T), 59 (E/D), 78 (Y/F) and 135
(A/T) (Figure 4B) while human H3.1 and H3.3 differ by
five amino acid at positions 31 (A/S), 87 (S/A), 89–90
(VM/IG) and 96 (C/S) (40). The S31 residue is charac-
teristic of the human H3.3 and can be phosphorylated,
the phosphorylated form localizing in genomic regions
adjacent to centromeres (Hake et al. 2005): this residue
was found only in the Physarum H3.3, supporting our
assignment of this protein as a H3.3 variant. The H3.4
and PpH3.5 variants present more sequence variations and
some insertions/deletions (Figure 4B) that do not affect
their overall structure (Supplementary Figure S4A). As
above, we carried out a sequence comparison between the
putative Physarum histones and the human H3 proteins
(Supplementary Figure S4B) and found that all 32 residues
harboring analyzed PTMs in the human H3 protein
(38) were conserved in at least one of the four Physarum
non-centromeric isoforms (either in H3.1, H3.3, H3.4 or
H3.5, Figure 4B), consistently with the presence of some
of these PTMs experimentally identified in Physarum (41).
We performed a phylogenetic analysis separately for cenH3
and the other H3 proteins since centromeric variants are
clearly separable from other H3s (Supplementary Figure
S4C and Talbert et al. 2012). While H3.1 and H3.3 belong
to the same clade, H3.4 and H3.5 are more divergent with
longer branches (Figure 4C), suggesting that they arose
independently. Moreover, the Physarum H3.4 belongs to
the same clade than the D. discoideum H3.3 proteins.
Regarding the centromeric variant, cenH3 proteins from
several organisms harbor long branches in the phylogenetic
tree (Figure 4D), confirming that this centromeric-specific
variant has arisen multiple times during evolution. The
closest relative of the Physarum CenH3 was the zebra
fish protein (Figure 4D) with 74% identity on 36% of the
protein sequence while the centromeric variants from the
Mycetozoans P. polycephalum and D. discoideum harbored
an independent evolutionary history. In addition, similar
to D. discoideum CenH3 (19), the Physarum PpCenH3
harbors a much longer N-terminal tail than most cen-

tromeric variants such as the human CENP-A (Figure
4E and Supplementary Figure S4D) but does contain the
characteristic CATD (CENP-A targeting domain) domain
(Figure 4E), such that the overall structure of the Physarum
CenH3 is similar to the human CENP-A (Supplementary
Figure S4D). Similar to above analyses of histone proteins,
we aligned the Physarum CenH3 with its human coun-
terpart CENP-A (Figure 4E and Supplementary Figure
S4E) and looked for conserved residues with known PTMs.
Indeed, the human centromeric variant CENP-A displays
specific PTMs mainly located in its N-terminal tail, such as
S/T phosphorylation (3 residues out of 9 being conserved
in the Physarum CenH3) but also the R41 methylation
and the K124 methylation and acetylation (42), both
residues being conserved in the Physarum CenH3 (Figure
4E). To conclude, our analyses identified one canonical
putative histone H3 in Physarum, three H3 variants and a
centromeric isoform; these various Physarum H3 isoforms
have conserved features to other organisms although they
appeared independently from other organisms during
evolution.

Histones H4. Contrary to other histones, the H4 protein
family does not typically include variants, with the excep-
tion of the H4G variant expressed in breast cancer cells
(43), a H4 variant in rice (44) and the H4V variant in T.
brucei (45). It is believed that the histone H4 is among the
proteins with the slowest evolution rate. In the Physarum
genome, we identified three H4-coding genes, PpHTF1 and
PpHTF2 (with one intron each, Table 1) both coding the
H4.1 protein and PpHTF3 (no intron, Table 1) coding H4.2
(Table 1). The H4.1 and H4.2 proteins differ by five amino
acids, three of them being localized in the �2 helix (Fig-
ure 5A). The PpHTF1 and PpHTF2 genes were localized
∼4 kb apart on the same chromosome and correspond to
the two H4 genes previously described in a study based on
Southern Blot analysis (46), in which PpHTF1 was identi-
fied as the H41 gene and PpHTF2 as the H42 gene (47). Se-
quence comparison between Physarum H4s and the human
H4 (Supplementary Figure S5A) showed that all residues
harboring PTMs in human (38) are conserved in both
Physarum proteins (Figure 5A), except for K77 which is
only present in H4.2. This observation was consistent with
the identification of these conserved epigenetic marks in
Physarum H4 (41). Since H4 proteins are identical at ∼95%,
our phylogenetic analysis revealed little divergence between
Physarum H4 proteins and the studied eukaryotic H4s, ex-
cept for those of T. thermophila, D. discoideum and yeast
that are much more divergent (Figure 5B). Surprisingly,
the Physarum H4.2 was found to be 100% identical to the
C. elegans protein (Supplementary Figure S5A). After the
analysis of Physarum H4 proteins, we performed a study of
Physarum H4 transcripts. As previously reported (48), RNA
coding sequences (ATG-STOP) of PpHTF1 and PpHTF2
are 87% identical, with 5′ and 3′UTR regions being more di-
vergent, while RNA coding sequence of PpHTF3 transcript
is, respectively, 78% and 79% identical to those of PpHTF1
and PpHTF2. We then used mitotically synchronous plas-
modia to assess PpHTF1 and PpHTF2 mRNA abundance
during the cell cycle, the PpHTF3 gene being absent from
our Physarum strain. Transcripts of PpHTF1 and PpHTF2
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Figure 4. Identification and specificities of canonical histone H3 and their variants in Physarum. (A) Mean relative transcript level for Physarum histone
H3 genes displayed with a logarithmic scale and measured by qRT-PCR on three biological replicates consisting of independent mitotically synchronous
plasmodia cultures harvested at different times of the cell cycle. The PpHTT1 and PpHTT3-5 genes, respectively, encoded the PpH3.1, PpH3.3-PpH3.5
proteins and PpHTT2 the centromeric variant PpCenH3. (B) Protein sequence alignment of the Physarum H3 isoforms. The PTMs are shown based on the
sequence alignment of the human H3 (Supplementary Figure S4B) (38) and conserved residues potentially harboring those PTMs are displayed in green;
positions for those with experimental records in Physarum (41) are displayed in black. Positions refer to the mature protein without the initial methionine.
Only lysine methylation and acetylation as well as S/T phosphorylation are reported. The various helices are indicated and divergent residues between
the different Physarum H3 isoforms are labeled in red. Asterisk indicates a fully conserved residue. Colon and dot indicate conservation between residues
of, respectively, strongly and weak similar properties. (C and D) Phylogenetic tree of H3.1 and H3.3 proteins (in C) and cenH3 proteins (in D) from P.
polycephalum and various eukaryotes. Atr: Amborella trichopoda; At: Arabidopsis thaliana; Ce: Caenorhabditis elegans; Dd: Dictyostellium discoideum;
Dr: Danio rerio; Dm: Drosophila melanogaster; Hs: Homo sapiens; Mm: Mus musculus; Pp: Physarum polycephalum; Ppa: Physcomitrella patens, Sc:
Saccharomyces cerevisiae; Tt: Tetrahymena thermophila; Zm: Zea mays. (E) Protein sequence alignment of cenH3 from human (HsCENP-A isoform a,
HsCENP-A), zebra fish (DrCenH3) and Physarum (PpCenH3). The various helices are indicated and the CATD domain is labeled with strong pink line
and the histone fold domain by a dark green frame. The Physarum protein PpCenH3 appears in red. Asterisk indicates a fully conserved residue which
is labeled with a pale pink rectangle. Colon and dot indicate conservation between residues of, respectively, strongly and weak similar properties, the
corresponding residue being labeled with a pale blue rectangle. Known PTMs from CENP-A are shown (38). Positions refer to the mature protein without
the initial methionine. Only lysine methylation and acetylation as well as S/T phosphorylation are reported and depicted as in Figure 4B.
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Figure 5. Identification of H4 variants in Physarum. (A) Protein sequence alignment of the PpH4.1 and PpH4.2 proteins. The PTMs are shown based on
the sequence alignment of the human H4 (38) and conserved residues potentially harboring those PTMs are displayed in green. Positions for those with
experimental records in Physarum (41) are displayed in black and divergent residues between the two Physarum H4 isoforms are labeled in red. Positions
refer to the mature protein without the initial methionine. Only lysine methylation and acetylation as well as S/T phosphorylation are reported. The various
helices are indicated and divergent residues between both H4 isoforms are labeled in red. (B) Phylogenetic tree of H4 proteins from P. polycephalum and
various eukaryotes. Atr: Amborella trichopoda; At: Arabidopsis thaliana; Ce: Caenorhabditis elegans; Dd: Dictyostellium discoideum; Dr: Danio rerio; Dm:
Drosophila melanogaster; Hs: Homo sapiens; Mm: Mus musculus; Pp: Physarum polycephalum; Ppa: Physcomitrella patens, Sc: Saccharomyces cerevisiae;
Tt: Tetrahymena thermophila; Zm: Zea mays. (C) Mean relative transcript level for Physarum histone H4 genes displayed with a logarithmic scale and
measured by qRT-PCR on three biological replicates consisting of independent mitotically synchronous plasmodia cultures harvested at different times of
the cell cycle.
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present distinct patterns. PpHTF1 mRNAs exhibit an in-
creased level through the S-phase while PpHTF2 mRNAs
display a decreased level at the same stages of the cell cycle.
For both genes, the transcript levels significantly increase
in late G2 phase (Figure 5C). These analyses are consis-
tent with previous northern blot analyses (49). To conclude,
Physarum seems to present two putative H4 isoforms which
are strongly conserved compared to known H4 proteins.

Histones H1. We found one H1-coding gene, PpHTO1
(no intron, Table 1), which was expressed and encodes the
Physarum H1 protein. The Physarum H1 protein has 358
amino acids with a predicted size of 36.6 kDa and is lysine-
rich (91 lysines out of 359 residues i.e. 25%). Consistently,
the Physarum H1 was reported to have a size of ∼30.7 kDa
(13) and to contain 330 ± 30 residues (14). The H1 linker
proteins do not contain the histone fold motif, which is also
the case for the Physarum H1. These proteins are rather
characterized by a tripartite structure that consists of a con-
served globular domain––composed of three helices and re-
sponsible for H1 binding to nucleosomes––as well as N- and
C-terminal tails that are less structured (50). Indeed, the
Physarum H1 displays a short N-terminal tail of 81 amino
acids and a long C-terminal tail of 220 amino acids which is
highly enriched in basic residues (64 out of 220 amino acids
i.e. ∼30%; Figure 6A), as previously reported (14). The
globular domain of H1 contains two DNA-binding sites
(51): five of the seven basic amino acids of these DNA bind-
ing sites are conserved while two are missing in Site II (Fig-
ure 6A and Supplementary Figure S6A). Moreover, two re-
gions in the C-terminal tail of the Drosophila H1 have been
involved in nucleosome binding (52) and both sites––the
ASAKKEK sequence located immediately after the glob-
ular domain and the lysine-rich sequence KKPKAKKA-
VAT in the middle of the C-terminal tail––are highly con-
served in the Physarum H1 (Figure 6A and Supplementary
Figure S6A,B). Regarding PTMs, the number of Physarum
H1 phosphorylated residues was reported to vary during
Physarum cell cycle (53) and Physarum H1 phosphorylation
was linked to regulation of DNA replication timing (54,55).
However, most residues harboring PTMs in T. thermophila
(which is devoid of a globular domain), D. melanogaster or
human (reviewed in (56)) are not conserved in Physarum H1
(Supplementary Figure S6B–D). We thus decided to further
investigate the specific PTMs (lysine methylation and acety-
lation, S/T phosphorylation) of Physarum H1 during the
cell cycle in mitotically synchronous plasmodia. We carried
out mass spectrometry analyses on samples harvested in mi-
tosis, mid S-phase and mid G2-phase. Surprisingly, we did
not detect any PTMs in the Physarum H1 globular domain
while the N- and C-terminal tails present a large number
of residues harboring PTMs (Figure 6A). We identified 28
phosphorylation sites on S/T residues (Figure 6A and Sup-
plementary Table S2) that either correspond to conserved
residues phosphorylated in other organisms (Supplemen-
tary Figure S6B–D) or to other non-conserved S/T residues
(Figure 6A and Supplementary Table S2). Regarding lysine
methylation, we identified 54 sites with various methylation
patterns (Supplementary Table S2). Lysine acetylation was
identified at 13 positions. Furthermore, two acetylated re-
gions are specific to the cell cycle stage. Indeed, acetylation

of K71, K72 and K77 are exclusive of mitosis, while acety-
lation of K263, K264, K270, K272 are detected only in S-
phase (Supplementary Table S2). Regarding phylogenetic
analyses, a high diversity of H1 proteins was observed as
expected and with long branch sizes notably for Physarum
H1 (Figure 6B); animal and plant H1 proteins constitut-
ing distinct clades as expected (37). The globular domain
is the most conserved H1 region among different species:
Physarum H1 globular domain presents, respectively, 31%
and 60% identity with the DmH1 and HsH1.1 domains
(Supplementary Figure S6B–D). Besides the analyses of H1
PTMs during the cell cycle, we also performed an analysis
of PpHTO1 mRNA abundance in mitotically synchronous
plasmodia. PpHTO1 transcript abundance was maximal in
early S-phase before decreasing during the cell cycle and in-
creasing in late G2-phase to reach a level comparable to
the early S-phase (Figure 6C). Hence, Physarum displays
only one linker histone with high divergence compared to
other organisms and specific epigenetic marks that could
vary during the cell cycle.

Histone genes and mRNA structure

Our analyses of Physarum histone proteins revealed that
they mostly had an independent evolutionary history but
could present features shared with animal proteins. Thus,
we wanted to know whether various features of Physarum
histones genes and transcripts were shared with other
kingdoms. Animal genes encoding canonical histones are
intron-less while metazoan variant genes present introns
like those coding both plant histone isoforms (31). In
Physarum, the PpHTO1, PpHTA1, PpHTB3 and PpHTF3
are devoid of intron while the other histone-coding genes
present at least one (Table 1 and Supplementary Fig-
ure S7A). Thus, genes coding canonical histones such as
PpHTT1 present introns in Physarum. Besides histone gene
structure, animal and plant kingdoms differ by the 3′ end
processing of their histone transcripts. Metazoan histone
replication-dependent mRNAs have a conserved stem-loop
structure composed of a six base-pair stem and a four
base-pair loop. Such SL structures were retrieved in most
Physarum histone mRNAs, not only in canonical but also in
the variant transcripts (Figure 7A and Supplementary Fig-
ure S8A, Table 1). Moreover, some transcripts present all
the invariant elements in the SL structure while some de-
viations were observed for others (Figure 7A) but, gener-
ally, the loop is U-rich and the base of the stem harbors
a G-C pair (Figure 7B) similar to what was reported in
other species (57). Besides the SL structure, the purine-rich
HDE sequence which is also involved in this 3′end process-
ing mechanism was found in all SL-containing transcripts,
except for the PpHTT5 mRNA (Supplementary Figure S8A
and Table 1). Furthermore, we looked in Physarum his-
tone transcripts for the presence of the PAS signal which
consists of the AAUAAA-like motif and its variants (58).
The PAS signature was found in all histone mRNAs, ex-
cept for the PpHTA1 one (Supplementary Figure S8A–
C, Table 1). Thus, most histone transcripts contain signals
for both 3′end processing mechanisms (Supplementary Fig-
ure S8C), suggesting that most Physarum histone mRNAs
could be processed either by one or the other 3′end mech-
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Figure 6. Conservation and divergence of PpH1. (A) Protein sequence of the PpH1 protein. The PTMs are shown based on the mass spectrometry analysis.
Only lysine methylation and acetylation as well as S/T phosphorylation were analyzed. Positions refer to the mature protein without the initial methionine.
The various helices are indicated. Conserved residue known to be phosphorylated in T. thermophila, in S. cerevisiae, in D. melanogaster or in H. sapiens are
depicted in red. Details for identified PTMs in PpH1 are reported in Supplementary Table S2. DNA-binding sites I and II are indicated by a black line and
basic residues located in both sites are highlighted in dark purple. Regions shown to be involved in nucleosome binding for DmH1 (52) are labeled by a green
frame. (B) Phylogenetic tree of H1 proteins from P. polycephalum and various eukaryotes. H1oo: oocyte-specific H1 variant also named H1.8. The H1.0 is an
animal-specific clade. Atr: Amborella trichopoda; At: Arabidopsis thaliana; Ce: Caenorhabditis elegans; Dd: Dictyostellium discoideum; Dr: Danio rerio; Dm:
Drosophila melanogaster; Hs: Homo sapiens; Mm: Mus musculus; Pp: Physarum polycephalum; Ppa: Physcomitrella patens, Sc: Saccharomyces cerevisiae;
Tt: Tetrahymena thermophila; Zm: Zea mays. (C) Mean relative transcript level for the Physarum histone H1-coding gene displayed with a logarithmic scale
and measured by qRT-PCR on three biological replicates consisting of independent mitotically synchronous plasmodia cultures harvested at different times
of the cell cycle.
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Figure 7. Analysis of 3′end processing of histone transcripts. (A) Stem-loop (SL) structures identified in Physarum histone mRNAs. Nucleotide positions
identified as crucial for SLBP binding are depicted in red, deviations from those positions are displayed in green. Asterisks indicate lack of Watson–
Crick base-pairing. (B) Logo for nucleotides composing the stem-loop structure of Physarum histone mRNAs. The nucleotide height represents its relative
frequency at that position. (C and D) Functional domains of PpSLBP1, PpSLBP2, PpLSm10 and PpLSm11 proteins. RBD: RNA hairpin-binding domain;
LSm: Like-Sm domain.
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anism or by both as previously reported in various organ-
isms ranging from mice to D. discoideum (57). We further
confirmed the presence of polyadenylated forms of histone
transcripts for all histone genes expressed in plasmodia, by
the selection of poly(A)+ mRNAs (Supplementary Figure
S8D). Physarum H4 mRNAs were reported to be mainly
not polyadenylated (49). However, the presence of poly(A)+
RNAs seemed to have been underestimated since published
transcriptomes of Physarum (6,15) were produced from
poly(A)-selected transcripts and enabled the identification
of H4 transcripts and we also showed presence of poly(A)+
RNAs for PpHTF1 and PpHTF2 mRNAs. Our compar-
ison of the relative abundance of poly(A)+ histone mR-
NAs showed a similar abundance between each other when
compared to the total RNAs (Figure 1A), with the excep-
tion of PpHTA2 and PpHTT4. Indeed, they both present
more abundant poly(A)+ mRNAs when compared to total
RNAs, suggesting that these two genes might produce more
poly(A)+ mRNAs than SL-structured RNAs.

After the analysis of histone transcript structure for pro-
cessing, we investigated the presence of some proteins in-
volved in 3′end processing of replication-dependent mR-
NAs in Physarum, i.e. SLBP and the LSm10 and LSm11
(Like Sm10 and 11) proteins, which are both required for
U7 binding. We found two SLBP proteins (Figure 7C):
(i) PpSLBP1, a protein of 470 amino acids encoded by
Phypoly transcript 05700; (ii) PpSLBP2, a protein of 316
amino acids encoded by Phypoly transcript 13501. Both
proteins contained the characteristic histone RNA-hairpin-
binding domain (RBD) which is centrally located in Pp-
SLBP2, similarly to the human protein, and in the C-
terminus of PpSLBP1 (Figure 7C). The N-terminus of Pp-
SLBP1 (361 amino acids) is much longer than the PpSLBP2
one (155 amino acids) and their RBD domains share 60%
identity between them and, respectively, 50% or 48% to the
human one (Supplementary Figure S9A). The alignment
of RBD from several species showed a strong conservation
(Supplementary Figure S9B). Indeed, most RBD-located
residues (9 out of 11) necessary for SLBP-binding to the
SL structure in human (59) are conserved in PpSLBP1 and
PpSLBP2 (Supplementary Figure S9B). The overall struc-
ture of the RBD domain i.e. the three helices (60) are also
conserved in both Physarum proteins: PpSLBP2 presents a
structure similar to HsSLBP but PpSLBP1 presents a differ-
ently structured region between helices �B and �C (Supple-
mentary Figure S9C). Besides Physarum, X. laevis and D. re-
rio also present two SLBP proteins; Xenopus SLBP proteins
have specialized functions: XlSLBP1 participates in pre-
mRNA processing in the nucleus (61) while the cytoplasm-
located and oocyte-specific XlSLBP2 protein binds stored
histone mRNAs (61) and inhibits their translation (62).
Our phylogenetic analysis revealed that each SLBP emerged
independently during evolution in these three organisms
and that SLBPs display a high diversity given the long
branches of the phylogenetic tree (Supplementary Figure
S9D). We observed that PpSLBP2 transcripts are far more
abundant in plasmodia than PpSLBP1 transcripts (Sup-
plementary Figure S9E), suggesting that Physarum SLBP
proteins could have distinct functions that may be related
to the life stage of Physarum and/or to control histone
mRNA processing and translation initiation. Besides SLBP,

we also identified the two U7 snRNP-specific Sm-like pro-
teins that we named PpLSm10 and PpLSm11 (Figure 7D,
respectively encoded by Phypoly transcript 22825 and Phy-
poly transcript 04064).

To conclude, Physarum possesses the major components
of 3′end processing by SL structure and its histone tran-
scripts harbor elements for 3′end processing through SL
structure and polyadenylation, suggesting that these two
mechanisms could operate in Physarum. This suggests that
regarding gene and transcript structures, this organism
shares features of both animal and plant kingdoms.

DISCUSSION

Our study opened new perspectives on the evolutionary his-
tory of eukaryotes and Mycetozoans, which is still under
debate. The mono- or polyphyly of Mycetozoans has been
based on several phylogenetic trees (63,64), mainly con-
structed with ribosomal RNA sequences which were sug-
gested to introduce a bias because of accelerated evolu-
tion of Physarum for ribosomal RNAs (65). Our phyloge-
netic trees use histone proteins which harbor a slow rate of
sequence evolution and thus constitute a well-suited tool
to perform an accurate phylogenetic analysis of distantly
related organisms. Phylogenetic analyses of Physarum hi-
stones confirmed that H2A.Z isoforms (66) and H4 arise
from a monophyletic group while other Physarum histones
(H1, H2A.1, the 3 H2B and the 5 H3 proteins) appeared
independently during evolution. In addition, we found that
the Physarum H2A.X shared a common ancestor with yeast
H2A, which has been proposed as a first step towards evo-
lution of the repair-specific function for H2A.X of mam-
mals (67), strengthening the hypothesis that the ancestral
eukaryote harbored the H2A.Z variant and only one other
H2A that further evolved in the canonical H2A and H2A.X
variant.

The investigation of the histone genes within the
Physarum genome pinpointed that three histone genes
(PpHTA1, PpHTB3, PpHTF3) failed to be amplified from
genomic DNA and cDNA from vegetative growth of the
TU291 strain. Furthermore, analyses of published tran-
scriptomes showed that these three genes were not expressed
in the various tested stages of the life cycle (6,15). These
discrepancies might be due to sequencing issues, spurious
assembly or sequence variations between strains, although
the TU291 strain was shown to have one of the largest
Physarum genome size (68).

There is a great diversity of histone gene organization
and structure within eukaryotes. Animals have multiple
canonical histone gene copies organized in clusters while
plants have few copies dispersed within the genome (31).
Moreover, contrary to the plant kingdom, canonical-coding
genes in mammals are intron-less. Regarding these features,
Physarum was found closer to plants since few histone genes
are dispersed within the Physarum genome and genes cod-
ing for canonical histones can contain introns. Importantly,
our analyses revealed that Physarum exhibited a unique pro-
file of histone gene expression. Indeed, whereas animal and
plant kingdoms present an abundant transcription of his-
tone genes in S-phase (69), we found that all expressed hi-
stone genes exhibit an elevated mRNA abundance in late
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G2-phase, in agreement with what was previously reported
for H4 genes (70). It is likely that this unusual timing of his-
tone gene transcription enables the constitution of a pool of
histone mRNAs in preparation for the next S-phase, since
Physarum lacks a G1 phase.

The cell-cycle regulation of histone mRNA abundance
is achieved not only at the transcriptional level but also
at the post-transcriptional level by 3′end processing of hi-
stone mRNAs in mammalian cells (69,71) and plants (72).
Indeed, translation initiation and efficiency of histone mR-
NAs can be modulated by their 3′end structure (73). Analy-
ses of a reporter mRNA containing a 3′ stem-loop structure
revealed that the SL structure increased mRNA translation
efficiency and stability in Chinese hamster ovary cells but
not in plant protoplasts (74). Indeed, in plants, the post-
transcriptional regulation of histone mRNA abundance is
achieved by histone mRNA polyadenylation but not by
the SL structure (72,75). Our analyses of the histone 3′end
mRNA structure in P. polycephalum showed that most his-
tone transcripts display cis-elements for both 3′end process-
ing mechanisms i.e. by the SL structure and polyadenyla-
tion (Figure 7A and Supplementary Figure S8A–C). The
unique structural features of the 3′end of Physarum histone
mRNAs led us to propose two mutually non-exclusive hy-
potheses to explain how Physarum could coordinate 3′end
processing of histone transcripts by both mechanisms: (i)
each 3′end processing mechanism occurs at specific phases
of the life cycle, similarly to the human H2A.X (76); (ii)
cryptic PAS located downstream of the HDE signature
could constitute a fail-safe mechanism for cleavage and
3′end processing. These coordinated mechanisms might
contribute in fine to control histone mRNA stability and
translation efficiency to produce a stoichiometric amount
of histones to reconstitute chromatin after completion of
DNA replication.

Our comprehensive study of P. polycephalum histones
demonstrates that this organism shares ancient and univer-
sal features of histones at the gene, transcript and protein
levels. However, we also identified features specific to either
animals or plants although our various phylogenic trees
suggested an evolution closer to animals than plants, as
previously reported thanks to phylogenomic analyses (77).
Most surprisingly, we found that most Physarum histone
mRNAs presented two mechanisms of 3′end processing for
histones mRNAs, which are believed to be exclusive of the
animal or plant kingdoms. Our unprecedented analyses of
Physarum histones combined with the unique characteris-
tics of the biology of this organism (i.e. giant cells with
millions of synchronous nuclei) demonstrate that Physarum
polycephalum is a valuable organism for deciphering a broad
range of epigenetic mechanisms.
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33. Glöckner,G., Golderer,G., Werner-Felmayer,G., Meyer,S. and
Marwan,W. (2008) A first glimpse at the transcriptome of physarum
polycephalum. BMC Genomics, 9, 1–11.

34. Rogakou,E.P., Pilch,D.R., Orr,A.H., Ivanova,V.S. and Bonner,W.M.
(1998) DNA double-stranded breaks induce histone H2AX
phosphorylation on serine 139. J. Biol. Chem., 273, 5858–5868.

35. Xiao,A., Li,H., Shechter,D., Ahn,S.H., Fabrizio,L.A.,
Erdjument-Bromage,H., Ishibe-Murakami,S., Wang,B., Tempst,P.,

Hofmann,K. et al. (2009) WSTF regulates the H2A.X DNA damage
response via a novel tyrosine kinase activity. Nature, 457, 57–62.

36. Jiang,W., Guo,X. and Bhavanandan,V.P. (1998) Histone H2A.F/Z
subfamily: the smallest member and the signature sequence. Biochem.
Biophys. Res. Commun., 245, 613–617.

37. Talbert,P., Ahmad,K., Almouzni,G., Ausió,J., Berger,F., Bhalla,P.L.,
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