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A Ribbon-like Structure in the Ejective
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The green microalga, Pyramimonas parkeae (Prasinophyceae) has an ejective organelle containing a
coiled ribbon structure resembling the ejectisome in Cryptophyta. This structure is discharged from
the cell by a stimulus and extends to form a tube-like structure, but the molecular components of the
structure have not been identified. Tricine-SDS-PAGE analysis indicated that the ribbon-like structure of
P. parkeae contains some proteins and low molecular acidic polymers. Edman degradation, LC/MS/MS
analyses and immunological studies demonstrated that their proteins are core histones (H3, H2A, H2B
and H4). In addition, monosaccharide composition analysis of the ribbon-like structures and degra-
dation by lysozyme strongly indicated that the ribbon-like structure consist of 3 (1-4) linked polymers
containing N-acetyl-glucosamine. Purified polymers and recombinant histones formed glob-like or fila-
mentous structures. Therefore we conclude that the ribbon-like structure of P. parkeae mainly consists
of a complex of core histones (H3, H2A, H2B and H4) and polymers containing N-acetyl-glucosamine,
and suggest to name the ejective organelle in P. parkeae the “histrosome” to distinguish it from the
ejectisome in Cryptophyta.

© 2015 Elsevier GmbH. All rights reserved.
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Introduction

Ejectisomes are the extrusive organelles containing
a coiled ribbon, commonly found in the Crypto-
phyta. When the cells are stimulated by a physical
or chemical signal the coiled ribbons become dis-
charged from the cell, and they rapidly extend to
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form a straight or slightly curved hollow tube, by
the lateral inward rolling of the edges of the ribbons
(Kugrens et al. 1994). It has been proposed that
ejectisomes have a defensive role against preda-
tors, or assist in capturing prey (Cavalier-Smith
1982).

Caedibacter, a bacterial endosymbiont of
paramecia (formerly referred to as kappa parti-
cles), contains a coiled ribbon-like structure termed
R-body (Fusté et al. 1986; Lalucat et al. 1979;
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Quackenbush 1978, 1987; Wells and Horne 1983)
that resembles the ejectisome of the cryptomonads
(Anderson et al. 1964; Hausmann 1978; Hovasse
1965). R-body structures are found in some gram-
negative bacterial species including the genus
Caedibacter, and they extend in telescopic fashion
by unrolling from the outside or the inside under
certain conditions (Pond et al. 1989). As to the
molecular components of the R-body, a series of
experiments about R-body synthesis and assembly
in C. taeniospiralis and sequencing of a plasmid
pKAP298 coding the R-body demonstrated that the
genes rebA, rebB, rebC, and/or rebD are involved
in R-body synthesis and assembly, and rebB may
be the major constituent of R-bodies (Heruth et al.
1994; Jeblick and Kusch 2005).

In order to clarify the evolutionary relationships
among ejectisomes and R-bodies, in a previous
study we isolated the discharged ribbon-like struc-
ture from the red cryptomonad, Pyrenomonas
helgolandii, and determined sequences of four
putative ejectisome ribbon-related genes, Tri1, Tri2,
Tri3-1 and Tri3-2 (Yamagishi et al. 2012). Tri1 was
homologous to the first half of the R-body protein
rebB, which is classified in the rebB superfamily
domain (Yamagishi et al. 2012). Tri2, Tri3-1 and
Tri3-2 were grouped in the same family of low
molecular weight proteins based on statistically sig-
nificant similarity to one another, and they were
homologous to the latter half of rebB (Yamagishi
et al. 2012).

Similarly the katablepharids, colorless het-
erotrophic flagellates that are a sister group of
Cryptophyta (Okamoto and Inouye 2005), possess
ejectisome-like structures, and the way they form
the tubes of ribbons has been shown to be sim-
ilar to that in Cryptophyta (Kugrens et al. 1994).
Recently, Yabuki et al. (2014) isolated Tri genes
from the katablepharids and this indicates that the
ejectisome-like structure consists of Tri family pro-
teins as in cryptomonads.

The genus Pyramimonas (Prasinophyceae,
Chlorophyta), which belongs to the green plant
linage and is phylogenetically rather distant from
Cryptophyta, also possesses an ejectisome-like
structure that morphologically resembles those
of cryptomonads and katablepharids (Morrall and
Greenwood 1980) (Supplementary Material Fig.
S1A). However, it has been reported that the
discharged ribbon forms a tube by a spiral rolling of
the ribbon that is a very different from the way in the
cryptomonads and the katablepharids (Kugrens
et al. 1994) (Supplementary Material Fig. S1A, B).
Recently, it has been reported that the ribbon-like
structure of Pyramimonas gondii was dominated
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by proteins with relative molecular weights of
approximately 12.5-19 kDa and two additional
proteins of 23 and 26 kDa (Ammerman et al. 2014;
Rhiel et al. 2013). However, the ejectisome-related
components of Pyramimonas have not yet been
identified. In this study, we aimed to identify major
components of the ribbon-like structure in Pyrami-
monas parkeae, and here provide new knowledge
on the ejectisome-like structure of Pyramimonas.

Results

Histochemical Analyses

Under fluorescence microscopy the fluorescent
dye 4’,6-diamidino-2-phenylindole (DAPI) strongly
stained not only the nucleus but also ejectisome-
like structures (Fig. 1A). Discharged ejectisome-like
structures rapidly extend to form a straight or
slightly curved hollow tube, and they also were
strongly stained by DAPI (Fig. 1B; Supplemen-
tary Material Fig. S1). However, under UV light,
the DAPI fluorescence of the ribbons before and
after the release from the cell photobleached more
rapidly than the fluorescence in the nucleus (data
not shown). Toluidine blue, which binds to acidic
substances and negatively-charged polymers, also
stained the ejectisome-like structures (Fig. 1C).
In contrast, a nucleic acid-specific fluorescent dye
SYBR Green | did not stain ribbons before and after
discharge (Fig. 1D).

Molecular Characterization

The ejectisome-like structures (ribbon-like struc-
tures) were easily discharged from the cells by the
acidic stimulation method without significant dam-
age to the cell (see Methods), and the purified
ribbon-like structures were nearly free of other cel-
lular materials (Fig. 2A-D).

By toluidine blue staining after electrophoretic
separation of the ribbon-like structure by tricine-
SDS-PAGE, some bands were clearly detected in
the small molecular weight of 1.7 kDa and 4.6
kDa. These bands were also stained by Alcian
blue, but were not stained by Coomassie bril-
liant blue R-250 (CBB R-250) or silver staining
(data not shown), indicating they may consist
of acidic polymers (Fig. 2E). A standard stain-
ing method by CBB R-250 detected four major
bands of 14 kDa, 15 kDa, 16.5 kDa and 17.5
kDa (Fig. 2E). The existence of proteins in the
ribbon-like structure was demonstrated by amino
acid composition analysis (approximately15% of
total volume) (Supplementary Material Fig. S2).
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Figure 1. Fluorescence microscopy analyses of
Pyramimoas parkeae. Cells stained with DAPI (A
and B), toluidine blue (C), SYBR Green | (D) and
their DIC images ('). Arrows in (A) and (C) indicate
ribbons before and after the release from the cell
and stained by DAPI, respectively. Red and blue
fluorescence in (A) and (B) show autofluorescence
from the chlorophyll and DAPI fluorescence under
UV, respectively. Arrow in (C) indicates un-discharged
ribbons that were stained by toluidine blue. Scale
bars, 20um. See also Supplementary Material
Figure S1 for schematic diagrams of ejectisome-like
structure.

Monosaccharide composition analysis showed that
the ribbon-like structure contains five species of
monosaccharide (galactose, mannose, glucose,
arabinose and xylose) and one amino sugar (N-
acetyl-glucosamine) (Fig. 3).

Edman degradation of the 17.5 kDa band
detected by Coomassie staining determined
13 amino acid residues (“ARTKQTARKSTGG”)
and identified it as histone H3 (Fig. 2E). The

proteins in 15, 14 and 16.5 kDa bands could not
be determined due to blocking of the N-terminal
end. Edman degradation after an in-gel diges-
tion of the 14 kDa band using Staphylococcus
V8 protease determined 4 amino acid residues
(“HARR”) and identified it as histone H4 (Fig. 2E).
Liquid chromatography-tandem mass spectrom-
etry (LC/MS/MS) analyses after in-gel digestion
of the 15 and 16.5 kDa bands using trypsin
determined two peptide fragments (AGLQFPVGR
and VGAGAPVYMAALEYLCAEVLELAGNASR)
from the band of 15 kDa and two peptide frag-
ments (QVHPDTGISSKAMSIMNSFINDLFEK and
YNKKPTITSREIQTAVRLVLVLPGELAK) from the
band of 16.5kD, and identified them as histones
H2B and H2A, respectively (Fig. 2E). Western
blot analyses using anti-core histone antibodies
also showed that the bands of 17.5, 16.5, 15 and
14 kDa are from core histone H3, H2B, H2A and
H4, respectively (Fig. 4A). In Edman degradation
analyses of two bands (1.7 kDa and 4.6 kDa) visu-
alized with toluidine blue and Alcian blue, no amino
acids were detected. Indirect immunofluorescence
microscopy using polyclonal antibodies against
histone H3, H2B, H2A and H4 showed that core
histones clearly localized at the ribbons before and
after discharge from the cell (Fig. 4B and C). On the
other hand, the nucleus was not detected by indirect
immunofluorescence staining with anti-core his-
tone antibodies (Supplementary Material Fig. S3).

The purified ribbon-like structures were clearly
digested by proteinase K or lysozyme (Fig. 5A,B;
Supplementary Material Fig. S4). Proteinase
K digested most of the structure within six
hours (Fig. 5A; Supplementary Material Fig. S4).
Lysozyme also digested most of its structure, but
not all within 24 hours (Fig. 5B and Supplementary
Material Fig. S4). In electrophoretic analyses of the
degraded products, toluidine blue staining showed
that the small molecular weight bands of 1.7 kDa
and 4.6 kDa were not digested by the proteinase K
treatment, but lysozyme treatment changed these
bands to smears, indicating that the contents in
these bands were digested (Fig. 5C). CBB R-250
staining showed that proteinase K digested the core
histones, but lysozyme did not affect them (Fig. 5C).
On the other hand, DNase and RNase did not
digest the ribbon-like structures, indicating that the
ribbon-like structure does not contain nucleic acids
(Supplementary Material Fig. S4).

When aliquots from the toluidine blue stained-
bands (1.7 kDa and 4.6 kDa) were mixed with
recombinant octamers of core histones (histone
H3, H2A, H2B and H4) in vitro, globular struc-
tures rapidly appeared, and they were stained by
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Figure 2. Images of purified ribbon-like structures of Pyramimonas parkeae and their tricine-SDS-PAGE anal-
ysis. Ribbon-like structures observed by DIC (A), DAPI staining (B) and toluidine blue staining (C). DIC (D) and
DAPI staining image (D’) of the cells after discharging the ribbon-like structures. Red and blue colors in (D)
are autofluorescence from the chlorophyll under green light and DAPI fluorescence from the nuclear under UV,
respectively. Scale bar, 20 um. Gel images visualized by toluidine blue staining (Tol. B), Alcian blue staining
(Alc. B) and standard staining with Coomassie brilliant blue R-250 (CBB) (E). Numbers in the left and right side
of the gel images indicate the relative molecular weight (kDa). Fragment sequences of 17.5, 16.5, 15 and 14
kDa proteins obtained by amino acid sequencing and LC/MS/MS analyses were shown below the gel image.

Figure 3. Monosaccharide composition analysis of
the ribbon-like structures. The table indicates the
retention time (min) and total quantity (ng) of found
components. See also Supplementary Material Fig-
ure S2 for amino acids composition analysis of the
ribbon-like structures.

indirect immunofluorescence with an anti-histone
antibody and DAPI, indicating that the contents in
the aliquots were associated with core histones
(Fig. 5D). Filamentous structures were also found
in one portion, but ribbon-like structures were not
reconstructed (Fig. 5D). The aliquots never formed
globular or filament-like structures by themselves.

Phylogenetic Analysis of Core Histone
Proteins

lllumina HiSeq 2000 sequencing of a library
from total RNA of P parkeae produced 129,521
contigs (Supplementary Material Table S1). This
library contained one well-identified histone H3
(P. parkeae H3-1), two variants of histone H2A
(P. parkeae H2A-1 and H2A-2), one of histone
H2B (P. parkeae H2B-1) and one of histone H4
(P. parkeae H4-1) (Fig. 6A; Supplementary Material
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Figure 4. Western blot and immunofluorescence assay using anti-core histone antibodies. Western blot assay
using anti-core histone (histone H3, H2A, H2B and H4) antibodies (A). Lane labeled with CBB indicates an
image stained by Coomasie brilliant blue-R250 after tricine-SDS-PAGE. Numbers on the left side of the gel
images indicate the relative molecular weight (kDa). Immunofluorescence microscopy analysis of ribbons after
the discharge using anti-core histone (histone H3, H2A, H2B and H4) antibodies (B) and before the discharge
from the cell using anti-histone H3 (C), respectively. Non-immunized rabbit serum was used as negative control.
Scale bars in (A), (B) and (C), 20 .m. See also Supplementary Material Figure S3 for immuneofluorescence

assay during the cell cycle.

Fig. S5). Of these, P. parkeae H3-1, H2A-2, H2B-1
and H4-1 were consistent with the sequences of
histones in the ribbon-like structure obtained by
Edman degradation and LC/MS/MS analyses. In
addition to these core histones, derived histone
H3 (P. parkeae H3-derived-1) and derived histone
H2A (P. parkeae H2A-derived-1) sequences are
found in the library (Fig. 6A). Divergences of
these derived histone sequences are substantially
greater than that seen across broad eukaryotes
(Fig. 6A; Supplementary Material Fig. S5). A library
from total RNA of Pyramimonas amylifera that is
a species closely related to P parkeae, but does
not have the ejectisome-like structure, produced

119,212 contigs (Supplementary Material Table
S1). Unlike the library of P parkeae, this library
contained only one of core histone sequences
(P. amylifera H2B-1) (Fig. 6A). In addition to the
histone H2B sequence, three derived histone
H3 (P. amylifera H3-derived-1, 2 and 3) and one
derived histone H2A (P. amylifera H2A-derived-1)
sequences were found in this library, and they also
were exceptionally divergent compared to typical
core histone sequences (Fig. 6A; Supplementary
Material Fig. S5). Phylogenetic analyses showed
that the histones in the ribbon-like structure are
close to those in the plant and green algal lineage
(Fig. 6B-D; Supplementary Material Fig. S6).
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Figure 5. Enzyme digestion assays of ribbon-like structures and reconstruction assay in vitro using recom-
binant octamer of core histones. DIC images of purified ribbon-like structures after 6 hous of Proteinase K
treatment (A) and after 24 hours of lysozyme treatment (B). See also Supplementary Material Figure S4 for
proteinase K and lysozyme-treated the ribbon-like structures in detail. Proteinase K and lysozyme-treated prod-
ucts of the ribbon-like structures were applied to tricine-SDS-PAGE, and visualized by toluidine blue (C; Tolu.
B). The same gel was visualized by Coomassie brilliant blue R-250 (C; CBB). Pro. K and Lys. indicate pro-
teinase K and lysozyme, respectively. Lys.- indicates the control lane that only lysozyme was loaded without
the substrate. Arrowheads indicate bands originated from lysozyme. Arrows indicate the band of histone H3,
H2A and H4 from the top. The bands of histone H2B were overlapped with a band from lysozyme. A band
of proteinase K was not detected probably because of auto-digestion by oneself. Immunofluorescense, DAPI
and DIC images of assembled globs and filament-like structure in vitro (D). Arrowheads and arrow indicate

assembled globs and filament-like structure, respectively. Scale bar, 10 pm.

Discussion

The results of immunological studies, enzymatic
studies and a reconstruction assay using recom-
binant octamers of core histones (H3, H2A, H2B
and H4) showed that the ribbon-like structure in
the ejective organelle of the green alga Pyrami-
monas parkeae mainly consists of the core histones
and polymers containing N-acetyl-glucosamine. It
is well known that core histones associate with DNA
in the nucleus, but this is the first report to show that
the core histones exist apart from a nucleus.

The Ribbon-like Structure of
Pyramimonas parkeae Contains Core
Histones

Tricine-SDS-PAGE analysis of the ribbon-like
structures revealed that they contain proteins with
relative molecular weights of 14, 15, 16.5 and 17.5
kDa. This result substantially agrees with the report
of Rhiel et al., who studied the ribbon-like structure

of Pyramimonas grossii by SDS-PAGE (Rhiel et al.
2013). We identified the proteins of 17.5 kDa, 16.5
kDa, 15 kDa and 14 kDa proteins histones H3, H2B,
H2A and H4, respectively, based on the results
of Edman degradation, LC/MS/MS and western
blotting. Indirect immunofluorescence microscopy
analysis using anti-core histone (histones H3,
H2A, H2B and H4) antibodies demonstrated that
the core histones are localized in the ribbon-like
structure before and after discharge. The results
of amino acid composition analysis showed that
the content of lysine and arginine is high (approx-
imately 17%), with hardly any cysteine residues,
which is a distinctive feature of core histones (Sup-
plementary Material Fig. S2). On the assumption
that each of four histones (H3, H2A, H2B, and H4)
would be contained in the ribbon-like structure in
stoichiometric ratios, some deviations were found
between the values in the amino acid composition
analysis and expected values, though the most
of measured amino acids were similar to the
expected values (Supplementary Material Fig. S2).
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Figure 6. The relative proportion of core histone and
derived histone sequences found in the library of
Pyramimonas parkeae and Pyramimonas amylifera,
and the phylogenetic positions of the core histone
H2A, H2B, and H3 identified from P parkeae and P
amylifera, inferred from the maximum-likelihood (ML)
and Bayesian Inference methods. The relative pro-
portion of core histone and histone-like sequences
(A). Numbers in boxes indicate total number of core
histone and derived histone sequences found in the
library of P parkeae and P amylifera. The phyloge-
netic trees of histone H3 (B), histone H2B (C) and
histone H2A (D). As the two methods constructed
quite similar topology, only the ML tree was shown.
Left and right values at nodes represent ML bootstrap
values (MLBs) and Bayesian posterior probabilities
(BPPs). Only values of MLBs >70% and BPP >0.90
are shown. The sequences found in the ejectisome-
like structure of P. parkeae were labeled with asterisk.
The unit of branch length is the number of substitu-
tions per site. See Supplementary Material Figure S5
and Table S2 for protein alignments and databases of
the sequences used for the phylogenetic inferences,
respectively.

Since other proteins except for the histones were
not detected in the SDS-PAGE analysis, these
deviations suggest that each of four histones may
be contained in the ribbon-like structure in different
ratios. This hypothesis is supported by the result
of the SDS-PAGE analysis, in which two histones
(H3 and H4) were detected in larger quantities
compared to histones H2A and H2B. On the other
hand, the low value of arginine may be due to
the carbohydrates contained in the ribbon-like
structure because sugars such as arabinose and
xylose promote the destruction of arginine during
acidic hydrolysis. Therefore, we conclude that
most of the proteins in the ribbon-like structures
consist of core histone proteins, and that they are
important components in the ribbon-like structure
based on the fact that the ribbon-like structures
were digested by protease.

The Ribbon-like Structure of
Pyramimonas parkeae Contains g (1-4)
linked Polymers Containing
N-acetyl-glucosamine

As toluidine blue and Alcian blue are basic dyes,
they stain negatively charged and acidic polymers
such as heparan sulfate, hyaluronic acid and chon-
droitin sufate as well as nuclear material (Koop
1976; Scott and Dorling 1965; Volpi and Maccari
2002). The positive-staining results with toluidine
blue and alcian blue in the ribbon-like structures
indicate that they contain acidic or negatively
charged polymers, except for core histone proteins.
DAPI is a positively charged fluorescence dye with
a divalent positive charge (Eriksson et al. 1993),
and known to bind not only nucleic acids but also
negatively charged polyphosphate (polyP), though
its emission wavelength shifts from 456 nm (blue)
to 540 nm (greenish-yellow) when bound to polyP
(Melasniemi and Hernesmaa 2000; Tijssen et al.
1982). DAPI also binds other acidic or negatively
charged polymers such as glycosaminoglycans
and polyglutamic acid, with an emission wavelength
similar to that of nucleic acids (Tijssen et al. 1982).
The blue DAPI fluorescence in the ribbon-like struc-
tures indicates that they contain acidic or negative
charged polymers other than polyP. On the other
hand, the stabilities for DNase and RNase and the
negative-staining result with SYBR Green | indi-
cate that the ribbon-like structure does not contain
nucleic acids. However, there is still a possibility of
containing small amount of nucleic acids.
Monosaccharide composition analysis demon-
strated that the ribbon-like structures contain
N-acetyl-glucosamine. This suggests to us that



the ribbon-like structures may consist of a B (1-
4) linked polymer containing N-acetyl-glucosamine
as in peptidoglycan that is a main structure of
cell walls in bacteria or in chitin. This hypothe-
sis was supported by the result that lysozyme
from hen white egg digested the ribbon-like struc-
tures. Lysozyme from hen white egg hydrolyzes
B (1-4) linkages not only between the N-acetyl-
glucosamine and N-acetylmuramic acid residues
in peptidoglycan but also between the N-acetyl-
glucosamine residues in chitin, therefore, in the
former case the ribbon-like structure might con-
tain N-acetylmuramic acid as a counterpart of
N-acetyl-glucosamine. Monosaccharide composi-
tion analysis could not demonstrate the presence
of N-acetylmuramic acid, but further optimization
of acidic hydrolysis may enable the detec-
tion of N-acetylmuramic acid in the ribbon-like
structure. Therefore, the linkage partner of N-
acetyl-glucosamine in the ribbon-like structure is
still unknown.

We also concluded that the bands of 1.7 kDa
and 4.6 kDa in SDS-PAGE are components of the
ribbon-like structures because they were stained
by toluidine blue and Alcian blue as well as
in the ribbon-like structures. Simultaneously, the
contents of the bands of 1.7 kDa and 4.6 kDa
are the B (1-4) linked polymers containing the
N-acetyl-glucosamine based on the result that
these bands were digested by lysozyme. We also
consider that the polymers may consist of polysac-
charides because monosaccharide composition
analysis showed that the ribbon-like structures
contain five monosaccharide in addition to N-
acetyl-glucosamine, and these may be negatively
charged with sulfate or phosphate groups. How-
ever, apart from the staining properties, there is
no direct evidence for the presence of a polysac-
charide in the B (1-4) linked polymers containing
N-acetyl-glucosamine, and they are negatively
charged. For this, it would be necessary to deter-
mine its molecular structure using NMR in the
future. On the other hand, although DAPI did not
stain any bands in SDS-PAGE, we think that this
results from a decrease of negative electric charge
by depolymerization of the ribbon-like structures.

Based on these results, we conclude that the
ribbon-like structures of P parkeae mainly consist
of histones and the 3 (1-4) linked polymers contain-
ing N-acetyl-glucosamine with relative molecular
weight of 1.7 kDa and 4.6 kDa, but the determina-
tion of the structure of the polymers remains to be
done. This conclusion is also strongly supported by
the result that the octamers of the recombinant his-
tones and aliquots from 1.7 kDa and 4.6 kDa bands
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can associate in vitro with each other, and assem-
ble partially into globules or filament-like structures.

Origin of the Ribbon-like Structure in
Pyramimonas parkeae

It has been reported that the ribbon-like structure
of ejectisomes in cryptomonads is constituted of
Tri family proteins, which have a close evolution-
ary relationship to the RebB protein constituting
the coiled ribbon-like structure (R-body) in the
bacterial endosymbiont of paramecia, Caedibac-
ter (Yamagishi et al. 2012). Our present studies
show that molecular components of the ribbon-like
structure in P. parkeae differ entirely from those
of cryptomonads, and have a different evolution-
ary origin from that of cryptomonads, indicating
that ancestors of cryptomonads and Pyramimonas
independently acquired the ejective organelle. In
order to distinguish the ejectisome-like structure of
Pyramimonas from the ejectisome of cryptomon-
ads, we suggest to name it the “historosome”.

Recently, evidence of phagocytosis was shown
in the prasinophyte Cymbomonas, closely related
to Pyramimonas (Maruyama and Kim 2013). This
result strongly supports a hypothesis that ejective
organelles in an anterior invagination are an aid to
prey capture by primitive phagotrophic flagellates
(Cavalier-Smith 1982). Parke and Adams (1965)
suggested that the ejective organelles remain as a
relic organelle in Pyramimonas. However, since this
assumption does not have support by a phyloge-
netic analysis of Pyramimonas species possessing
and lacking ejective organelles, it is not clear
whether Pyramimonas may have acquired the ejec-
tive organelle at a later stage or lost it during further
development of autotrophic nutrition.

On the other hand, the origin of the ribbon-
like structure in P parkeae is very interesting,
considering that the ribbon-like structure contains
the core histones. Histone sequences have been
identified in many archaeal genomes, and it has
been suggested that eukaryotic core histones
share ancestry with them, because of the histone
fold (HF) structure and amino acid residues for
histone-DNA and histone dimer-dimer interactions
are highly conserved (Sandman and Reeve 2006).
However, it remains unclear whether the ances-
tral proteins of the histones originated in archaea
or eukaryotes, because HF-containing proteins are
absent in most Crenarcheae except for Cenar-
chaeum. Five sequences of core histones found
in the library of P parkeae (P. parkeae H3-1,
H2B-1 and H2A-1, 2 and H4-1) possessed con-
served HF structure and conserved amino acid
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residues for histone-DNA and histone dimer-dimer
interactions, and showed very close relationship
to those of eukaryotes. Four of five core histone
sequences (P. parkeae H3-1, H2B-1 and H2A-2 and
H4-1) corresponded with the sequences obtained
by amino acid sequencing and LC/MS/MS analy-
ses of histones in the ribbon-like structure. This
result simultaneously poses a question whether
these histones in the ribbon-like structure also play
a role as DNA packaging proteins in the nucleo-
some of P. parkeae. Considering the results that
immunofluorescence staining using anti-core his-
tone antibodies did not detect the nucleus of P
parkeae and P amylifera (data not shown), core his-
tones may be absent from the nucleus of P. parkeae
and P. amylifera or present in very low concen-
tration. The result that transcripts of histone H3,
H2A and H4 were not found in the database of
P amylifera may reflect the absence of the ejecti-
some in P amylifera, but it is unclear whether this is
due to low expression or lack of the genes. Among
eukaryotic organisms absence of core histones in
the nucleus is known only in the phylum Dinoflagel-
lata (Gornik et al. 2012). Although absence of core
histones in dinoflagellates is thought to be a spe-
cial case and a derived state, we consider that our
present results broaden the knowledge of the evo-
lution and origin of eukaryotic core histones. On the
other hand, since some derived histone sequences
were found in the library of P. parkeae and P amylif-
era, though their variations were greater than those
seen across broad eukaryotic diversity, the possi-
bility that they may act as DNA packaging proteins
cannot be excluded. Also, although there is little
possible technical issue with immunofluorescence
staining because the method used in this study was
available for detection of the nuclear histones in
other some unicellular algae, SDS-PAGE analysis
of nuclear-extracted proteins would be needed to
elucidate whether core histones are truly absent
from the nucleus of P parkeae and P. amylifera.

Methods

Culture: Axenic cultures of Pyramimonas parkeae (NIES-254)
and Pyramimonas aff. amylifera (NIES-251) were acquired
from the Microalgal Culture Collection in the National Institute
of Environmental Studies (NIES), and were cultured in EMS
medium (Kasai et al. 2009) at 20 °C illuminated by white fluo-
rescent lighting (approximately 40 umol photons m2 - s7') with
a 12:12 light:dark (L:D) photoperiod under gentle agitation.
Fluorescence microscopy analysis of Pyramimonas
parkeae: Cells of P. parkeae were fixed for 15 min at room tem-
perature with 3% formaldehyde (Wako Pure Chemical, Osaka,
Japan) in fixation buffer (480 mM NacCl, 41.5 mM MgSQ,4, 8 mM
KCI, 8.25 mM Tris, and 5 mM EGTA, pH 8.0), and then adhered
to a poly-L-lysine (Sigma-Aldrich, St. Louis, MO, USA) coated

coverslips. After three 1 min rinses with PBS (137 mM NaCl,
8.10mM NaHPOy, 2.68 mM KCI, 1.47 mM KH>PQy, pH 7.4),
samples were stained with DAPI (1 ug - mL" in PBS), SYBR
Green | (Wako Pure Chemical) or toluidine blue (Wako Pure
Chemical) for 15min at room temperature. After three 5min
rinses with PBS, samples were mounted in 50% glycerol-PBS
containing 0.1% p-phenilenediamine and observed with a BX-
50 Epifluorescence Microscope (Olympus, Tokyo, Japan).

Isolation of ribbon-like structures from Pyramimonas
parkeae: Cells of P parkeae were collected from 1.0 L of a
seven-day culture by centrifugation at 4 °C, 1,000 x g for 10 min,
resuspended in fresh EMS medium and re-centrifuged. The
cells were resuspended in 15 ml of EMS medium and incubated
at4°Cfor 1 h, and then the flagella were detached from the cells
by intense agitation of the centrifuge tube at maximum speed
of a vibratory mixer (Taitec, Tokyo, Japan) for 2 min. Deflag-
ellated cells were collected by centrifugation at 4°C, 100 x g
for 10 min, and then resuspended in 10 ml EMS medium. Dis-
charge of ribbon-like structures from the cells was induced by
adding 100 pL of 4N HCI. Cells were pelleted by centrifugation
at4°C, 100 x g for 10 min, and this process was repeated until
the cells were completely removed. The supernatant, contain-
ing the ribbon-like structures, was centrifuged at 4°C, 16,000
x g for 1.5min to form a pellet of ribbons. The pellet of ribbons
was washed several times by centrifugation at 4°C, 16,000 x
g for 1.5 min with EGTA medium (5 mM Tris-HCI, 5mM EGTA,
pH 7.5). The purified ejectisome ribbons were stored at -80°C
until use.

Tricine-sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis: Purified ribbon-like structures were suspended in
SDS sample buffer (50 mM Tris-HCI pH 6.8, 1% w/v SDS, 0.1%
w/v dithiothreitol, 20% v/v glycerol) and incubated at room tem-
perature for 30 min, followed by centrifugation at 4 °C, 16,000 x
g for 15 min. Tricine-sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (Tricine-SDS-PAGE) was performed to sepa-
rate small peptides below 10 kDa according to the method of
Schagger and Jagow (1987). The gel was stained with 0.05%
toluidine blue (Wako) in 25% methanol and 5% glycerol for
15min at room temperature, and then de-stained with 25%
methanol for 15min. Protein bands were stained with 0.25%
Coomassie brilliant blue R-250 in 30% methanol and 10%
acetic acid during approximately 30 min, and background dye
was de-stained in 30% methanol and 10% acetic acid for 3h by
renewing the de-staining solution several times.

Amino acids composition analysis: Approximately 100 pg
of purified ribbon-like structures were hydrolyzed in 300 p.l of 6N
HCI for 24 hours at 110°C, and 40 ul of digested aliquot was
analyzed with an Amino Acid Analyzer L-8900 (Hitachi, Tokyo,
Japan).

Monosaccharide composition analysis: Approximately
5 p.g of purified ribbon-like structures were hydrolyzed in 300 .l
of 4 M trifluoroacetic acid at 100 °C for 3 hours. The hydrolyzed
sample was acetylated with acetic anhydride, and then fluores-
cence labeled monosaccharide was analyzed with BioAssist eZ
(Toso, Tokyo, Japan).

Purification of proteins from the SDS-polyacrylamide
gel: Each visualized band was excised from the SDS-
polyacrylamide gel and incubated in distilled water at 4°C for
12h to elute proteins. Ten volumes of ice-cold acetone was
added to the eluted aliquot and incubated at -25°C for 1h,
followed by centrifugation at 4°C, 16,000 x g for 30 min. The
supernatant was carefully discarded and the pellet air-dried.
The dried pellet was resuspended with 5% acetonitrile con-
taining 0.1% trifluoroacetic acid, and purified with GL-Tip GC
(GL Sciences, Tokyo, Japan), a sample preparation tip column
packed with highly purified graphite designed for desalting and
enriching particularly hydrophilic peptide samples, according to



manufacturer’s instruction. Aliquots eluted from a column with
80% acetonitrile containing 0.1% trifluoroacetic acid were used
for further Edman degradation.

Edman degradation: Protein aliquots (in 80% acetoni-
trile containing 0.1% trifluoroacetic acid) purified from the gel
or electrophoretically transferred PVDF membrane were sub-
jected to Edman degradation (APRO Science, Tokushima,
Japan).

In-gel digestion: N-terminal blocked proteins were enzy-
matically digested into peptide fragments by an in-gel digestion
method, and their N-terminal amino acids were sequenced.
Each visualized protein band was excised from the tricine-SDS-
polyacrylamide gel and de-stained by several 50% methanol
washes. De-stained gel pieces were incubated in 50% acetoni-
trile for 10 min at room temperature, following dehydration with
100% acetonitrile for 10 min at room temperature. Dehydrated
gel pieces were rehydrated with a digestion buffer (0.125 M Tris,
0.1% SDS, and 1 mM EDTA, pH 6.8) for 10 min at room tem-
perature, and then again dehydrated with 100% acetonitrile for
10 min at room temperature. The dehydrated gel was again re-
hydrated with the digestion buffer, and then incubated in 50%
acetonitrile (in the digestion buffer) for 10 min at room temper-
ature, following two 10 min dehydrations in 100% acetonitrile
at room temperature. Completely dehydrated gel pieces were
air-dried for 1 h at room temperature, and treated with 6 pl of
Staphylococcus V8 protease solution (2 ng/pl in the digestion
buffer) overnight at 30 °C. Gel pieces containing digested pep-
tide fragments were applied on a tricine-SDS-PAGE gel and
electrophoretically resolved. The peptide bands separated in
the SDS-PAGE were transformed onto PVDF membranes, and
excised bands were subjected to Edman degradation.

Liquid chromatography-tandem mass spectrometry
(LC/MS/MS): NanoLC/MS/MS analyses of samples digested
by an in-gel digestion with trypsin were performed by Japan
Proteomics Co., LTD (Sendai, Japan).

Western blotting: The tricine-SDS-PAGE of purified ribbon-
like structures was performed as previously described, and
separated proteins were electrophoretically transferred onto
a PVDF membrane. The PVDF membrane was incubated
with blocking reagent (TBST:20 mM Tris, 150 mM NacCl, 0.05%
Tween 20, 1% w/v BSA) for 60min at room temperature,
and then incubated with rabbit histone H3 (ab1791: Abcam,
Tokyo, Japan), H2A (GTX129418: Gene Tex, Irvine, CA, USA),
H2B (GTX129434: Gene Tex) and H4 (GTX129560: Gene
Tex) polyclonal antibodies diluted 1:2000 in TBST for 60 min
at room temperature with gentle agitation. After three 5min
rinses with TBST, the membranes were incubated with alkaline-
phosphatase-conjugated anti-rabbit IgG (Promega, Madison,
WI, USA) diluted 1:5000 in TBST for 30 min at room tempera-
ture. After three 5 min rinses with TBST, immunoreactive bands
were visualized with 5-bromo-4-chloro-3-indolyl phosphate and
nitro blue tetrazolium (Promega).

Indirect immunofluorescence microscopy analysis:
Purified ribbon-like structures were adhered to a poly-L-lysine
(Sigma-Aldrich) coated cover glass, and incubated in PBS-BSA
for 1 hour at 37 °C for blocking. After three 1 min rinses with PBS,
samples were incubated for 1hour at 37 °C with rabbit poly-
clonal antibody against histone H3 (1/1000 in PBS) (Abcam),
histone H2A (1/1000 in PBS) (Gene Tex), histone H2B (1/1000
in PBS) (Gene Tex), histone H4 (1/1000 in PBS) (Gene Tex),
and non-immunized rabbit serum (10% in PBS v/v) as neg-
ative control. After five 3 min rinses with PBS, samples were
incubated with FITC-linked anti rabbit IgG for 1 hour at 37 °C.
After five 3min rinses with PBS, samples were mounted in
50% glycerol-PBS containing 0.1% p-phenylenediamine and
observed with a BX-50 Epifluorescence Microscope (Olym-
pus). For immunofluorescence analysis of the ribbons before
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release from the cell, cells of P parkeae were fixed for 15 min
at room temperature with 3% formaldehyde (Wako Pure Chem-
ical) in fixation buffer, given three 3 min rinses with PBS, and
adhered to a poly-L-lysine (Sigma-Aldrich) coated cover glass.
After three 1 min rinses with PBS, samples were incubated in
PBS-BSA for 1 hour at 37°C for blocking. After three 1 min
rinses with PBS, samples were incubated for 1hour at 37°C
with rabbit polyclonal antibody against histone H3 (1/1000
in PBS) (Abcam). After five 3min rinses with PBS, samples
were incubated with FITC-linked anti rabbit IgG for 1 hour at
37 °C. After five 3min rinses with PBS, sample were mounted
with 50% glycerol-PBS containing 0.1% p-phenilenediamine
and observed with a BX-50 Epifluorescence Microscope
(Olympus).

Enzyme treatments: Purified ribbon-like structures (approx-
imately 10 ng) were treated with 5 i of proteinase K solution
(50 wg/ml in DW containing 10 mM CaCl,) (Wako Pure Chem-
ical) for 6 hours at 50°C or 5 pl of lysozyme from hen white
egg (10mg / ml in PBS) (Seikagaku Biobusiness Corporation,
Tokyo, Japan) for 24 hours at 37 °C. Treated samples (approx-
imately 10 .g) were suspended with 5pl of sample buffer
(100 mM Tris-HCI at pH 6.8, 2% w/v SDS, 0.2% w/v dithiothre-
itol, 40% v/v glycerol) and applied to tricine-SDS-PAGE gels as
described above. Gels were stained with toluidine blue and de-
stained as described above. The de-stained gel was imaged,
and then again de-stained until dye was completely removed in
preparation for further Coomassie staining. The purified ribbon-
like structures (approximately 10 ng) also were treated with 5 pl
of DNase | solution (27 Kunitz units in RDD buffer that was sup-
plied by the manufacture) (Qiagen, Hilden, Germany) or 5 pl
of RNase A solution (Qiagen) (50 p.g/ml in DNase-free water)
for 24 hours at 37 °C, and treated samples were observed with
optical microscopy.

Reconstruction assay in vitro using recombinant core
histone proteins: Two pl (in TBS) of the purified aliquot from
the toluidine blue stained-bands (1.7 kDa to 4.6 kDa) and 10 .l
of recombinant human histone octamers that were collected
and pooled by gel filtration purification of only fractions corre-
sponding to the octamers (0.1 g; two each of histones H2A,
H2B, H3 and H4) (accession numbers: H2A-POC0S8; H2B-
P62807; H3-P68431; H4-P62805) (EpiCypher, NC, USA) were
transferred to a 0.2ml PCR tube, and were reacted at room
temperature for 5 min. The reactants were adhered to a poly-L-
lysine (Sigma-Aldrich, St. Louis, MO, USA) coated coverglass,
and observed by indirect immuneofluorescence microscopy
using rabbit polyclonal antibody against histone H3 (1/1000 in
PBS) (Abcam) and toluidine blue staining.

Extraction of total RNA: Approximately 100mg of P
parkeae and P amylifera cells were collected by centrifugation
at 4°C, 1,000 x g for 10 min, followed by washing once with
fresh EMS medium and centrifugation at 4°C, 1,000 x g for
10 min. Approximately 50 g of total RNA was extracted with an
RNeasy Plant Mini Kit (Qiagen), according to the manufacturer’s
instructions. Contaminating DNA was removed during RNA
purification with an RNase-Free DNase Set (Qiagen), accord-
ing to the manufacturer’s instructions. The quality of extracted
total RNA was assessed with a 2100 Bioanalyzer (Agilent Tech-
nologies, Santa Clara, CA, USA).

Transcript assembly and analysis: cDNA library prepara-
tion, sequencing of the library and transcript assembly were
performed by BGl (Beijing, China). The cDNA library was pre-
pared using TruSeq™ RNA Sample Prep Kit (lllumina, San
Diego, CA, USA) according to manufacturer’s instruction, and
their quantifications and qualifications were checked using 2100
Bioanalyzer (Agilent Technologies) and StepOnePlus Real-
Time PCR System (ABI, Foster, CA, USA). The libraries were
sequenced using HiSeq™ 2000 (lllumina).
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Transcriptome de novo assembly was performed with
short reads assembling program, Trinity (release-20130225)
(http://trinityrnaseq.sourceforge.net/) using the following
parameters: —seqType fq —min_contig_length 100; —min_glue 3
—group_pairs_distance 250; —ath_reinforcement_distance 85
—min_kmer_cov 3. To capture sequences of core histones, all
of unigenes assembled in P parkeae and P amylifera were
subjected to a BLAST search against the NCBI non-redundant
protein database of core histones. We also performed
additional analyses of conserved domains of the histone
sequences using InterProscan (www.ebi.ac.uk/interpro/) or
according to a definition by Sandman and Reeve (2006).
DDBJ/EMBL/GenBank accessions for the raw data before the
assembly: DRA003588. The unigenes are available on a web
site (yama9803.html.xdomain.jp).

Phylogenetic analysis: In order to assume the phylogenetic
positions of the core histone H3, H2A and H2B sequences iden-
tified from Pyraminonas parkeae and Pyramimonas amylifera
in this study, we performed preliminary molecular phyloge-
netic analyses with a broad taxon sampling, including major
eukaryotic lineages such as Opistokonta, Archaeplastida, Stra-
menopiles, Arveolata, Rizaria, Hacrobia, and Excavata. A
multiple alignment of amino acid sequences for each histone
H3, H2A, and H2B dataset was conducted using MUSCLE
algorithm (Edgar 2004), implemented in MEGAG (Tamura et al.
2013), and ambiguous sites were excluded from the datasets
using a ‘gappyout’ command in trimAl (Capella-Gutierrez et al.
2009). Molecular phylogenetic trees were constructed using the
neighbor-joining method with JTT distances (Jones et al. 1992),
implemented in MEGAB. Trees were rooted using a mid-point
rooting.

Based on the results of the preliminary analysis, we per-
formed additional phylogenetic analyses with a limited number
of OTUs, including taxa from Glaucocystophyta, Rhodophyta,
and Viridiplantae. As the same manner in the preliminary anal-
ysis, a multiple alignment of amino acid sequences for each
Histone H3, H2A, and H2B dataset was conducted using MUS-
CLE algorithm, implemented in MEGAB, and ambiguous sites
were excluded from the datasets using trimAl. As a result, 127,
145, and 136 amino acid positions were included in the final
dataset of histone H3 (13 OTUs), H2A (15 OTUs) and H2B (15
OTUs), respectively. Molecular phylogenetic trees were con-
structed using the maximum likelihood (ML) and the Bayesian
inference methods. A program Aminosan (Tanabe 2011) was
used for choosing the best-fit amino acid substitution models
via the corrected Akaike Information Criterion (Akaike 1974) for
ML analysis, and the Bayesian Information Criterion (Schwarz
1978) for the Bayesian inference analysis.

The ML analysis was performed with 1,000 iterations of
the likelihood-ratchet method (Vos 2003), implemented in
Phylogear2-2.0.2013.10.22 (Tanabe 2013) and Treefinder
(Jobb et al. 2004). Nodal support values were calculated using
bootstrap method in ML, with 1,000 replicates for each dataset.
Bayesian Inference analysis was performed with the selected
model, using MrBayes5d-3.1.2.2012.12.13 (Tanabe 2012), a
modified version of MrBayes 3.1 (Ronquist and Huelsenbeck
2003), for each dataset. The analysis was carried out by two
simultaneous runs, each of which consisted of running four
simultaneous chains for 1 million generations and sampling
trees every 1,000 generations. Bayesian posterior probabilities
were calculated after discarding the first 10% of the trees saved
during MCMC as ‘burn-in’, based on results of the stationary
states of log-likelihood analyzed using Tracer 1.6 (Rambaut
et al. 2014). Glaucocystophyta and Rhodophyta were chosen
as the outgroup taxa. DDBJ/ /EMBL/GenBank accessions for
histone sequences of P. parkeae and P. amylifera identified in
this study: LC034583-LC034594.
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