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Abstract: In eukaryotic cells, DNA is packaged inside the nucleus together with histones to form nucleosomes. Each
histone molecule contains two of each core histone subunits H2A, H2B, H3 and H4. Among core histones, the H2A family
is of great interest due to the high diversity of specialized variants. These variants have shown important role in critical

cellular processes. Epigenetic mechanism in oomycetes is barely known. Phytophthora infestans is a severe pathogen and a
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model species in oomycetes. In this study, we studied the sequence and expression pattern of H2A variants of P. infestans

through genome search, sequences alignment, phylogenetic analysis and realtime qPCR detection. P. infestans contains

conserved genes encoding histone variants H2A.X.1, H2A.X.2 and H2A.Z, and these genes have specific expression

patterns during development and infection stages. Our datasets provide useful inputs to help explore the epigenetic

mechanisms of oomycetes.

Keywords: oomycetes, late blight pathogen, H2A.X, H2A.Z, phylogeny, expression pattern

H2A
H2B H3 H4 2
1 147 bp DNA
1
H1 .
(Canonical
histones) (Gene duplication)
H2A H2B H3 H4
(Histone variants)
DNA
H2A H3
2] H2A
H2A.X H2A.Z MacroH2A H2A.Bbd "
H2A C
C H2A
[3]
H2A.X DNA
DNA
H2A.X H2A
DNA

® 010-64807509

(Non-homologous end joining)!*! H2A.X

129
139 21
H2A.X 1
DNA
H2A.X H2A.X
H2A.X [6]
H2A.Z
(7 H2A.Z
(TSSs)®  H2A.Z-H2B
DNA
B H2A.Z

Sir2  Sir3 Sir4
[10]

MacroH2A H2A-Bbd

MacroH2A
X C
1 H2A-Bbd
H4
X

H2A-Bbd"”!

Phytophthora (Oomycetes)
(Stramenopila)m]

< cjb@im.ac.cn



1566 ISSN 1000-3061 CN 11-1998/Q Chin J Biotech November 25,2016 Vol.32 No.ll

Phytophthora infestans de Bary Phaeodactylum
[13] tricornutum Thalassiosira
pseudonana H2A
(1 BROAD INSTITUTE

DOE Joint Genome Institute Ensembl Genomes
Pythium Genome Database

Phytophthora infestans

Phytophthora sojae Phytophhtora
ramorum Albugo labachii
H2A H2B Pythium ultimum
H3  H4 H2A  H3 Saprolegnia parasitica!'’*"6
QIS
H2A SMART Pfam NCBI CD
(Conserved Domains)-Search  InterProScan
H2A [21-23]
v CPHmodels-3.2
1 #RETE oa -
1.1 ## 1.2.2 H2A
2007
Al MX5-1 ClusterwW2!*”!
yZ-6!' A2 H2A
80787-94L"
el gap 10 01
RNA NucleoSpin RNA Plant Kit gap
MACHEREY-NAGEL 02 MEGA 5.22
PCR TaKaRa [26]
Bootstrap 1 000
Millipore 1.2.3 RNA
1.2 % 2007
1.2.1 Al MX5-1
NCBI SWISS-PROT KEGG YZ-6 A2
Saccharomyces cerevisiae 80787-94L!"!
Homo sapiens Arabidopsis thaliana RNA

http://journals.im.ac.cn/cjben



IRE FHRRBEER HA BRIFSISHRE 1567

1

HEQ HATRAKEREER

Table 1 Gene information for histone H2A variants

Organisms

Serial No.

Database entry
ID

Gene annotation in
Genome Database

Location

Oomycetes

Phytophthora infestans PiH2A.X.1

P. infestans
P. infestans
P. sojae
P. sojae
P. sojae
P. ramorum
P. ramorum
P. ramorum

Pythium ultimum

Py. ultimum

Albugo laibachii

A. laibachii

Saprolegnia parasitica

S. parasitica
S. parasitica
Diatoms

Thalassiosira
pseudonana

T. pseudonana

T. pseudonana
Phaeodactylum
tricornutum

Ph. tricornutum
Ph. tricornutum
Model species
Saccharomyces
cerevisiae

S. cerevisiae

S. cerevisiae
Arabidopsis thaliana
A. thaliana

A. thaliana

PiH2A.X.2
PiH2A.Z
PsH2A.X.1
PsH2A.X.2
PsH2A.Z
PrH2A.X.1
PrH2A.X.2
PrH2A.Z

PyuH2A.X.

PyuH2A.Z
AlH2A.X.

AlH2A.Z

SpH2A.1
SpH2A.2
SpH2A.Z

TpH2A.1

TpH2A.2
TpH2A.Z
PtH2A.1

PtH2A.X
PtH2A.Z

ScH2A.X.1

ScH2A.X.2
ScH2A.Z
AtH2A.1
AtH2A . Xa
AtH2A.Xb

PITG_03881.1
PITG_03882.1
PITG 02527.1
349254

322459

295340

72207

72208

45574

PYUL T013600
PYU1 T013601
PYUI T013602
PYU1 T013603
PYUI T008571

CCA14657

CCA18155

SPRG_10121.2
SPRG_06968.2
SPRG_04128.2

35407
6948
33270
37431
268117
26802
34798
46020

28445

YDR225W

YBLO003C
YOLO012C
AT1G51060
AT1G08880
AT1G54690

Histone H2A
Histone H2A 1
Histone H2A
Hypothetical protein
Hypothetical protein
Hypothetical protein
Histone H2A
Histone H2A
Histone H2A

Histone H2A

Histone H2A

Histone H2A putative

Histone H2A variant 1

putative

Histone H2A.1
Hypothetical protein
Histone H2A

Histone H2A

Histone H2A
Histone H2A
Histone H2A

Histone H2A
histone H2A

Histone H2A.X

Histone H2A.X
Histone H2AZ
Histone H2A.1
Histone H2AXa
Histone H2AXb

Supercontig 4: 3774296-3774715 —
Supercontig 4: 3775141-3775669 +
Supercontig 3: 2441372-2442025 —
Scaffold 1:7518289-7519060 —
Scaffold 1:7519526-7519948 +
Scaffold 1:12782773-12783335 +
Scaffold 107:99189-99608 —
Scaffold 107:100045-100467 +
Scaffold 25:348267-348672 —
Scfl1117875581984: 155417-155836 +
Scf1117875581984: 152604-153023 +
Scfl1117875581984: 151597-152016 —
Scf1117875581984: 148776-149195 —
Scf1117875582016: 134432-135084 —
SuperContig FR824050:
104716-105135 +

SuperContig FR824091:

32756-33289 +
Supercont2.52:65363-65820 +
Supercont2.29:107226-106725 —
Supercont2.11:23913-24513 +

Chr_7:866623-866997 —
Chr_7:882415-882789 +
Chr_3:336483-336857 —
Chr_14:943851-944225 —
Chr_1:2529769-2530654 +
Chr_6:431207-431918 —
Chr_6:407739-408119 +
Chr_9:4684-5655 +

Chr_12:287091-287995 —

Chromosome 1V:915530-915928 +

Chromosome 11:235792-235394 —
Chromosome XV:303983-303579 —
Chromosome 1:18926876-18927646 —
Chromosome 1:2847800-2846949 —
Chromosome 1:20415287-20414316 —

® 010-64807509

K cjb@im.ac.cn



1568 ISSN 1000-3061

CN 11-1998/Q Chin J Biotech November 25,2016 Vol.32 No.I1

1

AtH2A.Z AT3G54560
8329
8330
HsH2A.1 8332

8336

8969

A. thaliana

Homo sapiens

Histone H2A variant 1
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H. sapiens HsH2A.X 4739 Histone H2AX 11:119095467-119093874 —
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18 °C 10 "
30 (4DM) (10DM)
2 000 r/min 8 min (14DM)
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4°C 2-3h YZ-6 (4D1)  80787-94L (4D2)
2 000 r/min 8 min
30 -80 C
(ZO) 30 RNA NucleoSpin RNA Plant Kit
40 s (740949 MACHEREY-NAGEL Germany)
2 000 r/min 8 min Thermo NanoDrop
(CY) 60 2000 (Wilmington USA) RNA
120 r/min 1.0%
18 °C 30 3h RNA
2 000 r/min 8 min 1.2.4
(GC) 30 3 H2A
48 h 2 000 r/min ( 2 PifH2A.X.1
8 min (MY) PifH2A.X.2
70—180 bp
0.4 um (Millipore Ireland SYBR PCR
43 mm)
(60 mm) YZ-6  80787-94L lug RNA  oligo (dTs)
2 cm M-MLV (TaKaRa Bio Inc.

http://journals.im.ac.cn/cjben



IRE FHRRBEER HA BRIFSISHRE 1569

*2 MRPFEMAHEFTXEE PCRIIY
Table 2 Realtime gPCR primers used in this study

. Primer . Amplified
1 No. L 3! Tm (C
Serial No ocus name Primer sequence (5'—3") m (C) iy (10
H2AX1F GTAAGAAGGGAAAGGGAAGCACCC 59.1 127
PiH2A.X.1 PITG 03881.1
H2AX1IR ATGTAGACCGGAGCGCCACCTC 60.4
H2AX2F CAAGAAGACCGGCAAGAGCTCGAC 58.8 115
PiH2A.X.2 PITG_03882.1
H2AX2R ACCGCTGCCCGTACGCTGG 59.7
H2AZF CAAGGGCGTTACATCCAAGCGAGCA 61.0 127
PiH2A.Z PITG_02527.1
H2AZR CGTGGCACCCACGCGTTGATTGTT 60.8
EF1F ACTCCAAGAACGACCCTGCTAAGGCAACC 64.3 241
PiEF1 PITG_06722
EFIR TTCGACGGCTCGAGGATGACCATGCAG 64.3
Shiga Japan) cDNA 2 %%5 M
PCR 10 ng cDNA

0.2 pmol/L ( ) 0.4 uL ROX Reference
Dye II 10 pL SYBR Premix DimerEraser (Perfect
Real Time) (TaKaRa Bio Inc. Shiga Japan)

20 uL ABI PRISM 7500 fast
PCR (Applied Biosystems Foster
City SYBR CA USA) PCR
Ct 95°C 30s
40 95°C5s 60°C 34s
95 C 15s 60 C 1 min 95 C
15 s PCR
4
(EF1
PITG 06722.1)
PCR
Gene Expression Omnibus
DataSets Haas
(201 H2A
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H2A X H2A X PITG_03881.1
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H2A.X.1 H2A.X.2 H2A.X
(PDB 5f99 chain G) 78.2%
76.9%
22 BUREBEER HA EREMFYLE HAXDT HAX2 > alpha
ki 5 alpha ( 2
221 H2A.X
2 H2A.X.1 H2AX2 C

~
w2
~

Phytophthora ramorum (PrH2A . X.1)
38 Phytophthora infestans ﬁ iH2A.X.1)
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Fig. 1 Maximum likelihood phylogenetic tree of histone H2A variants of Phytophthora infestans. Bootstrap values
less than 50 were hided.
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Fig. 2 Amino acid sequences alignments of histone H2A variants H2A.X. Highly conserved amino acids were
showed with dark background. Structure of PiH2A.X.1 was predicted through modeling with H2A.X (PDB: 5199,
chain G) of Xenopus laevis, and illustrated as five alpha helixes. The phosphorylation motifs at C terminus were
showed in black boxes.
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Fig. 3 Amino acid sequences alignments of histone variants H2A.Z. Highly conserved amino acids were showed
with dark background. Structure of PiH2A.Z was predicted through modeling with H2A.Z (PDB: 166, chain G) of
human, and illustrated as five alpha helix.
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Fig. 4 Expression patterns of the histone H2A variants of Phytophthora infestans during asexual development (A),
sexual reproduction (B) and infection stages (C). (A—B), The relative expression values were generated by realtime
gPCR data from two biological repeats. (C) The relative expression values were generated by microarray expression
data of GSE14480 retrieved from GEO DataSets.

4C
H2A
( 4 V8 RSA
( 4A Pea H2A
(40
Haas H2A
H2A 3
H2A
mRNA
4A
GO)

K cjb@im.ac.cn



1574 ISSN 1000-3061 CN 11-1998/Q Chin J Biotech November 25,2016 Vol.32 No.ll

3 &%
H2A X
H2A.Z H2A.Bbd  MacroH2A
2
H2A.X H2A.X.1 H2A.X.2 C
SQDY
H2A.X.1 H2A.X.2 H2A.Z

H2A

REFERENCES

(1]

(2]

(3]

(4]

(3]

(6]

(7]

http

Luger K, Mader AW, Richimond RK, et al. Crystal
structure of the nucleosome core particle at 2.8 A
resolution. Nature, 1997, 389(6648): 251-260.
Malik HS, Henikoff S. Phylogenomics of the
nucleosome. Nat Struct Biol, 2003, 10(11):
882-891.

Ausio J, Abbott DW. The many tales of a tail:
tail
histone H2A variants for defined chromatin
function. Biochemistry, 2002, 41(19): 5945—-5949.

Kimmins S,

carboxyl-terminal heterogeneity specializes

Sassone-Corsi  P.  Chromatin
remodelling and epigenetic features of germ cells.
Nature, 2005, 434(7033): 583—589.

H, Helliger W,

Hyperphosphorylation of histone H2A.X and

Talasz Sarg B, et al
dephosphorylation of histone H1 subtypes in the
course of apoptosis. Cell Death Differ, 2002, 9(1):
27-39.

Rossetto D, Avvakumov N, Co6té J. Histone
phosphorylation: a chromatin modification involved
in diverse nuclear events. Epigenetics, 2012, 7(10):
1098-1108.

Larochelle M, Gaudreau L. H2A.Z has a function

://journals.im.ac.cn/cjben

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

reminiscent of an activator required for preferential
binding to intergenic DNA. EMBO J, 2003, 22(17):
4512-4522.

Coleman-Derr D, Zilberman D. DNA methylation,
H2A.Z, the
expression. Cold Spring Harb Symp Quant Biol,
2012, 77: 147-154.

Abbott DW, Ivanova VS, Wang XY,
Characterization of the stability and folding of
H2A.Z
transcriptional activation. J Biol Chem, 2001,
276(45): 41945—-41949.

Jin JJ, Cai Y, Li B, et al. In and out: histone variant

and regulation of constitutive

et al.

chromatin particles: implications for

exchange in chromatin. Trends Biochem Sci, 2005,
30(12): 680—687.

Henikoff S, Furuyama T, Ahmad K. Histone
variants, nucleosome assembly and epigenetic
inheritance. Trends Genet, 2004, 20(7): 320—326.

Tyler BM, Tripathy S, Zhang XM, et al.
Phytophthora  genome  sequences  uncover
evolutionary  origins and mechanisms  of
pathogenesis. Science, 2006, 313(5791):
1261-1266.

Fry W. Plant disease that changed the world
Phytophthora infestans: the plant (and R gene)
destroyer. Mol Plant Pathol, 2008, 9(3): 385-402.
Han M, Liu G, Li JP, et al. Phytophthora infestans
field isolates from Gansu province, China are
genetically highly diverse and show a high
frequency of self fertility. J Eukaryotic Microbiol,
2012, 60(1): 79-88.

Guo LY, Zhu XQ, Hu CH, et al. Genetic structure
of Phytophthora infestans populations in China
indicates multiple migration events. Phytopathology,
2010, 100(10): 997-1006.

Guo LY, Ko WH. Two widely accessible media for
growth and reproduction of Phytophthora and
Pythium species. Appl Environ Microbiol, 1993,
59(7): 2323-2325.

de Bruijn I, Belmonte R, Anderson VL, et al.
Immune gene expression in trout cell lines infected

with the fish pathogenic oomycete Saprolegnia



IRE FHHRRBEED HA BRIFFIISFERE 1575

[18]

[19]

[20]

(21]

[22]

parasitica. Dev Comp Immunol, 2012, 38(1): 44-54.
Lévesque CA, Brouwer H, Cano L, et al. Genome
sequence of the necrotrophic plant pathogen
Pythium ultimum reveals original pathogenicity
mechanisms and effector repertoire. Genome Biol,
2010, 11(7): R73, doi: 10.1186/gb-2010-11-7-173.
Kemen E, Gardiner A, Schultz-Larsen T, et al.
Gene gain and loss during evolution of obligate
parasitism in the white rust pathogen of
Arabidopsis thaliana. PLoS Biol, 2011, 9(7):
€1001094.

Haas BJ, Kamoun S, Zody MC, et al. Genome
sequence and analysis of the Irish potato famine
pathogen Phytophthora infestans. Nature, 2009,
461(7262): 393-398.

Letunic I, Doerks T, Bork P. SMART: recent
updates, new developments and status in 2015.
Nucleic Acids Res, 2015, 43(D1): D257-D260.
Finn RD, Bateman A, Clements J, et al. Pfam: the
protein families database. Nucleic Acids Res, 2014,

® 010-64807509

(23]

[24]

[25]

[26]

[27]

42(D1): D222-D230.

Marchler-Bauer A, Lu SN, Anderson JB, et al.
CDD:
functional annotation of proteins. Nucleic Acids
Res, 2011, 39(S1): D225-D229.

Nielsen M, Lundegaard C, Lund O,
CPHmodels-3.0-Remote homology modeling using

a conserved domain database for the

et al.

structure guided sequence profiles. Nucleic Acids Res,
2010, 38(S2): W576-W581, doi: 10.1093/nar/gkq535.
Larkin MA, Blackshields G, Brown NP, et al.
Clustal W and Clustal X version 2.0. Bioinformatics,
2007, 23(21): 2947-2948.

Tamura K, Peterson D, Peterson N, et al. MEGAS:
molecular evolutionary genetics analysis using
maximum likelihood, evolutionary distance, and
maximum parsimony methods. Mol Biol Evol,
2011, 28(10): 2731-2739.

Thatcher TH, Gorovsky MA. Phylogenetic analysis
of core histone H2A, H2B, H3 and H4. Nucleic
Acids Res, 1994, 22(2): 174-179.

(RILDe9 BT

K cjb@im.ac.cn



