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ABSTRACT

Tseng, H.l., Lin, C.P., and Lin S.S. 2014. Characterization and identification of Catharanthus roseus
epigenetic-related genes that in response to peanut witches’-broom phytoplasma-mediated infection.
Plant Pathol. Bull. 23:67-77.

The high-throughput transcriptome profile of Catharanthus roseus in the ContigViews database
provides useful information on the interaction between phytoplasma and plant. In this study, several
post-transcriptional gene silencing (PTGS)- and RNA-directed DNA methylation (RADM)-related genes
were identified in C. roseus, which might be involved in peanut witches’-broom (PnWB) phytoplasma-
mediated leafy flower formation. The evolutionary relationships and expression profiles of these genes
in healthy flowers (HF) and Stage 4 (S4) PnWB-infected leafy flowers were also characterized. Notably,
ARGONAUTE 5 (CrAGO5) and RNA-DEPENDENT RNA POLYMERASE 1 (CrRDR1) in C. roseus were
significantly up-regulated in S4 leafy flowers, whereas other PTGS- and RdDM-related genes
maintained normal expression levels. These results suggested that CrAGO5 and CrRDR1 might involve

in PnWB-mediated leafy flower formation and plant defense.

Keywords: Next-generation sequencing, Catharanthus roseus, peanut witches’-broom phytoplasma,
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Peanut  witches’-broom  (PnWB)  phytoplasma
mediates virescence and phyllody symptoms (herein
referred to as leafy flower) in Catharanthus roseus (1). Our
previous study demonstrated that the gene expression
tendency of C. roseus was to convert the reproductive stage
to the vegetative stage during PnWB infection (2). In
addition, epigenetic regulations, which are controlled by
post-transcriptional gene silencing (PTGS) (3, 4) and RNA-
directed DNA methylation (RADM) (5, 6), might also be
involved in leafy flower formation.

In the PTGS pathway, 21- or 22-nt microRNAs
(miRNAs) were generated by the DICER-LIKE 1 (DCL1)
and HYPONASTIC LEAVES 1 (HYL1) complex in the
nucleus. Subsequently, the double-stranded miRNA was
transferred by HASTY (HST) from the nucleus to the
cytoplasm and loaded into ARGONAUTE 1 (AGO1) for
MRNA recognition and cleavage (4). DCL2 and DCL4 are
responsible for short-interfering RNA (siRNA) biogenesis
in the cytoplasm, which has been demonstrated for plant
defense mechanisms (7). DCL3 produces 24-nt siRNAs,
which play an important role in mediating RADM (8).

Total RNA was extracted from 10 healthy flowers
(HF) and Stage 4 (S4) PnWB-infected leafy flowers using
TRIzol reagent (Invitrogen) according to the
manufacturer’s protocol. The deep sequencing of small
RNAs of HF and S4 PnWB-infected leafy flowers was
analyzed using SOL.iD 4 system (Life Technologies) by the
next-generation sequencing (NGS) core facility of
Techcomm at National Taiwan University (9). The small
RNA profiles showed that 24-nt small RNAs were
significantly decreased (approximately 62% reduction) in
the S4 sample, whereas the 21- and 22-nt small RNA levels
were similar in the HF and S4 samples, suggesting that
PnWB specifically interferes with 24-nt small RNA
biogenesis (Fig. 1A).

The whole transcriptome database of C. roseus were
published and built on ContigViews database
(www.contigviews.bioagri.ntu.edu.tw) (2). We further
identified epigenetic-related genes of C. roseus, such as
DCLs and AGOs, from the ContigViews database. Due to

the large protein size of DCLs (approximately 2,000 amino

acids), each DCL ortholog of C. roseus was divided into 2
contig sequences. DDS2790 belongs to the 5’ end of
CrDCL1, and DDS11937 belongs to the 3” end of CrDCL1.
DDS44869 belongs to the 5’ end of CrDCL2, whereas
DDS13971 belongs to the 3’ end of CrDCL2. DDS11443
belongs to the 5’ end of CrDCL3, whereas DDS16373
belongs to the 3’ end of CrDCL3. Finally, DDS112374
belongs to the 5’ end of CrDCL4, whereas DDS3193
belongs to the 3’ end of CrDCL4. To compare the amino
acid sequences of the CrDCLs with Arabidopsis orthologs,
2 contig sequences were linked based on their alignment
with Arabidopsis ortholog sequences. The missing amino
acid residues in the junction area are denoted with an “X”
in Figure 2A. CrDCL2 and CrDCL4 are represented as
partial sequences because the C-terminus of CrDCL2 and a
few amino acids of the N-terminus of CrDCL4 were
missing (Fig. 2A). An alignment comparison of the DCLs
of C. roseus and Arabidopsis showed that DEXDc,
HELICc, PAZ and 2 RIBOc domains were highly
conserved (Fig. 2A). In addition, CrDCL1 and AtDCL1
showed 78.5% amino acid sequence similarity between C.
roseus and Arabidopsis, whereas the other DCLs showed
49.7 to 60.8% similarity (Fig. 1B). Moreover, the
phylogenetic tree showed that 4 CrDCLs were classified
into 4 groups with AtDCLs based on their sequence
homologies (Fig. 1C).

Ten AGOs with specific biological functions exist in
Arabidopsis. AtAGO1 (AT1G48410) is the most important
protein and responds to most mMiRNA and siRNA-mediated
MRNA cleavage or translational inhibition (10). In the C.
roseus transcriptome database, only CrAGO1 (DDS12000),
CrAGO4 (DDS13330), CrAGO5 (DDS58064), CrAGO7
(DDS11464, and DDS47116), CrAG010.1 (DDS42136)
and CrAG010.2 (DDS42372) were identified, indicating
that these genes were expressed in flower tissues of HF and
S4. Note that DDS11464 belongs to the 5° end of CrAGO7,
whereas DDS47116 belongs to the 3’ end of CrAGO7 (Fig.
3A). In addition, AOG7 is represented as a partial sequence
because its N-terminus was missing (Fig. 3A). Two
CrAGO10 orthologs exist in C. roseus and have 86.5 to
74.9% similarity with AtAGO10 (AT5G43810) (Fig. 1B).
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In addition, CrAGOl1 has 74.5% similarity with
AtAGO1, whereas other CrAGOs show approximately
60% similarity with Arabidopsis AGOs (Fig. 1B). Like
DCLs, CrAGOs show high conservation in their PAZ, and
PIWI domains (Fig. 3A). The phylogenetic tree shows that
AGO1 and AGO10 can be classified into the same group
(Fig. 1D). Indeed, AGO10 competes with AGO1 for
mMiR165/166 binding in shoot apical meristem development,
suggesting that functional redundancy exists between
AGO1 and AGO10 (11). In addition, AGO4 and AGO6
have beenclassified into the same group, and both have
been shown to be functionally redundant in RADM (8, 12).

RNA-DEPENDENT RNA POLYMERASE (RDR) plays
a role in synthesis of double-stranded RNA for DCL2,
DCL3 and DCL4 cleavage to produce 22-, 24- and 21-nt
SiRNAs, respectively (5-7). In the C. roseus database,
CrRDR1 (DDS16060), CrRDR2 (DDS47054) and CrRDR6
(DDS12885) were identified as AtRDR orthologs of
Arabidopsis and showed 53.3 to 77.4% similarity with
Arabidopsis genes (Figs. 1B and 4A). The phylogenetic
tree of RDRs includes 3 groups, as shown in Figure 1E.
Other PTGS-related genes, such as CrHYL1 (DDS45028)
(Fig. 2B), CrHEN1 (DDS46990) (Fig. 3B), CrWEX
(DDS13870) (Fig. 3C), CrHST (DDS41673) (Fig. 4B),
CrSDE3 (DDS51099) (Fig. 4C), CrSGS3.1 (DDS20269)
and CrSGS3.2 (DDS42452) (Fig. 4D), were identified in
this study.

RNA polymerase IV and V are important components
in plant 24-nt siRNA biogenesis and the RADM mechanism
plants (15, 16). In Arabidopsis, AtRDR1 can be induced by
salicylic acid (SA), and NaRDR1 also can be induced by
jasmonic acid in Nicotiana attenuata (16). Our previous
study also indicated that CrPR1 and other SA response
genes were also induced in response to S4 leafy flower (2);
therefore, we presume that increasing CrRDR1 expression
triggers the defense response.

We conclude that this high-throughput genomics
approach provides an advantage for studying the molecular
biology of non-model organisms. In this study, the
epigenetic-related genes of C. roseus were identified and
characterized. We found that PTGS and RIDM maintained

(8). CrNRPD1 (DDS47753) and CrNRPE1 (DDS16069)
are the orthologs of Arabidopsis RNA polymerase 1V and
V large subunits, respectively. They showed 57.8% and
31.1% similarity to AtNRPD1 and AtNRPE1, respectively
(Figs. 1B and 5A). Moreover, CrNRPD2 (DDS13297) is an
ortholog of the second large subunit of RNA polymerase
IV (AtNRPD2; AT3G23780) in Arabidopsis, with 75.9%
similarity (Figs. 1B and 5B). The other RdDM-related
genes, such as CrDRD1 (DDS58), CrDMS3 (DDS15300),
CrSPT5L (DDS41978), CrIDN2 (DDS19408) and
CrSUVH9 (DDS45142), were identified in the C. roseus
database (Fig. 6) and showed 44.6 to 65.8% similarity with
their Arabidopsis orthologs (Fig. 1B).

We compared the epigenetic-related gene expression
levels in the HF and S4 samples based on the fragments per
kilobase of transcript per million mapped reads (FPKM).
The data indicated that most PTGS- and RdDM-related
genes did not show different expression levels between HF
and S4 (Fig. 1F), suggesting the epigenetic regulation have
to keep the stabilization. However, CrAGO5 and CrRDR1
showed significantly increased expression levels during
PnWB infection (Fig. 1F). The AGO phylogenetic tree
indicated that AGO5 is closely related to AGO1 and
AGO10 (Fig. 1D). Moreover, recent studies have indicated
that AGO5 might have the same function as AGOL1 to play
a role in megagametogenesis during reproductive
development (13, 14).

In addition, recent studies have indicated that RDR1
functions in anti-viral silencing in Arabidopsis and other
normal gene expression during PnWB infection. However,
CrAGO5 and CrRDR1 might involve in PnWB-mediated
leafy flower formation and plant defense.
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Figure 1. Small RNA and epigenetic-related gene expression levels in healthy flowers (HF) and Stage 4 (S4) peanut witches’-
broom phytoplasma-infected leafy flowers of Catharanthus roseus. (A) The small RNA length distribution profiles of HF and
S4. Total reads represents the amount of the corresponding small RNA. (B) The amino acid sequence similarity of epigenetic-
related genes in Arabidopsis and C. roseus. (C) The phylogenetic tree of DICER-like (DCL) between Arabidopsis and C.
roseus. (D) The phylogenetic tree of ARGONAUTE (AGO) between Arabidopsis and C. roseus. (E) The phylogenetic tree of
RNA-DEPENDENT RNA POLYMERASE (RDR) between Arabidopsis and C. roseus. (F) Comparison of epigenetic-related
gene expression levels in C. roseus, as determined using next-generation sequencing (NGS). The fragments per kilobase of
transcript per million mapped reads (FPKM) value was used to indicate the gene expression levels that were determined using

the NGS of HF and S4 samples.
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Figure 2. The amino acid sequence alignment of DICER-LIKE (DCL) and HYPONASTIC LEAVES 1 (HYL1). (A) The DCL
alignments of Arabidopsis and Catharanthus roseus. The undetected amino acids are marked with an “X”. DEAD-like
helicases domain (DEXDc). Helicase superfamily c-terminal domain (HELICc). Piwi Argonaut and Zwille domain (PAZ).
Prokaryotic ribonuclease 111 (RIBOc). (B) The HYL1 alignment of Arabidopsis and C. roseus. The specific protein domains are
labeled on the sequence alignment. Double-stranded RNA binding motif (DSRM).
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Figure 3. The amino acid sequence alignment of ARGONAUTE (AGO), HUA ENHANCER 1(HEN1) and WERNER
SYNDROME-LIKE EXONUCLEASE (WEX). (A) The AGO alignment between Arabidopsis and Catharanthus roseus. The
undetected amino acids are marked with an “X”. Piwi Argonaut and Zwille domain (PAZ). P-element induced wimpy testis
(PIWI). (B) The HEN1 alignment between Arabidopsis and C. roseus. (C) The WEX alignment between Arabidopsis and

C. roseus. The specific protein domains are labeled on the sequence alignment.
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Figure 4. The amino acid sequence alignment of RNA-DEPENDENT RNA POLYMERASE (RDR), HASTY (HST),
SILENCING DEFECTIVE 3 (SDE3) and SUPPRESSOR OF GENE SILENCING 3 (SGS3). (A) The RDR alignment between
Arabidopsis and Catharanthus roseus. (B) The HST alignment between Arabidopsis and C. roseus. (C) The SDE3 alignment
between Arabidopsis and C. roseus. (D) The SGS3 alignment between Arabidopsis and C. roseus. The specific protein domains

are labeled on the sequence alignment. Coiled coil domain (Coiled coil).
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Figure 5. The amino acid sequence alignment of NUCLEAR RNA POLYMERASE D1 and E1 (NRPD1/E1), and NRPD2. (A)
The NRPD1/E1 alignment between Arabidopsis and Catharanthus roseus. RNA polymerase | subunit A N-terminus

(RPOLA_N). (B) The NRPD2 alignment between Arabidopsis and C. roseus. The specific protein domains are labeled on the
sequence alignment.
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Figure 6. The amino acid sequence alignment of DEFECTIVE IN MERISTEM SILENCING 3 (DMS3), DEFECTIVE IN
RNA-DIRECTED DNA METHYLATION 1 (DRD1), INVOLVED IN DE NOVO 2 (IDN2), SU(VAR)3-9 HOMOLOG 9
(SUVH9) and SUPPRESSOR OF TY INSERTION 5-LIKE (SPT5L). (A) The DMS3 alignment between Arabidopsis and
Catharanthus roseus. Coiled coil domain (Coiled coil). (B) The DRD1 alignment between Arabidopsis and C. roseus. DEAD-
like helicases domain (DEXDc). Helicase superfamily c-terminal domain (HELICc). (C) The IDN2 alignment between
Arabidopsis and C. roseus. (D) The SUVH9 alignment between Arabidopsis and C. roseus. Sarlp-like members of the Ras-
family of small GTPases (SAR). N-terminal to some SET domains (PreSET). Su(var)3-9, Enhancer-of-zeste, Trithorax domain

(SET). (E) The SPT5L alignment between Arabidopsis and C. roseus. The specific protein domains are labeled on the sequence
alignment. Kyprides, Ouzounis, Woese motif (KOW).
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