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Colletotrichum lindemuthianum, the causal agent of anthracnose, is responsible for significant damage in the
common bean (Phaseolus vulgaris L.). Unraveling the genetic mechanisms involved in the plant/pathogen in-
teraction is a powerful approach for devising efficient methods to control this disease. In the present study, we
employed the Restriction Enzyme-Mediated Integration (REMI) methodology to identify the gene sinCl1, en-
coding a histidine kinase protein, as involved in pathogenicity. The mutant strain, MutCl1, generated by REM],
showed an insertion in the sInClI gene, deficiency of the production and melanization of appressoria, as well as
the absence of pathogenicity on bean leaves when compared with the wild-type strain. The sinCl1 gene encodes a
histidine kinase class IV called SInCll1 showing identity of 97% and 83% with histidine kinases from
Colletotrichum orbiculare and Colletotrichum gloesporioides, respectively. RNA interference was used for silencing
the histidine kinase gene and confirm sinCl1 as a pathogenicity factor. Furthermore, we identified four major
genes involved in the RNA interference-mediated gene silencing in Colletotrichum spp. and demonstrated the
functionality of this process in C. lindemuthianum. Silencing of the EGFP reporter gene and slnCl1 were de-
monstrated using qPCR. This work reports for the first time the isolation and characterization of a HK in C.
lindemuthianum and the occurrence of gene silencing mediated by RNA interference in this organism, demon-

strating its potential use in the functional characterization of pathogenicity genes.

1. Introduction

The genus Colletotrichum represents one of the most important
groups of phytopathogenic fungi. Colletotrichum belongs to the phylum
Ascomycota, which encompasses species capable of causing a disease
known as anthracnose in a large variety of crops and ornamental plants.
Many of these species have been used as models to study differentiation
and plant-pathogen interactions (Perfect et al., 1999; Hyde et al.,
2009), and recently, the genomes of some of these species have been
sequenced (O’Connell et al., 2012; Gan et al., 2013; Zampounis et al.,
2016; Gan et al., 2016). In particular, the species Colletotrichum linde-
muthianum (Sacc & Magnus) Briosi & Cav. is the causal agent of an-
thracnose in the common bean (Phaseolus vulgaris L.). Anthracnose is a
widely distributed disease in Brazil, with a greater incidence in the
southern and southeastern regions. The use of infected seeds together

with the occurrence of moderate temperatures and high humidity may
lead to losses of up to 100% of crops (Ansari et al., 2004; Silva et al.,
2007; Bonett et al., 2008). In this context, some groups have directed
their efforts towards understanding the molecular mechanisms involved
in plant-pathogen interactions from the initial contact until the emer-
gence of symptoms and the disease establishment.

The Restriction Enzyme-Mediated Integration (REMI) method fa-
vors the random non-homologous integration of exogenous DNA on
chromosomes of eukaryotic cells and have been widely employed to
obtain mutants of fungi strains. High mutation frequencies are com-
monly observed by the employment of this technique, what makes it a
powerful tool to understand the role of target genes, mainly when it is
related to pathogenicity and development (Mullins and Kang, 2001;
Riggle and Kumamoto, 1998; Wang et al., 2013). RNA interference-
mediated gene silencing (RNAi) has become another prominent tool to
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study phytopathogenic fungi, and often replace the more traditional
techniques of insertional inactivation (Panwar et al., 2013; Takahara
et al., 2016). Commonly known as RNA interference (RNAi), may be
understood as a mechanism of post-transcriptional gene silencing in
which a double-stranded RNA (dsRNA) triggers the sequence-specific
degradation of a target mRNA. This process appears to be primarily
mediated by a group of the following proteins: QDE-1 (which encodes a
RNA-dependent RNA polymerase - RARP) (Cogoni and Macino, 1999),
QDE-2 (argonaut protein, the catalytic component of RNA-induced si-
lencing complex - RISC) (Cogoni and Macino, 2000), and DCL-1 and
DCL-2 (Dicer-like enzymes, which cleaves long dsRNA into short
double-stranded fragments) (Catalanotto et al., 2004).

The two-component system is a widely distributed signal trans-
duction system that enables sensing, response and adaptation to dif-
ferent stimulus in the environment. Several data are found in literature
regarding the strong importance of the two-component systems in re-
sponse to osmotic and oxidative stress, sensitivity to fungicides, di-
morphism, production of secondary metabolites, sporulation, virulence,
melanin synthesis, cell wall integrity, hyphal morphogenesis and
sexual/asexual development in filamentous fungi (Defosse et al., 2015;
Fassler and West, 2013). The two-component system, extensively de-
scribed in bacteria, archaea, yeasts, filamentous fungus, slime molds
and plants (Dhiman et al., 2014; McCormick et al., 2012; Motoyama
et al., 2005; Stock et al., 2000), includes a histidine kinase protein (HK);
a sensor protein (SP), that receives an external signal and transmits to a
response regulator protein (RR), which directs the received signal to the
target (West and Stock, 2001; White, 2000). Few genes encoding HKs
were described and characterized but their role on plant pathogenesis
remains elusive. The two-component system was first described in
Saccharomyces cerevisiae and is essential for its growth and sensor for
environmental changes (Romén et al., 2007). A histidine residue (His)
in the active site of Slnl HK is autophosphorylated, followed by the
transference of the phosphoryl group (PG) to an aspartate residue (Asp)
located in the acceptor domain and, subsequently, the PG is transferred
to another His residue located in a phosphotransfer unit (Ypd1). Finally,
the PG in Ypd1 is transferred to an Asp residue of the receptor domain
of Ssk1, a response regulator protein, finishing the PG transference His-
Asp-His-dependent (Fassler and West, 2013; Santos and Shiozaki,
2001).

To the best of our knowledge, this is the first work to identify and
functionally characterized the gene HK in the pathogenic fungi C. lin-
demuthianum and its role in anthracnose, suggesting a potential target
to the development of antimicrobial drugs. Furthermore, this also is the
first work to describe the occurrence of RNAi mechanism in this or-
ganism, suggesting a powerful tool to study plant-pathogen interaction
models.

2. Results
2.1. Isolation and characterization of histidine kinase slnCl1

Twenty-four, 21 and 21 transformant strains were obtained by REMI
methodology employing 0 U, 10 U and 20 U of HindIIl, respectively.
One of the transformants strains obtained following the treatment with
10 U of HindIll showed deficiency on production of melanin when
compared with C. lindemuthianum wild-type (Fig. 1a). This strain, called
MutCl1, showed integration of pSM1 at one site of its genome (data not
shown). The pathogenicity test showed the incidence of macroscopic
brown spots on bean leaves surface after five days of infection with
spores from wild-type C. lindemuthianum. In contrast, only a few leaves
inoculated with MutCl1 spores showed little or rare injuries (Fig. 1b).
Appressoria were observed in broth obtained from boiled leaves of
cultivar Rosinha after 16 h of inoculation with spores of C. linde-
muthianum wild-type and MutCl1. Melanization of appresoria was only
observed for C. lindemuthianum wild-type after 19h of inoculation
(Fig. 1¢).
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The gene mutated through REMI was assessed by screening the C.
lindemuthianum genomic bank using the plasmid pRescue24 as probe.
pRescue24 contains the sequence of the gene interrupted by pSM1
obtained by PCR with the random primer OPG-17 and M13R, that an-
neal on pSM1. By this way, the positive phages clA, cID, clH and cll
were identified by plaque hybridization. Subsequently, the DNA of
positive phages were cleaved and submitted to a new round of Southern-
blot. The hybridized fragments of DNA were isolated and cloned in
pBluescript KS™ vector given rise to the plasmids pDK1, pDS1, pHS1,
pIS2, pAN1, pDN1 e pHC1. These plasmids were sequenced with the
primers described in Table 1 and the full gene sequence was assembled.

The sequence obtained showed that the integration of pSM1 vector
occurred on a promoter region, precisely at 83 base pairs (bp) upstream
the Open Reading Frame (ORF) of a gene called sinCl1 (NCBI Data
Bank: GU907087.1) that encodes a HK. sInCl1 sequence is interrupted
by three putative introns containing 51, 87 and 89 base pairs (bp). The
putative protein SInCll, deduced from sinCl1, presents 1183 amino
acids and identity of 97%, 83%, 82%, 81%, 80% e 79% with HKs from
Colletotrichum orbiculare (ENH80934.1), Colletotrichum gloesporioides
(XP_007273712.1), Colletotrichum fioriniae (XP_007599157),
Colletotrichum  sublineola (KDN59768), Colletotrichum graminicola
(EFQ28297), and Colletotrichum higginsianum (CCF39444), respectively.
Moreover, the tridimensional structure of SInCl1 (Figure S1) presents
identity of 30.2% with an E. coli HK (PDB code: 1bxd:A).

Typical domains of HKs were found in SInCll: H-box, N-box, G1-
box, F-box and G2-box (Wolanin et al., 2002) (Fig. 2a). The H-box
domain, highlighted in Fig. 2a, contains the conserved His residue, the
phosphorylation and dimerization site of HKs. The other domains form
a packed a-helix on a big antiparallel 3-sheet with a handle that closes
the ATP binding site. Moreover, prediction of SInCll transmembrane
regions showed two sites between amino acids 11-35 and 398-422, as
highlighted in Fig. 2b.

Regarding the phylogenetic analysis, the HK proteins were grouped
in several classes as proposed by Cattlet et al., 2003. Using the phylo-
genetics analysis combined with the alignment results of HKs from G.
moniliformis, B. fuckeliana, C. heterostrophus and A. nidulans, SInCl1 was
grouped in class VI that covers the SLN1/HHKS5 (Fig. 3).

2.2. RNA interference-mediated gene silencing in Colletotrichum spp

To confirm the phenotype identified by inactivation of HK by REMI,
the silencing mechanism of C. lindemuthianum was evaluated. Four
genes potentially related with silence mechanism were detected on C.
lindemuthianum when compared with Neurospora crassa, which strongly
supports the hypothesis that the silencing mechanism also operates in
C. lindemuthianum. The gde-1 gene has 4200 nt and its ORF encodes a
protein of 1356 amino acids interrupted by two introns. The gene dcl-1
encodes the Dicer-like 1 protein and contains 4808 nt. Its ORF encodes
a protein of 1535 amino acids and is interrupted by four introns. The
dcl-2 gene, which encodes the Dicer-like 2 proteins, contains 4563 nt,
and its ORF encodes a protein containing 1452 amino acids that in-
terrupted by four introns. And the gde-2 gene that encodes an Argonaut
protein has 2992nt, and its ORF encodes a protein containing 980
amino acids that is interrupted by a single intron.

The amino acid sequence of these proteins revealed their typical
domains (Figure S2). The QDE-1 protein (RARP) has a long domain
known as RdARP, a typical RNA-dependent RNA polymerase in eu-
karyotes that starts at position 512 and ends at position 1157 (Figure
S2a). DCL-1 and DCL-2 (Dicer-like), which have function redundancy,
contain the following four main domains: the helicase ATP-binding
domain; the helicase C-Terminal domain; the dsRNA-binding domain
and the ribonuclease III domain activity. Although DCL-1 and DCL-2 are
considered distinct proteins, they have the same domains in equivalent
positions (Figure S2b and S2c). Regarding the QDE-2 protein
(Argonaut), the following two main conserved domains were identified:
the PAZ domain located in the 351-436 position and the PIWI domain
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Fig. 1. Morphologies of C. lindemuthianum (Wild-type) and mutant (MutCl1) strains (A); pathogenicity test (B) where water was employed as the negative control;

appressorium (a) and conidia germination (c) (C).

located at position 609-916 (Figure S2d).

For phylogenetic analysis of the proteins that constitute the central
machinery of the silencing mechanism, representative amino acid se-
quences of 12 species of filamentous fungi were aligned to obtain a
consensus phylogenetic tree for each protein (Figure S3). The results for
the four proteins were very similar, consistently grouping the more
taxonomically related organisms on the same branch of the tree. C.
lindemuthianum are highlighted in each tree.

2.3. Silencing of the egfp reporter gene in Colletotrichum Lindemuthianum

To demonstrate the occurrence of RNA interference-mediated gene
silencing in C. lindemuthianum, strains expressing the egfp reporter gene
were obtained via genetic transformation of protoplasts with the pSM1
vector. Ten transformants were obtained, which were genetically stable
and capable of emit fluorescence (Fig. 4a). In addition, PCR reactions
with the oligonucleotide pairs hphF/hphR and egfpF/egfpR confirmed
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the presence of the genes hph and egfp, respectively, in the genome of
transformant C. lindemuthianum (Fig. 4b). Hybridization analysis en-
abled the identification of a profile that varied in the pattern and
number of integrations, with isolates containing from one to multiple
copies of the vector in the genome, as presented in Fig. 4c. The strain
identified as CIpSM1-5 was selected for transformation with the silen-
cing vector pSilentDuall-egfp because it had a single integration site in
its genome, thus facilitating subsequent analyses.

Transformation of the CIpSM1-5 strain with the pSilentDuall-egfp
vector (Fig. 5a) yielded a recombinant strain called ClpSD1-egfp. The
ClpSD1-egfp strain was able to grow in medium containing hygromycin
due to the presence of the pSM1 vector and in the presence of geneticin
due to the pSD1-egfp vector (Fig. 5b). PCR analysis using the oligonu-
cleotides nptlIF/nptlIR confirmed the presence of pSilentDuall-egfp
vector in the ClpSD1-egfp strain (Fig. 5c). Furthermore, DNA hy-
bridization revealed the occurrence of a single integration event be-
cause the EcoRI enzyme did not cleave the nptil gene, which was used as
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Table 1

Oligonucleotides employed in this work.
Primer 5’-3’ sequence Application
T3 AATTAACCCTCACTAAAGGG Sequencing
T7 GTAATACGACTCACTATAGGGC Sequencing and probe
MI13F GTTTTCCCAGTCACGAC Sequencing
M13R CAGGAAACAGCTATGAC Sequencing and plasmid recovery
SP6 ATTTAGGTGACACTATAG Sequencing
OPG-17 ACGACCGACA Plasmid recovery
pIS2T3 GGACTTGAGCACACCGTTTT Sequencing
pIS2T7 ATGGGCTGAGAAGACGAAGA Sequencing
PHSAT3 GGAGCGAATGAGGGTATTCA Sequencing
pHSAT7 CCAGCGCAACCTTGAAAGTA Sequencing
histsp6 CCCTATGGTCCTCAACGAAA Sequencing
histT7 GCCTTTTTGCTGATTTCGAG Sequencing
alblF CTGGCGATGGTGTCTGACT PCR
alblR CTTTCTTGCACGCCAGTTTT PCR and probe
CLGpDql CCGCACTGCTGCTCAGAAC RT-qPCR
CLGpDq2 GGACATGCCGGTGAGCTT RT-qPCR
histTRF AGGTCGCAGATCCTGACCAT RT-qPCR
histTRR TGCTGCTCAGCTCGATGACT RT-qPCR
sisinCIF GAGAAGCTTCATCACCGTCCCGATCCGCG Vector construction
sislnCIR GAGAAGCTTGACCGGGAGACCCTGCTCGT Vector construction
hphF TTCGATGTAGGAGGGCGTGGAT Confirmation of Integration (pSM1)
hphR CGCGTCTGCTGCTCCATACAAG Confirmation of Integration (pSM1)
egfpF GAGAAGCTTAGCCGCTACCCCGACCACAT Confirmation of Integration (pSM1)
egfpR GAGAAGCTTTTGCTCAGGGCGGACTGGGT Confirmation of Integration (pSM1)
nptIIF AGATCCTCGCCGTCGGGCAT Confirmation of Integration (pSD1)
nptIIF CGGCTATCGTGGCTGGCCAC Confirmation of Integration (pSD1)
qRT 18SF TGAGTCGCACAAGCAAATAGTCA qRT- PCR endogenous control (rDNA18S)
qRT 18SR TGCAATTCACATTACTTATCGCATT qRT- PCR endogenous control (rDNA18S)
qRTegfpF GATCACTCTCGGCATGGA qRT-PCR target gene (egfp)
qRTegfpR GGTACCGTCGACTGCAGAA qRT-PCR target gene (egfp)
qRTsinCIF1 GGCCGACGAATGCCTCCAA qRT-PCR target gene (sInCl1)
qRTsInCIR1 ACTTCACGGGCACCTCGCTC qRT-PCR target gene (sInCl1)
qRTsInCIF2 CAGAATCTATTCCCGCAACA qRT-PCR target gene (sInCl1)
qRTsInCIR2 CGTAGGGCAGCTCAATGTC qRT-PCR target gene (sInCl1)

* The underlined sequence of the oligonucleotide pair sisinCIF/R represents the cleavage site for the HindIIl enzyme.

a probe (Fig. 5d). Fluorescent microscopy analysis showed the silencing
of egfp gene expression given their considerable reduction in fluores-
cence emission compared with the control strain CIpSM1-5 (Fig. 5e).
The confirmation of egfp gene silencing at the post-transcriptional level
was achieved by qRT-PCR. The pSilentDuall-egfp vector led to a 53%
reduction of egfp gene expression in the ClpSD1-egfp compared with the
ClpSM1-5 (Fig. 5f). These results show for the first time the existence of
a post-transcriptional RNA-mediated silencing mechanism (RNAi) in C.
lindemuthianum.

2.4. sInCl1 silencing in C. lindemuthianum

The pSilentDuall-sinCl vector was constructed to silence the sinCl1
gene and confirm its effects in the pathogenicity of C. lindemuthianum
(Fig. 6a). Six C. lindemuthianum transformant strains were obtained and
these strains remained genetically stable throughout successive culti-
vations in PDA culture media or PDA supplemented with 250 ug/mL
geneticin (Fig. 6b). These strains were identified as ClpSD1-sln(1-6) and
were molecularly characterized by PCR (Fig. 6¢) and Southern blot
(Fig. 6d). Amplification of a 350 bp fragment corresponding to the nptIl
gene in all transformants evidenced the presence of the silencing vector
in these selected strains. Southern blot analysis revealed a diversified
pattern regarding the number and location of the integration sites, with
some strains possessing a single one (ClpSD1-sinl; ClpSD1-sin4 and
ClpSD1-sin5), two (ClpSD1-sin2 e CIpSD1-sln6), or even three integra-
tion sites (CIpSD1-sln3).

To demonstrate silencing of slnCl1 at the molecular level, the qRT-
PCR method was used, with the following strategy (Fig. 7): first, qQRT-
PCR was performed with the oligonucleotides qRTslnF1/R1, which
amplified a 100-bp fragment of the sinCll gene. This gene was con-
tained within the 450-bp fragment that was cloned into the
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pSilentDuall-sinCl vector. Thus, the relative quantification values of
these transformant strains represented not only expression of the en-
dogenous gene but also dsSRNA expression. In five transformant strains,
the relative expression values were significantly higher when compared
with the wild-type strain, showing the correct integration of the vector
and efficient expression of the dsRNA by these double constitutive
promoters. To accurately assess the silencing of the sinCl1 gene by the
dsRNAs that were produced as described above, a second pair of oli-
gonucleotides was used, namely, qRTsInF2/R2. Unlike the previous
oligonucleotide pair, the qRTsInF2/R2 pair amplifies a 100-bp segment
of the sInCl1 gene that is present only in the endogenous copy (Fig. 7a).
In this case, we observed decreased relative expression in six transfor-
mants compared with the wild-type strain (Fig. 7c). The reduction va-
lues ranged from 10% in strain ClpSD1-sIn3 to 36% in strain CIpSD1-
sln2 and reached a maximal value (46%) in strain CIpSD1-sln6. Taken
together, these results demonstrate slnCl1 gene silencing through RNA
interference in C. lindemuthianum.

2.5. The sInCl1 gene encodes a pathogenicity determinant

A pathogenicity assay was performed to characterize the effects of
silencing the sinCl1 gene in strains transformed with the pSilentDuall-
sInCl vector. All six transformant strains displayed a decreased capacity
to cause visible symptoms in detached common bean leaves compared
with the pathogenic strain 89 A, 2-3 (results not shown). These find-
ings demonstrate that the sinCll gene may be an important patho-
genicity determinant in the interaction of C. lindemuthianum with its
host. To illustrate these results, Fig. 8a and b depicts the assay per-
formed with the CIpSD1-sln6 strain, which displayed the greatest re-
duction in the sInCl1 gene expression levels as quantified by qRT-PCR.
In the wild-type strain 89 A, 2-3, discrete symptoms of the disease were
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Fig. 2. The histidine kinase sinCl1. (A) Multiple sequence alignment of SnCl1 with HKs from other fungi species. Conserved sequences are highlighted in gray. The His
residue, responsible for protein autophosphorilation, is showed in bold. Asterisks represents identical amino acids. (B) Schematic representation of C. lindemuthianum
SInCl1. The numbers are relative to amino acids position. Adapted from Hohmann, (2002).

only observed 5 days after and progressed significantly by day 6, with
an affected leaf area of 24.93%. At day seven, this value increased
abruptly to 52.49% and reached 57.95% at day 8. In the transformant
strain CIpSD1-sln6, no symptoms were observed until day 5. At 6 days
of infection, the first symptoms began to appear (4.14%) but were
minimally visible. At day 7, the affected leaf area reached 8.72% and
increased to 13.01% at day 8, all values considerably smaller than
pathogenic strain 89 A, 2-3. These results demonstrated that silencing
of the gene sInCl1 delayed the ability of the fungus to cause the typically
visible symptoms of the disease.

Bean leaves were inoculated with spores of C. lindemuthianum wild-
type to evaluate the relation of the HK encoded by sinCl1 with the
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infection process. The samples were collected at the 1%, 3, 5™ and 7t
days and evaluated regarding sInClI expression in comparison with C.
lindemuthianum inoculated in culture medium. At the 3" day of infec-
tion, the expression of sinCl1 was 17.35-fold higher than that presented
by C. lindemuthianum inoculated in culture medium. Moreover, sinCl1
expression at 1%, 5" and 7 days were low, being only 2.0-fold, 2.1-fold
and 0.9-fold higher than C. lindemuthianum grown in culture media,
respectively. These data, presented in Fig. 8C as the expression level,
was related to the calibrator gene and was normalized against the gene
expressed constitutively. A biological replicate was done obeying the
same procedures developed in the first assay.
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2.6. sInCl1 knockout and pathogenicity assay
To verify the pathogenicity of the selected mutant obtained by di-

rect gene targeting using plasmid pSMIS2, spores from sInCl1 ™~ trans-
formant were inoculated in leaves of Rosinha bean cultivar, susceptible
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to anthracnose. The wild strain was used as control for the observation
of the disease symptoms. After five days of inoculation, the leaves with
the wild strain as control began to show necrosis symptoms. The
macroscopic appearance of these lesions suggests the development of
secondary hyphae in this period, which secrete enzymes that degrade

Fig. 4. Obtaining C. lindemuthianum strains
expressing the egfp reporter gene. (A)
Fluorescence microscopy displaying expression
of the EGFP protein in C. lindemuthianum. (B)
Amplification of the hph and egfp genes, de-
monstrating integration of the pSM1 vector into
the C. lindemtuhianum genome. (C) DNA hy-
bridization showing the pattern and number of
integration sites of the pSM1 vector in the
genome of the various transformant strains. M —
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using the oligonucleotide pair qRTsInCIF2/R2.

the plant cell wall. This results in necrotrophic lesions formation. As
expected, the leaves inoculated with the spores from sInCl1~ mutant
presented a significant reduction of anthracnose symptoms. Small le-
sions were observed only at day 5, but they did not evolve in the ex-
tension of the affected part, when compared to leaves inoculated with
conidia of the wild isolate (Figure S4).

3. Discussion

By using REMI mutagenesis to mediate integration of pSM1 plasmid,
we identified the gene sInClI as a pathogenicity determinant in C. lin-
demuthianum. This work was the first to relate the isolation and char-
acterization of a HK in C. lindemuthianum potentially involved with
pathogenicity. To validate our results, we have chosen the methodology
of sInCl1 silencing. We identified the four major genes involved in RNA
silencing in Colletotrichum spp. genomes, and we demonstrated the
occurrence of this mechanism in C. lindemuthianum inducing silencing
of the egfp reporter gene and the endogenous gene sinCl1.

Similar results (24, 21 and 24 transformant strains) were obtained
when REMI methodology was carried out employing O U, 10 U or 20 U
of HindlIlI, respectively. Therefore, it was concluded that the restriction
enzyme did not improve significantly the number of transformant
strains in C. lindemuthianum, the opposite pointed out for Magnaporthe
grisea (Imazaki et al., 2007; Ruyi et al., 2007). However, in our work,
REMI helped on isolation of sequences adjacent to the interrupted gene,
making easier their identification and characterization. The mutant
MutCl1 was not able to infect bean leaves of Rosinha cultivar. Also, this
strain is deficient on melanin production and shows a delayed pro-
duction of non-melanized apressoria compared to wild-type C. linde-
muthianum. According to Langfelder et al. (2003) and Veneault-Fourrey
et al. (2005), apressorium melanization occurs during their maturation.
Melanin is strongly related with infection process in several

phytopathogenic fungi due to the turgor pressure, resulting from gly-
cerol accumulation on host cell wall (Mohammed, 2013). In conclusion,
the absence of melanin could be the reason for the low infectivity
showed by MutCl1 when inoculated in bean leaves (Fig. 1b).

The recovery of part of promoter region on pRescue24 favored the
isolation of sinCl1 full sequence. sinCl1 encodes a 1183-amino acids
protein classified as a HK VI as it displays an extracellular domain re-
sponsible for picking up extracellular signals (Catlett et al., 2003) and
the domains PAS/PAC found in proteins related with signaling and
transcription, phosphorous activation, ATP binding and Response
Regulator protein (RR) (Taylor and Zhulin, 1999). Moreover, SInCl1 is a
hybrid protein as it presents both the portion HK that covers the au-
tophosphorylation His residue, and the RR portion in the same poly-
peptide. As showed by alignments with HK protein sequences from
other fungi species, the portions H-box, N-box, G1-box, F-box and G2-
box are extremely conserved, suggesting the relevance of these con-
sensus sequences to functionality and maintenance of HKs along the
evolutive process. This two-component system is considered one of the
main mechanisms by which certain organisms perceive and adapt to
environmental conditions. This system is present in various organisms
(including microorganisms such as bacteria, filamentous fungi, and
yeasts) that participate in the regulation of processes, such as differ-
entiation, chemotaxis, production of secondary metabolites, and even
pathogenicity (West and Stock, 2001; Catlett et al., 2003; Defosse et al.,
2015; Hérivaux et al., 2016).

We identified a silencing mechanism prospecting a sequence
homologous to the QDE-1 protein of N. crassa in the genome of C. lin-
demuthianum. The QDE-1 gene, which encodes a RNA-dependent RNA
polymerase (RARP), was the first component of the eukaryotic silencing
pathway discovered (Cogoni and Macino, 1999). Homologous se-
quences to DCL-1/DCL-2 protein of N. crassa also were identified in the
genome of C. lindemuthianum. Although the DCL-1 and DCL-2 proteins
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Fig. 8. Pathogenicity assay. (a) Pathogenicity tests in detached common bean leaves displaying the results of 1 and 3 days of inoculation (biotrophic phase), as well
as 5, 6, 7, and 8 days of inoculation (necrotrophic phase). (b) Quantification of the visible symptoms in the common bean leaves at 6, 7, and 8 days after inoculation.
The figure shows the results from the comparison between the 89 A, 2-3 wild-type strain and the ClpSD1-sln6 transformant strain. As a control, 100 uL of previously
autoclaved, ultrapure deionized H,O, was used to coat the healthy leaves. (C) Evaluation of sinCl1 expression by Real Time quantitative PCR during the biotrophic
and necrotrophic phases of infection. RQ, relative quantity; BP, biotrophic phase; NP, necrotrophic phase.

are considered distinct proteins, they have the same domains in
equivalent positions. The QDE-2 protein is the central component of
RISC (RNA-induced silencing complex) and has the following two main
conserved domains: PAZ domain and the PIWI domain (Liu et al.,
2004). Both domains have been identified in the sequences of C. lin-
demuthianum. A phylogenetic analysis of the proteins that constitute the
central machinery of the silencing mechanism demonstrates that these
proteins are relatively conserved among fungal species and may re-
present good evolutional phylogenetic markers for filamentous fungi. In
fact, the RARP, Dicer-like and Argonaut proteins occur in members of
all groups of eukaryotic organisms. This wide taxonomic distribution
and the direct demonstration of the occurrence of the phenomenon
suggests that the central components of the RNAi machinery were
present in the last common ancestor of eukaryotes.

For the silencing of genes egfp and sInCl1 in C. lindemuthianum, we
selected a vector based on a dual-promoter system, the pSilentDuall
(PSD1) (Nguyen et al., 2008). The transformation of C. lindemuthianum
with the pSilentDuall-egfp vector resulted in a transformant strain
(ClpSD1-egfp) that displayed a significant reduction in fluorescence
emission (Fig. 5e) and a 53.6% reduction in the relative expression of
the gene (Fig. 5f). The confirmation of egfp gene silencing in C. linde-
muthianum demonstrates that this fungus, along with the vast majority
of filamentous fungi, has at its disposal a functionally required protein
arsenal to trigger the silencing of a target gene from a specific dsRNA.
Thus, we built a vector called pSilentDuall-sinCl to silence the sInCl1
gene and confirm our previous results obtained by REMI regarding its
effects on pathogenicity.

Six transformant strains were obtained with this vector, and the
qRT-PCR analysis revealed a significant reduction in the endogenous
expression level of the sinCl1 gene. The strains CIpSD1-sIn3 and CIpSD1-
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sln4 exhibited reductions of 12% and 10%, respectively, whereas strains
ClpSD1-sin2 and ClpSD1-sin6 displayed reductions of 37% and 46%,
respectively. It is possible to observe that two of the three strains with a
lower reduction in the expression level (i.e., CIpSD1-sin4 and ClpSD1-
sln5) presented a single integration site of the vector in the genome,
whereas the two strains with greater reductions in the expression level
(i.e., CIpSD1-sin2 and ClpSD1-sln6) possessed two integration sites.
Regardless of the degree of silencing, the pathogenicity test in detached
common bean leaves revealed a significant reduction of visible symp-
toms caused by all six transformant strains compared with the wild-type
strain (data not shown), confirming that the sinCll gene encodes a
determinant of pathogenicity in the interaction of C. lindemuthianum
and its host. Interestingly, the six transformants had no deficiency in
melanin production, such as the initial mutant MutCl1, probably due to
the degree of silencing. Fig. 8 illustrates the results obtained for the
ClpSD1-sIn6 strain, which presented the greatest degree of reduction in
gene expression. The gene silencing did not prevent the ClpSD1-sln6
strain from causing tissue necrosis typical of anthracnose. However,
these symptoms were delayed and only began to appear 6 days after the
infection. It is therefore likely that the sinCl1 gene plays an essential
role in regulating the initial steps of the infection process, especially
during the transition from the biotrophic phase to the necrotrophic
phase. The evaluation of sinCl1 expression during the infective process
by C. lindemuthianum wild type was monitored from the 1 to the 7
day, counted from the inoculation (Fig. 8c). In fact, high expression was
detected on the 3™ day of infection, which corresponds to the final of
biotrophic phase and transition to necrotrophic phase, indicating a high
requirement of HK for infection. This result reinforces the hypothesis of
a possible role of sinCll gene on pathogenicity showed by C. linde-
muthianum. Indeed, mutants unable to overcome the biotrophic phase
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have been identified in other Colletotrichum species. For example, the C.
lindemuthianum H433 strain grows biotrophically but fails to form ne-
crotrophic secondary hyphae. In this case, the CLTA1 (GAL4-like) gene,
encoding for a zinc-finger transcriptional regulator, is responsible for
preventing a successful biotrophic-necrotrophic transition (Dufresne
et al., 2000). In a study with C. graminicola, disruption of the CPRI
gene, encoding a microsomal signal peptidase, also affected the for-
mation of secondary hyphae and therefore prevented host infection.
The authors suggested that the mutant is unable to secrete sufficient
amounts of proteins that are essential for necrotrophic development
(Thon et al., 2002).

The present study is the first report that characterize and describe
the role of the histidine kinase sinCl1 in pathogenicity in C. linde-
muthianum. Also, this is the first occurrence of an RNAi-mediated gene
silencing mechanism in C. lindemuthianum. We demonstrate that all the
four major proteins that constitute the central machinery of the silen-
cing mechanism are present in the genome of C. lindemuthianum and
that each of these proteins has conserved domains that are critical and
properly function. Furthermore, this study also indicated the possibility
of using this mechanism as a molecular tool for the functional char-
acterization of the pathogenicity genes that are involved in the pa-
thogen-host interaction. Silencing of the sinCl1 endogenous gene sug-
gests its role on pathogenicity reinforcing the elucidation of the
regulatory mechanisms that are involved in the establishment of the
infection, thereby facilitating the development of novel strategies to
combat anthracnose in the common bean.

4. Material and methods
4.1. Microorganism, growth conditions and plant cultivar

Experiments were carried out with C. lindemuthianum 89 isolate A,
2-3. C. lindemuthianum was maintained in Potato Agar Dextrose (PDA)
enriched with yeast extract (2g/L), peptone (2g/L) and hydrolyzed
casein (1.5g/L) at 22°C. The mutant strains were grown on hygro-
mycin-added (80 ug/mL) enriched PDA. The Rosinha cultivar, suscep-
tible to anthracnose, was employed for pathogenicity assay. The pro-
pagation of plasmids was done in ultra-competent Escherichia coli DH5a
cells (Inoue et al., 1990; Sambrook et al., 1989).

4.2. Genetic transformation of C. Lindemuthianum

C. lindemuthianum was grown during five days at 22 °C. The proto-
plasts were obtained from mycelial treatment with KCl 0.8 M in phos-
phate buffer 0.01M (pH 5.8) containing 15 mg/mL Lysing Enzymes
(Sigma Aldrich) and 10 mg.mL ™' BSA at 30 °C for 3—4 hours/60 rpm.
The protoplasts were washed by centrifugation in ST Buffer (sorbitol
1 M; Tris HCI, 0.01 M) and STC Buffer (sorbitol, 1 M; Tris HCI, 0.01 M e
CaCl,, 0.05M) and ressuspended to a final concentration of 108
protoplasts. mL~*. For REMI, 200 uL of protoplasts, 10 ug pSM1 vector
(Poggeler et al., 2003), 0 U, 10 U or 20 U of HindIIl and 50 uL of
polyethylene glycol (PEG) 6000 25% were mixed. This mixture was
then incubated on ice for 30 min following the addition of 500 pL of
PEG 6000 25%. After 30 min at room temperature, the protoplasts were
plated in enriched PDA with the osmotic stabilizer sucrose (0.56 M) and
hygromycin (100 pg/mL) to select the transformants.

In the other transformation experiments 10 ug of the vector was
used and the transformants strains were grown on enriched PDA con-
taining hygromycin B (for the pSM1 vector) or geneticin to a final
concentration of 250pg/mL (for vectors pSilentDuall-egfp and
pSilentDuall-sInCl).

4.3. Plant pathogenicity assay

The pathogenicity assay was carried out as proposed by Dufresne
et al. (1998) employing the cultivar Rosinha, susceptible to antracnosis,
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as host. To obtain a large number of spores, C. lindemuthianum strains
were inoculated in green beans (previously autoclaved two times with
an interval of 24 h between them), following incubation for 10 days at
22 °C. Subsequently, the primary leaves of cultivar Rosinha, grown for
10 days at 23 °C, were excised, inoculated in abaxial surface with 10°
spores/mL and incubated at 22 °C in a chamber with 16 h of light (166
uE/s~'/m~2) per day. The leaf symptoms were evaluated for 10 days.
All the assays were performed in triplicate.

4.4. Apressoria analysis

Nearly 100g of cultivar Rosinha leaves were excised, stored at
—20 °C for 12 h and boiled in distilled water 1 L. The solution was then
filtered in filter paper and autoclaved for 20 min at 121 °C. The filtrate
portion was transferred to polypropylene tubes and centrifuged at 1000
g for 10 min. Twenty mL of supernatant was inoculated with 10°
spores. mL ™! of C. lindemuthianum wild-type and MutCl strain separ-
atelly. The supernatants were maintained for 12h at 19 °C until ob-
servation with the inverted microscope Olympus IX70.

4.5. Hybridization analysis for copy-number determination

Total DNA from wild-type and mutant strains of C. lindemuthianum
was extracted (Specht et al., 1982). In order to evaluate the number of
integrations of the plasmid pSM1 in C. lindemuthianum genome, nearly
5 g DNA were cleaved using the enzymes BglII and Pstl, which exhibit
no cleavage site and one cleavage site, respectively, in pSM1 sequence.
The products of the digestion were separated by electrophoresis in 0.8%
agarose gel and transferred to a Duralon-UV membrane (Stratagene)
and the hybridization was performed (Southern, 1975) employing the
AlkPhos Direct Labeling and Detection Systems with CPD-Star (GE
Healthcare) and the plasmid pSM1 as a probe.

4.6. Plasmid rescue

To determine the exact site of pSM1 integration, a Polymerase Chain
Reaction (PCR) was employed with the primer M13R, homologous to
region adjacent to the insertion of pSM1, and several arbitrary primers
to amplify the sequence adjacent to the interrupted gene. Only the
random primer OPG-17 in combination with M13R (Operon Tech)
(Table 1) led a positive result. As a control, reactions were performed
with only the M13R or only the arbitrary primer. The PCR reactions
were carried out in a 25 pL reaction, consisted of 1X GoTaq Reaction
Buffer with MgCl, 1.5mM, dNTP 0.2 mM, primers 1 uM, GoTaq DNA
polymerase 1.25 U and DNA 30 ng. The PCR conditions were as follows:
initial denaturation at 90 °C for 1 min followed by 35 cycles of dena-
turation at 90 °C for 30 s, annealing at 55 °C for 1 min, and extension at
72 °C for 2 min, with a final extension at 72 °C for 10 min.

PCR product of the combination of primers M13R/OPG-17 were
purified using the Wizard SV PCR kit and cloned into the pGEM-T Easy
vector (Promega) given rise to the plasmid pRescue24 employed for
gene screening in C. lindemuthianum genome bank.

4.7. Screening of sInCl1 from C. lindemuthianum genomic bank

The screening of the target gene was carried out employing C. lin-
demuthianum genome bank constructed with the Lambda EMBL3/
BamHI Vetor Kit (Agilent Technologies). The hybridization was carried
out following Benton and Davis (1977) recommendations using pRe-
scue24 plasmid as probe. The DNA extraction of positive recombinant
phages was performed (Sambrook et al., 1989) and the target gene was
confirmed by PCR with the primers alblF e alblR (Table 1). The pri-
mers alblF and alblR were designed from pRescue24 sequence. The
PCR conditions were the same as highlighted above. The DNA of po-
sitive phages (containing the target gene called sInCl1) were cleaved
with the restriction enzymes Clal, HindIII, Kpnl, NotI and Sall, separated
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by electrophoresis in agarose gel and hybridized by Southern blot
(Southern, 1975) with the probe labeled by AlkPhos Direct Labeling
and Detection Systems with CPD-Star Kit (GE Healthcare). Subse-
quently, the membranes were exposed for four hours to Hyperfilm
(Amersham Pharmacia Biotech). The hybridized DNA fragments were
recovered and cloned in pBluescript KS™ vector (Agilent Technologies)
giving rise to the plasmids pDK1, pDS1, pHS1, pIS2, pAN1, pDN1 e
pHC1. The plasmids were sequenced by Macrogen Inc. (Seoul, South
Korea) in order to obtain the gene sequence.

4.8. Sequence analysis and homology modeling

The deduced amino acid sequence was obtained using MEGA 6
(Tamura et al., 2013). The conserved domains of HKs were obtained
from http://prosite.expasy.org/. Multiple alignments with HK se-
quences from Gibberella moniliformis (AY456037.1), Botryotinia fuck-
eliana (AY456054.1), Cochliobolus heterostrophus (AY456008.1) and
Aspergillus nidulans (AB036054) were performed using ClustalW2 at
http://www.ebi.ac.uk/Tools/msa/clustalw2/ (Thompson et al., 1994).
The three-dimensional protein model was obtained at Phyre server
(Kelley and Sternberg, 2009) and was compared with structures avail-
able at the Protein Data Bank (PDB) ProFunc server (Laskowski et al.,
2005). The transmembrane regions were predicted by the TMHMM
model of Markov (Krogh et al., 2001).

4.9. Phylogenetic analysis

Accession numbers of the sequences of HK used are provided in
Table 2. The sequences were aligned on Clustal W (Thompson et al.,
1994). Corrections were made manually following the recommenda-
tions of Tamura et al. (2013), employing MEGA 6. The Maximal Par-
simony method was chosen to evaluate to which group of HK the SinCl1
belongs. The trees were obtained from PAUP 4.0b10 (Swofford, 2002)
employing a heuristic search with the algorithm Subtree Pruning and
Regrafting (SPR) and bootstrap of 1000 replicates.
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For genes qde-1, qde-2, dcl-1 and dcl-2, 12 species of filamentous
fungi, including two strains of C. lindemuthianum, were selected. All of
the sequences were aligned using the MEGA 6 program (Tamura et al.,
2013). The phylogenetic method chosen was the maximum likelihood,
and the robustness of the internal branches was determined by the
bootstrap with 1000 replicates. Accession numbers of the sequences
used are provided in Table 2.

4.10. Identification of RNA interference pathway in C. lindemuthianum
genome

The sequences of genes encoding central components of the RNAi
pathway were taken from the genome of the C. lindemuthianum strains
83.501 and A, 2-3. The sequences of the genes were subjected to the
Augustus program (Stanke et al., 2004) to identify potential introns.
The sequences of the protein were noted by the UniProtKB/SwissProt
database, and possible conserved domains characteristic of each protein
were identified using the CDD and PROSITE databases. All the se-
quences were deposited in the GenBank. The access numbers are pro-
vided in Table 2.

4.11. Assembly of silencing vectors

A pSM1 vector (Poggeler et al., 2003) containing the hph gene was
used to obtain a strain of C. lindemuthianum expressing the enhanced
green fluorescent protein (EGFP). For silencing the egfp gene, we used
the vector pSilentDuall-egfp (pSD1G) (Nguyen et al., 2008), which was
acquired from the Fungal Genetics Stock Center (FGSC; Kansas City,
Missouri USA) and contained the nptlI gene, which confers resistance to
the aminoglycoside Geneticin (G-418). For silencing the sinCl1 gene,
the pSilentDuall-sinCl (pSD1-sinCl) vector was constructed. For the
construction of this vector, a 450-bp fragment of the sinCl1 gene was
amplified with the oligonucleotides sislnClF/sislnCIR (Table 1) and
cloned into the HindIII site of the pSilentDuall (pSD1) vector, which
was also acquired from FGSC. Both silencing vectors contained a target

Table 2
Microorganisms and accession of genes analyzed for construction of phylogenetic trees.
Microorganisms GenBank accession number
HK
Alternaria brassicicola AY700098
Aspergillus clavatus XM_001268127 XM_001273136.1
Aspergillus fumigatus XM_745820 XM 001481590.1
Aspergillus nidulans AB036054.1
Botryotinia fuckeliana AY456054.1 Y456061
Candida albicans XM_711910
Cochliobulus heterostrophus AY456009 AY456004 AY456005 AY456008.1
AY456020 AY456006
Clavispora lusitaniae EF157662
Giberella moniliformis AY456046 AY456035 AY456034 AY456049
AY456038 AY456039 AY456037.1
Neurospora crassa XM_959477 XM_959672 DQ128077 BK004088
Neosartorya fischeri XM_001258143
Penicillium marneffei XM_002143307.1
Talaromyces stipitatus XM 002479605.1
QDE-1 QDE-2 DCL-1 DCL-2
C. lindemuthianum strain 83 ALJ83735.1 ALJ83738.1 ALJ83736.1 ALJ83737.1
C. lindemuthianum strain 89 ALJ83735.1 ALJ83742.1 ALJ83740.1 ALJ83737.1
C. orbiculare ENH88131.1 ENH85753.1 ENH80776.1 ENH87778.1
C. gloeosporioides XP_007279182.1 XP_007275754.1 XP_007286789.1 EQB53060.1
C. fioriniae XP_007599611.1 XP_007600899.1 XP_007595264.1 XP_007592384.1
C. graminicola EFQ34383.1 EFQ31708.1 EFQ33220.1 EFQ30102.1
C. sublineola KDN68933.1 KDN63192.1 KDN70556.1 KDN66022.1
C. higginsianum CCF36884.1 CCF38692.1 CCF41547.1 CCF34628.1
M. oryzae XP_003711624.1 XP_003716704.1 ELQ37466.1 XP_003715365.1
M. phaseolina EKG12628.1 EKG10810.1 EKG16741.1 EKG11039.1
N. crassa CAB42634.1 CAE85552.1 Q758J7.1 Q7SCC1.4
A. fumigatus XP_753696.1 XP_747330.1 Q4WVE3.3 XP_746479.1
A.oryzae XP_001824860.2 BAE55663.1 XP_001824024.2 XP_001818742.1
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gene flanked by two promoters for RNA polymerase II of Aspergillus
nidulans, namely, PtrpC and Pgpd, thereby leading to the production of
dsRNA and causing the degradation of the target mRNA.

4.12. Molecular characterization of the transformant strains

The DNA of the transformant strains and the wild-type isolate was
extracted using the UltraClean” Microbial DNA isolation kit (MO BIO
Laboratories). To confirm the presence of the pSM1 vector, a PCR re-
action was performed using two pairs of oligonucleotides: hphF/hphR,
and egfpF/egfpR (Table 1). To confirm the presence of the pSilentDuall-
egfp or pSilentDuall-sInCl vectors, a PCR reaction was performed with
the oligonucleotide pair nptIIF/ nptlIR (Table 1). Southern blots were
used to characterize the transformants regarding the pattern and
number of integrations, as previously described. DNA fragments cor-
responding to the genes hph (for vector pSM1) or nptll (for vectors
pSilentDuall-egfp and pSilentDuall-sIinCl) were used as probes, ampli-
fied using the oligonucleotides shown in Table 1, and labeled using the
PCR DIG Probe Synthesis Kit (Roche).

4.13. Phenotypic characterization of the egfp strains

To assess the expression of the EGFP protein in strains that were
transformed with only the pSM1 vector and in strains containing pSM1/
pSilentDuall-egfp, slides containing mycelia from each transformant
were prepared and photographed using the image capture system
OLYMPUS Q-Color3”, which was coupled to the OLYMPUS BX50
fluorescence microscope with a BP 470/440-nm filter.

4.14. Gene targeting and phenotype confirmation

The inactivation of the C. lindemuthianum sInCl1 gene was per-
formed by integrating and disrupting the gene by plasmid pSMIS2. The
pSMIS2 was assembled from plasmid pIS2, which carries part of the
promoter region and 256 nucleotides of the initial region of the sinCl1
gene cloned into the pSM1 vector. The wild strain 89 of C. linde-
muthianum was used for transformation, which followed the procedures
described previously. The plates were incubated and the hygromycin
resistant transformants were further purified by monosporic isolation.
The interruption of the histidine kinase gene in the mutant sInCl1 ™~ was
checked by PCR.

4.15. Quantitative PCR

Rosinha cultivar leaves were inoculated with 10° spores/mL of C.
lindemuthianum wild-type and freezed in liquid nitrogen at intervals of
1, 3, 5 and 7 days of incubation. Leaves inoculated with distilled water
were employed as negative control. The total RNA was extracted with
Trizol (Invitrogen). The samples were treated with DNAse RQI RNAse-
free (Promega) and the cDNA was obtained by the Kit ImProm-II
Reverse Transcription System (Promega), following the manufacturer
instructions.

The relative quantification of slnCll expression was done in ABI
7500 Real Time PCR Systems (Applied Biosystems). The expression
levels were normalized by the constitutively expressed gene gpdA,
which expresses the enzyme glyceraldehyde dehydrogenase in C. lin-
demuthianum. The total RNA extracted from fungi grown on liquid
culture medium was employed as a calibrator. The PCR reactions were
done employing: ¢cDNA 10 ng, primers 0.2 uM, and SYBR Green PCR
Master Mix (Applied Biosystems) to the final concentration of 1X in
25 uL reaction. The standard curves were done with diluted cDNA
(1:10). The experiments were done in triplicate employing leaves with
the same age.
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