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Transcriptome analysis of Verticillium lecanii based on
RNA-Seq technology

ZHANG Mou, GAO Xi”*, HAO Kaiqgiang, TAN Qing, PANG Renyi, LAN Mingxian,
LI Zhaobo, XIA Tao, LU Wufeng, LI Jianyi, WU Guoxing "
College of Plant Protection, Yunnan Agricultural University, Kunming, Yunnan 650201, China

Abstract: [ Aim] Verticillium lecanii is a well-known biocontrol agent of fungal phytopathogens as well as insect pests. It is impor-
tant to investigate the molecular basis of the pathogenicity. [ Method] We analyzed the transcriptome of V. lecanii isolated from
Boettcherisca peregrina. [ Result] A total of 1634670 high-quality reads were produced by RNA-seq method with Q20 percentage of
89.47% and the GC percentage of 48.50%. The Nr, Swiss-Prot, Gene Ontology (GO) , Clusters of Orthologous Group (COG) , and
Kyoto Encyclopedia of Genesand Genomes (KEGG) databases were used to annotate unigenes functions. Of the 14856 Unigenes as-
sembled, 1467, 9379, 6518, and 4188 were mapped by Nr, Swiss-Prot, COG, and KEGG, respectively. In the GO database,
21403 Unigenes were classified into 38 functional groups, belonging to three main categories ; cellular components (1369) , molecu-
lar functions (1679) , and biological processes (1928). Based on COG annotation, 6518 Unigenes were classified into 24 functional
categories. The important functional groups identified via GO and COG enrichment were responsible for general function prediction
only, secondary metabolites biosynthesis, transport and catabolism, and signal transduction mechanisms. Unigenes mapped to 108
KEGG pathways, most of which were associated with metabolic pathways and biosynthesis of secondary metabolites. [ Conclusion ]
Our results will be helpful to find the pathogenic factors of V. lecanii and enrich its pathogenic mechanism.
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Verticillium lecanii is a genus of fungi in the divi-  cluding homopteran insects and other arthropod
sion Ascomycota, and is an anamorphic form of the  groups. The entomopathogenic fungi must penetrate the
family Plectosphaerellaceae. V. lecanii is a well-known  insect cuticle, which comprises mainly chitin fibrils

entomopathogenic fungus with wide infection range in-  embedded in a protein matrix. The insect infection oc-
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curs by a combination of mechanical pressure, via ap-
pressorium formation, and enzymatic degradation. V.
lecanii as a biological control agents (Li et al.,2004)
are suggested as replacement to pesticides, which are
known to have negative effects on the environment and
non-target organisms ( Harman et al. ,1993). V. leca-
nit shows potential biological control agent against nu-
merous pest insect orders, such as Coleoptera, Or-
thoptera, Homoptera, and Lepidoptera. Interestingly,
V. lecanii induced host defense reactions without show-
ing the pathogenicity phenotype ( Benhamou & Bro-
deur, 2000 ). Boeticherisca peregrina ( Diptera: Sar-
cophagidae ) is regarded as a medium to spread patho-
gens. Flies, one of the largest biomass in the world,
could be found nearly in every corner of the earth. It is
difficult to take effective measures for control B. pereg-
rina ( Goff et al. ,1991). The extensive use of the fast
and effective pesticides had been forbidden due to
death of non-target species, accumulation of pesticide
residues in the environment and food, and build-up of
pesticide resistance in the target species. Biological
control agents are developing quickly, such as differ-
ent attractants or different entomopathogenic fungi like
Beauveria bassiana and V. lecanii. V. lecanii can kill
host by production of active compounds like chitinas-
es, proteins and polysaccharide degrading enzymes
(amylase, protease, and lipase) (Hasan et al. ,2013;
Xu et al. ,2011; Yu et al.,2015; Zhu et al.,2008).
However, the roles that the active compounds could
play in the infection process are still not fully under-
stood. Furthermore, the genetic and molecular basis of
the interaction of entomopathogenic fungus, including
V. lecanii and the insect hosts are not fully understood.

In order to better understand the mechanism of V.
lecanii entomopathogenicity, we studied the transerip-
tome of V. lecanii to reveal the pathogenic mechanism
of V. lecanii in B. peregrina. Our aim is to identify tar-
get genes for genetic manipulation to develop more effi-
cient V. lecanii strains for specific insect pests control.

1 Materials and Methods

1.1 Culturing of V. lecanii
V. lecanii strain KMZW-1, isolated from B. pere-

grina from the collection of the Yunnan Agricultural
University, was used in our experiments. Cultures
were initially grown on potato dextrose agar ( PDA)
(Tan et al.,2015) for 7 days at 29 “C. To obtain
conidia, the cultured isolate was incubated in 100 mL
Czapek liquid medium in 250 mL incubation bottles for
5 days at 29 °C. The spore suspension obtained was
diluted to approximately 1x10’/mL ( Yu et al. ,2015)

with sterile distilled water prior to inoculation.

1.2 Extraction and purification of total RNA
Total RNA was extracted in TRIzol reagent ( GIB-
CO BRL) according to the manufacturer’s instruc-
tions. The total RNA was dissolved in 50 pL. RNase
free water. RNA quality was checked on agarose gels
(1.5%) and concentration and OD260/280 value was
determined Nano-drop (Thermo, NANODROP 2000).
The total RNA was stored at =80 °C until further use.

1.3 Library preparation for RNA-Seq

Libraries were prepared using RNA-Seq sample
preparation kit from Illumina and poly (A) mRNA
was enriched from total RNA using oligo (dT) beads.
Fragmentation buffer was added for breaking mRNA to
short fragments. Using these fragments as template,
first-strand ¢cDNA was synthesized by reverse tran-
scription with oligo (dT) random hexamer primer. The
second-strand was synthesized using buffer, dNTPs,
RNase H and DNA polymerase I according to kit man-
ufacturer instructions. Short fragments were purified
with QiaQuick PCR extraction kit ( Qiagen, USA) and
resolved with ddH, 0. Sequencing adaptors were added
and amplified with PCR. Agarose gel electrophoresis
was used to select the fragments collected as sequen-
cing templates. Finally, the ¢DNA library was con-
structed and sequenced on the Illumina HiSeqTM 2000
platform (GENE DENOVO, Guangzhou).

1.4 Quality control and splicing of RNA sequence

RNA-Seq reads were subjected to quality filtering
using base calling on the basis of the criterion of a
minimum read length of 30, and good-quality reads
were obtained with Q20 ( sequencing error rate lower
than 1% ) and discarding sequences of adapters reads

sequence and reads with bases ‘N’ more than 10%
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for all reads. Before read alignment, rRNA fragments
were filtered from the transcriptomics data by the use
of base calling software and the default FRNA database
included in the software package. Reads were aligned
to the genome of V. lecanii, and gene annotations were
obtained from the four protein database of bacterial ge-

nomes ( Nr, Swiss-Prot, KEGG and COG) by BLAST.

1.5 Gene ontology and functional annotation
After clustering and assembly, to identify similar-
ities between the sequences deposited in public data-
bases, a BLAST ( basic local alignment aearch tool)
(Conesa et al.,2005) alignment was performed by
searching the Non-redundant (Nr) , Swiss-Prot, Kyoto
Encyclopedia of Genes and Genomes ( KEGG), and
Clusters of Orthologous Groups ( COG) protein data-
bases with a cut off E-value<le—5. The Unigene se-
quences were also translated into proteins via Trinity
software ( Grabherr et al. ,2011). Trinity software was
also used with an E-value < le—5, to annotate the
Unigene’ major Gene Ontology (GO ) categories, in-
cluding molecular functions, biological processes, and
cellular components. However, when the Trinity soft-
ware cannot compare by the four databases ( Nr,

Swiss-Prot, KEGG and COG), the ETScan (Iseli et

al. ,1999) software was used to confirm with the direc-
tion of protein. Gene expression levels were deter-
mined by Fragments per Kilobase of gene per Million
mapped fragments ( FPKM ). Unigene expression lev-
els were determined by using RPKM; RPKM =
(1000000xC) /( NxL/1000) , (RPKM was represen-
ted expression level of Unigene gene, C was reads
number of Unigene gene, N was mapped in total reads
number of Unigene gene, L was represented total ba-

ses of Unigene gene).

2 Results

2.1 Sequence assembly

After stringent quality checks and tag cleaning of
the total of 42692122 reads, 1634670 high-quality se-
quences were generated. Any short, low-quality se-
quences and adapters reads sequence and reads with
bases ‘N’ more than 10% were removed, total nucleo-
tides were 5336515250 nt, Q20 and ‘G+C’ content of
89.47%, 48.50% respectively. 21403 Unigenes were
derived from cluster assembly, with an average length
of 1296.08 bp, average ‘ G+C’ content of 52.09%, the
value-N50 is 2143 and total assembled bases 27739917.
Over 1000 reads were mapped in 704 unigenes with the
average coverage of 97.23% (Fig.1).
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Fig.1 Mapped reads in Unigene

2.2 Functional annotation and classification

A sequence similarity search was conducted a-
gainst the Nr, Swiss-Prot, KEGG and COG databas-
es, using Blast2GO that specified E-values of less than
107 A total of 14856 Unigenes (69.4% ) had annota-

tion information in one or more of the Nr, Swiss-Prot,
GO, KEGG, and COG databases. The analysis showed
that 14679 Unigenes had significant matches in the Nr
database; 9379 Unigenes had significant matches in
the Swiss-Prot database; 6518 Unigenes had signifi-
cant matches in the KEGG database; 4188 Unigenes
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had significant matches in the COG database. A total
of 3048 Unigenes could be matched in COG and
KEGG, 6493 Unigenes could be matched in COG and
Nr, 6200 Unigenes could be matched in COG and
Swiss-Prot, 4187 Unigenes could be matched in
KEGG and Nr, 3865 Unigenes could be matched in
KEGG and Swiss-Prot, 6181 Unigenes could be
matched in Nr and Swiss-Prot, and 3002 Unigenes
could be mapped in all four databases (Fig.2). How-

CoG

ever, 6547 Unigenes had not maiches in any of these
databases. Those without database hits were likely to
include non-coding RNAs, genes whose sequences did
not capture regions that contained conserved functional
domains, or protein coding genes that were novel in
the database. Mapping revealed that 21398 predicted
genes were expressed. Approximately 71.63% (15328)
of genes were expressed with FPKM>1.

Nr

Swiss-Prot

Fig.2 Venn diagram of overlaps for Unigenes annotation in four protein databases

The identified functional classes of the Unigenes
were subjected to GO enrichment analysis. According
to the results of sequence alignments, 21403 differen-
tial Unigenes were classified into 38 functional groups,
belonging to three main categories ( Fig.3): cellular
components ( 1369 ), molecular functions ( 1679),
and biological processes (1928). In the cellular com-
ponent category, 784 Unigenes were localized to cell
and cell part, 200 to organelle and 89 to macromolec-
ular complex. In the molecular function category, a
large number of Unigenes were involved in catalytic
activity and binding. In the biological process, a large
number of Unigenes were involved in metabolic
process and cellular process. In the biological proces-
ses category, most Unigenes were involved in metabol-
ic process and cellular process. Several Unigenes were
found to participate in locomotion, immune system
process, death, and growth. In summary, these results
showed that most of the identified Unigenes were re-
sponsible for catalytic activity associated with biologi-
cal regulation and metabolism.

The biological functions of Unigenes were per-

formed to categorize in KEGG pathway enrichment a-
nalysis. A total of 4188 Unigenes were sited to 108
KEGG pathways. The metabolic pathways contained
the highest Unigenes numbers (1222, 29.18%) , the
498 Unigenes (11.89%) involved in the biosynthesis
of secondary metabolites, 166 Unigenes (3.96%) were
connected to ribosome, the 127 Unigenes (3.03%)
were part of purine metabolism, the 120 Unigenes
(2.87%) were oxidative phosphorylation, the 107 Uni-
genes (2.55% ) were spliceosome and the least number of
Unigenes (2, 0.05%) were connected to C5-branched
dibasic acid metabolism. These results suggested that
metabolic pathways, biosynthesis of secondary metabo-
lites, ribosome, and spliceosome should be associated
with the B. peregrina susceptible response to V. lecanii.

Unigenes were classified into different COG clas-
ses, according to COG database. 6518 Unigenes could
be classified into 24 functional categories based on
COG annotation. The Unigenes of 24 functional catego-
ries were sequenced based on their number, primarily
included general function prediction only (2100) , ami-

no acid transport and metabolism (1079) , carbohydrate
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transport and metabolism (942) , secondary metabolites
biosynthesis, transport and catabolism (775) , inorgan-
ic ion transport and metabolism (682) (Fig.4). The
Unigenes involved in signal transduction mechanisms,

secondary metabolites biosynthesis, transport and ca-

tabolism, and defense mechanisms are interUnigenes
because Unigenes in these functional categories might
participate in secondary metabolites and complex sig-

naling pathways in response to the pathogen.
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A: RNA processing and modification

B: Chromation structure and dynamics

C: Energy production and conversion

D: Cell cycle control, cell division, chromosome partitioning
E: Amino acid transport and metabolism

F: Nucleotide transport and metabolism

G: Carbohydrate transport and metabolism

H: Coenzyme transport and metabolism

I: Lipid transport and metabolism

J: Translation, trbosomal structure and biogenesis

K: Transcription

L: Replication, recombination and repair

M: Cell wall/membrane/envelope biogensis

N: Cell motility

O: Posttranslational modification, protein tumover, chaperones
P: Inorganic ion transport and metabolism

Q: Secondary metabolites biosynthesis, transport and catabolism
R: General function prediction only

S: Function unknown

T: Signal tranxduction mechanisms

U: Intracellular trafficking, secretion, and vesicular transport
V: Defense mechanisms

Y: Nuclear structure

Z: Cytoskeleton

Fig.4 Classifications for clusters of orthologous groups ( COGs)

2.3 Selection of the core candidates related to chitin

The chitin is an important composition in the
shells of insects, and the chitinase is a possbile key to
pathogenic factor of insecta pathogenic fungus. The
chitinase expression of V. lecanii was higher than other
enzymes (Hall, 1981; Verhaar et al.,1996) , for in-

stance, Beauveria bassiana, Metarhizium anisopliae.

We selected several chitin pathways related Unigenes
involved in three KEGG pathways ( metabolic path-
ways, biosynthesis of secondary metabolites and ribo-
some ) , followed by selection of COG, GO and Nr an-
notation of the core candidates related to B. peregrina
susceptibility to V. lecanii. We obtained 6 Unigenes
(Table 1) about the genes of chitinase.
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Table 1 The candidate Unigenes related to chitinase

Gene ID Verticillium_lecanii_ RPKM Swiss-Prot-annotation COG-Protein-or-Domain
Unigene0017083 55.0106 42 kDa endo chitinase OS BHO0916-1
Unigene0014655 3.8686 Sporulation specific chitinase 2 YDR371w
Unigene0014654 3.3985 Endochitinase 1 BHO0916-1
Unigene0015805 4.2786 Chitinase 1 BH0916-1
Unigene0002387 62.3746 Chitinase 2 OS -

Unigene0021278 39.2222 Endochitinase 1 BHO0916-1

2.4 Identification of Unigenes-SSRs

We identified 1476 SSRs in 21403 (6.9% ) Uni-
genes. Tri-nucleotide was the highest SSRs ( 835),
followed by di-nucleotide ( 308 ), tetra-nucleotide
(243), penta-nucleotide (58) and hexa-nucleotide

(32). Molecular marker is important resources for
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constructing genetics maps. Special Unigenes SSRs
have high efficiency and a low cost, and can improve
effectiveness of the work for us. The distribution of the
different SSR repeat types as a proportion of the total
SSRs was represented in Fig.5.
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Fig.5 The distribute of SSRs

3 Discussion

Entomopathogenic fungi are natural biological
control agents for many insects and other arthropods.
By spreading diseases, B. peregrina is one of most
sanitation pest in cities. V. lecanii is an entomopatho-
genic fungus with a various hosts insects. In order to
widen our knowledge of the pathogenecity mechanism
of V. lecanii against B. pereqrina transcriptome analysis
of V. lecanii isolated from B. pereqrina was performed.

The insect cuticle major components are chitin
and cuticle protein ( Moussian,2010). Cuticle protein
is an important to the development of insect and inver-
tebrates, contributes much to the stress resistance,
drug resistance, and immunity of insects. The genes

coding for cuticle proteins were induced to resist infec-

tion against entomopathogenic fungi in adverse envi-
ronment conditions ( Purac et al.,2008; Zhang et al. ,
2008). Chitinases were widely distributed in plants,
bacteria, fungi, insects and vertebrates ( Lu et al.,
2005). Chitinase in collaboration with proteases were
associated with different stages of the life cycle of ento-
hyphal

growth, morphogenesis, and defence against competi-

mopathogenic fungi, such as germination,
tors ( Adams, 2004 ). Chitinases mainly responsible
physiological functions as degradation the fungal cellu-
lar walls or the exoskeletons of arthropods used as nu-
trient sources to development; rebuilding of cell walls
during hyphae growth, branching, hyphae fusion, au-
tolysis and competence ( Adams,2004; Yang et al.,

2007 ). Chitinases had critical functions in the process
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of growth and degradation of the fungal cell wall and
insect cuticle, with chitin being a major component of
both. Fungal virulence was often determined with the
extracellular chitinases ( Yu et al. ,2015). The germi-
nation of the spore of entomopathogenic fungi on the
insect cuticle followed by penetration and vigorous pro-
liferation of fungal hyphae ultimately desiccate the host
insects. The life cycle of the fungi continues with the
production of infective spores that can insert them-
selves immediately into the insect cuticle to repeat the
cycle, after a period of dormancy.

In transcriptome profiling of Gossypium barbadense
inoculated with Verticillium dahliae the overwhelming
majority of the Unigenes were mapped in the biological
process (Zhang et al. ,2013), and many of these were
related to metabolic processes, cellular processes, lo-
calization, establishment of localization, developmental
process, multicellular organismal process, responses to
stimuli and biological regulation, metabolic and cellular
processes and responses to stimuli. The reported results
suggested that similar genes could be expressed in both
susceptible and resistant insects in responses to V. leca-
nit (Zhang et al.,2013).

We reported here the transcriptomic profiling the
V. lecanii strain isolated from B. pereqrina. There were
some resistant or defense response related genes ( pu-
rine metabolism, oxidative phosphosphorylation) in our
data. These results suggested that there migh be an o-
verlap among the susceptible responses of host insects
and fungal pathogens. In addition, functional COG cat-
egories showed that the identified Unigenes were mainly
involved in function prediction only, namely amino acid
transport and metabolism, carbohydrate transport and
metabolism, secondary metabolites biosynthesis, trans-
port and catabolism, inorganic ion transport and metab-
olism, similar to the results obtained in the biological
process enrichment. For further understand the biologi-
cal functions of the identified Unigenes, KEGG path-
way enrichment analysis was carried out. Hundred and
eight pathways were examined. The two pathways with
the most related Unigenes were metabolic pathways and

biosynthesis of secondary metabolites pathways (a total

of 1720, 41.07%). It was reported that the phenylala-

nine metabolism pathway played a critical role in de-
fense response to V. dahlia ( Gayoso et al.,2010). In
our experiment the phenylalanine metabolism pathway
(54,
1.29%) , and from this result we infer the phenylala-

showed a lot related Unigenes expression
nine metabolism pathway was an important part to infect
the host of V. lecanii. The overwhelming majority of the
Unigenes (1222, 29.18% ) were mapped in metabolic
pathway versus resistance responses (2329) of the hosts
against V. lecanii.

The cuticle is the first barrier for insects to de-
fend against pathogen infection, in addition to being
indispensable for maintaining the shape and mobility of
insects ( Delon & Payre, 2004; Zhu et al., 2008 ).
During the penetration process, entomopathogenic fun-
gi can produce several chitinases, some of which are
important chitinous degrading enzymes and act syner-
gistically with proteases to hydrolyze insect cuticle.
Chitinases component of the cell walls of fungi and in-
sects, furthermore they are a key pathogenicity deter-
minants of entomopathogeic fungi ( Rocha-Pino et al. ,
2011). Chitinous receptors ( OsCEBiP and AtCERK1)
had been identified in bacterial, fungi, virus, and
plants (Liu et al.,2012). Chitinases are not only pla-
ying important physiological and ecological roles in de-
fense mechanisms in response to pathogens and abiotic
stress, but also involved in nutrition and pathogenesis.
Fungal pathogenesis is a complex process that includes
adherence, penetration, and digestion and requires
the production of hydrolytic enzymes that penetrate the
chitinous cell wall or cuticle. The unigenes of chitine-
saes (Table 1) were suggested as the core candidates
for further experiments to improve V. lecanii as a bio-

logical control agent.
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