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Abstract
Clonostachys rosea, a filamentous ascomycete, is a well-known biological control agent
(BCA) against a wide range of plant pathogenic fungi. Genome sequencing revealed that C.
rosea strain IK726 possess 32 genes encoding for polyketide synthases (PKS), which is
significantly higher than the more studied biocontrol fungi Trichoderma. During our previous
study, we showed a culture medium dependent antagonistic effect of C. rosea against plant
pathogenic fungi Alternaria alternata, Botrytis cinerea, Fusarium graminearum, and
Rhizoctonia solani. Furthermore, we showed a positive correlation between pks gene
expression and antagonism in C. rosea. The aim of the present study was to i) analyse the
expression of pks genes in C. rosea under developmental stages and during C. rosea
interaction with prey fungi; and ii) to characterize the biological function of one or few
polyketide synthases in C. rosea by generating gene deletion mutants. The expression pattern
of pks in C. rosea during pigmentation and during antagonistic interaction with plant
pathogenic fungi B. cinerea and F. graminearum was investigated using quantitative
polymerase chain reaction. Our results showed that 19 pks in C. rosea were significantly
induced during pigmentation compared to the non-pigmented control. Our result also showed
induced expression of 18 pks during C. rosea and B. cinerea interaction (Cr-Bc) compared to
C. rosea self-interaction (Cr-Cr) or C. rosea and F. graminearum interaction (Cr-Fg), and 7
pks during Cr-Fg compared to Cr-Cr or Cr-Bc. Phenotypic analyses of C. rosea wild-type
(WT), pks22 and pks29 gene deletion mutants (Δpks22 and Δpks29) demonstrate that Δpks22
had a significant reduction (P ≤ 0.004) in mycelial growth rate in comparison to WT. However,
no significant difference in antagonism against B. cinerea or F. graminearum between WT and
Δpks22 was found. On the other hand, deletion of pks29 resulted in no significant difference in
growth rate but reduction (P ≤ 0.011) in antagonistic ability against B. cinerea or F.
graminearum in C. rosea. These data show that the PKS is important for normal growth and
development, and antagonism in C. rosea.
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1. Introduction
1.1

Biological control

Plant diseases need to be controlled to maintain the quality and the quantity of foods and feeds
for a growing human population. To avoid or mitigate plant disease farmers often rely on
chemical fungicides. Overuse use of chemical fungicides has adverse effects on human health
and environment (Horrigan et al., 2002), and pose risk to fungicide resistance in pathogens
(Hobbelen et al., 2014). Biological control of plant diseases by biological control
microorganisms is a promising alternative of chemical fungicides to ensure the safety of human
health and environment while maintaining good quality and quantity of food and feed.
Biological control could be stated as ‘any activity of one species that reduces the adverse effect
of another’ and the organism that suppresses the pest and pathogen are called biological control
agent (BCA) (Pal & McSpadden Gardener, 2006). The biocontrol mechanism is attributed to a
combination of successful i) competition for nutrients and space ii) antibiosis by secreting
antibiotics and toxins iii) mycoparasitism by producing cell wall degrading enzymes, and iv)
induction of resistance responses in host plant. A variety of bacterial and fungal BCAs has been
commercialized against seed and soil borne diseases, and are available in the market vizTrichoderma (Root shield, Supresivit, Binab, Trichodex, Tricho-Dry), Gliocladium
catenulatum (is now called Clonostachys rosea f. catelulata) (GlioMix), Conithyrium minitans
(ContansWG), Agrobacterium (NoGall), Bacillus sp. (Kodiak) Pseudomonas (Cedomon, SpotLess), and Streptomyces (Mycostop). Beside the use of bacteria as a BCA, the growing interest
to use fungi as BCA can be helpful to achieve sustainable crop protection strategy. Though the
number of fungal BCAs in the market is growing, there is still a vast discrepancy between the
academic research and practical applications. Many academically promising BCAs never reach
to the practical usage. The hindrances are their inconsistency to control pathogens and lack of
environmental adaptability. It is, therefore, important to understand the mechanisms of
biological control of plant diseases. This will help to select effective BCAs and to maximize
their use for sustainable crop production strategy.
1.2

Clonostachys rosea

The fungus Clonostachys rosea (Link: Fr.) Schroers, Samuels, Seifert & W. Gams, comb. nov.,
previously known as Gliocladium roseum, is an ascomycete in the Bionectriaceae family and
7

is reported as the anamorph of the teleomorph Bionectria ochroleuca (Schw.) Shroers &
Samuel (Schroers et al., 1999). C. rosea has a wide geographical distribution from subarctic to
the tropical region and is also stated as a common saprophyte in soil (Toledo et al., 2006; Zhai
et al., 2016; Wang et al., 2017). C. rosea is characterized by unpigmented aerial mycelium and
dimorphic conidiophores (primary conidiophores and secondary conidiophores) (Schroers et
al., 1999). The verticillium-like primary conidiophores arise first and penicillate-like
secondary conidiophores arise later. The shape of conidia produced from each type is also
different (Schroers et al., 1999). Conidia from primary conidiophores are less curved and larger
than the conidia from secondary conidiophores.
The antagonistic/mycoparasitic activity of fungus C. rosea has been shown against numerous
plant pathogenic fungi for example Botrytis cinerea to control grey mold (Mouekouba et al.,
2014), Fusarium oxysporum to control Fusarium root and stem rot (Chatterton et al., 2008),
Plasmodiophora brassicae to control clubroot (Lahlali & Peng, 2014), and Sclerotinia
sclerotiorum (Sun et al., 2015). Moreover, C. rosea acts as a potential parasite against
nematodes (Ahmed et al., 2014). In addition, C. rosea can colonize the plant roots which results
in plant growth promotion and induction of plant defence response (Ravnskov et al., 2006;
Roberti et al., 2008; Chatterton & Punja, 2010).
In recent years, C. rosea is attaining interest by the researches as an important BCA because
of its mycoparasitic ability to parasitize and kill other fungi (Krauss et al., 2013). But the modes
of action of C. rosea as BCA are not fully understood though antibiosis, enzymatic activity,
and induced resistance are reported to play important roles (Roberti et al., 2008; Mamarabadi
et al., 2009; Mouekouba et al., 2013; Lahlali & Peng, 2014; Mouekouba et al., 2014) and the
mechanisms of their biocontrol activity vary among the strains of C. rosea (Xue, 2003; Jensen
et al., 2007; Hue et al., 2009).
1.3

C. rosea strain IK726 as a biological control agent

C. rosea strain IK726 was originally isolated from barley roots infected with F. culmorum in
Denmark (Knudsen et al., 1997). C. rosea IK726 has been reported as an efficient BCA against
seed and soil borne pathogenic fungi under field conditions (Knudsen et al., 1995, 1997;
M⊘ller et al., 2003; Hue et al., 2009). As for example, in the study of Jensen et al. (2004),
bio-priming of carrot seeds with C. rosea IK726 reduced the incidence of Alternaria
radicina from 29% to <2.3% and incidence of A. dauci from 11% to <4.8%. In the same study,
8

the higher number of healthy seedling stands was observed in bio-primed seeds compared with
hydro-primed (treatment with water) and non-primed (control) seeds. Furthermore, C. rosea
IK726 has been reported to have general stimulating effects on soil enzyme activity and the
soil microbiota (Johansen, 2005; Ravnskov et al., 2006), which ultimately assist in plant growth
promotion with the subsequent increase in plant dry weight. The most advanced mechanism to
suppress plant pathogen by the activity of BCA-produced enzymes such as chitinases and
glucanases has also been proved in C. rosea (Mamarabadi, 2008). Moreover, this strain has
ability to tolerate Fusarium spp. mycotoxin zearalenone (ZEA), and the fungicides Cantus,
Chipco Green and Apron by mediating active efflux of toxic metabolites across the cellular
membrane with the help of ATP-binding cassette (ABC) transporters (Dubey et al., 2014a).
The genome of C. rosea IK726 has been sequenced (Karlsson et al., 2015). Analysis of gene
family evolution showed a significant expansion of gene family known to involved in pectin
degrading activity (pectin lyase), synthesis of secondary metabolites (polyketide synthases
(PKS) and non-ribosomal peptide synthetases (NRPS)), and membrane transportation (ATPbinding cassette (ABC) transporters) in C. rosea in comparison to other biocontrol fungi such
as T. atroviride and T. virens and saprophytes T. reesei along with other closely related
hypocreals (Karlsson et al., 2015). Functional analysis of genes of these families will help to
understand the life strategies and biocontrol mechanisms in C. rosea. Recently, functional
analysis of gene encoding ABC transporters showed a role of membrane transporters in
mycoparasitic activity and xenobiotic tolerance in C. rosea (Dubey et al., 2014a, 2016), but
the role of secondary metabolites especially PKS during mycoparasitism is yet to be
investigated.
1.4

Polyketides and polyketide synthases

Polyketides are a group of secondary metabolites, naturally produced by both prokaryotes
(bacteria) and eukaryotes (fungi, algae, higher plants, and animals). They are synthesized from
several acyl units by polyketide synthases (PKSs; encoded by PKS genes). PKS catalyse
successive condensation reactions of acyl-CoAs to produce polyketomethylene intermediates
and some subsequent reactions such as cyclization and reduction of the intermediates
(Watanabe & Ebizuka, 2004). PKSs are generally categorized into three types viz- Type I, Type
II and Type III PKS. Type I PKSs are further divided as iterative and non-iterative type. The
iterative type contains all the necessary domains in a single module and their active sites are
used repeatedly to produce a single polyketide. On the other hand, the non-iterative type
9

contains more than one module to constitute specific domain and the active sites are used only
once to produce a particular polyketide (Timsina, 2012). Type I and type II PKSs are found in
bacteria and fungi. Bacteria possess both iterative and non-iterative type I PKS whereas fungi
possess mainly iterative type. Type III PKSs are found in bacteria, fungi, and higher plants.
Type III fungal PKSs are less abundant than Type I fungal PKS and the importance of type III
fungal PKSs is not well known (Hashimoto et al., 2014). Among the polyketides in all
kingdoms, fungal polyketides are most abundant and diverse. The diversity of fungal
polyketides depends on number and modes of iterative reactions, reduction reactions, and
cyclization (Keller et al., 2005) during synthesis of polyketides.
The synthesis mechanism and domain structure of fungal Type I PKS are very similar to
eukaryotic fatty acid synthesis. Among the 11 different catalytic domains of PKS, the ketoacylCoA synthase (KS), acyltransferase (AT) and acyl carrier protein (ACP) domains are essential
for both fungal polyketides and fatty-acid synthesis, whereas the ketoreductase (KR),
dehydratase (DH) and enoyl reductase (ER) domains, required for ketone reduction in fatty
acid synthesis may either present (reducing PKS) or absent (non-reducing PKS) in fungal PKS
(Keller et al., 2005; Timsina, 2012).
1.5

The function of fungal polyketides

To date, numerous functions have been described for fungal polyketides. Most of the fungal
polyketides function for ecological and evolutionary adaptation of fungi (Fujii, 2010). They
serve as precursors to toxins in fungi which have adverse impacts on human, animal and plant
health. As for example, aflatoxin from Aspergillus flavus causes yield reduction in agricultural
commodities and responsible for carcinogenic effects in animal (Fakruddin et al., 2015),
aurofusarin from F. graminearum affects the nutritional quality of quail egg (Dvorska et al.,
2001), fumonisisn from F. moniliforme causes human esophageal cancer (Gelderblom et al.,
1988), and zearalenone from several species of Fusarium implicates reproductive disorders of
farm animals and hyper oestrogenic syndromes in humans (Zinedine et al., 2007). Polyketides
also function for pigmentation of fruiting body and spores in fungi. The best-studied examples
include the blackish perithecial pigment ‘melanin’ in Sordaria macrospora. (Engh et al., 2007),
dark perithecial pigment ‘fusarubins’ in F. fujikuroi (Studt et al., 2012), red perithecial pigment
in Nectria haematococca (anamorph F. solani) (Graziani et al., 2004), and red ascospore
pigment ‘ascoquinone A’ in A. nidulans (Brown & Salvo, 1994). Pigment-forming PKS
function for virulence and abiotic stress resistance in fungi beyond providing the colour of
10

perithecia and conidia (Howard et al., 1991; Beltrán-García et al., 2014). In Magnaporthe
grisea, for example, only dark melanised appressorium with high turgor pressure were reported
to penetrate the plant cells (Howard et al., 1991), and in banana pathogen Mycosphaerella
fijiensis, light activated DHN-melanin acts as a virulence factor by producing reactive oxygen
species (ROS), responsible for the cellular death of the pathogen (Beltrán-García et al., 2014).
The abiotic stress resistance in fungi by pigment forming PKS has also been revealed in several
studies. For example, the pigment layer of spores increased their resistance capacity to UV
radiation in Trichoderma (Atanasova et al., 2013). PKS are also linked to growth and sexual
development, conidiation and survival capability of ascomycete fungi. A significant decrease
in mycelial growth was reported in pks disruption mutants in Gibberella zeae (anamorph F.
graminearum) (Gaffoor et al., 2005). In another filamentous ascomycete S. macrospora,
deletion and overexpression of pks4 revealed its necessity to regulate sexual development and
fruiting body morphology (Schindler & Nowrousian, 2014). Many polyketides are
commercially important because of their ability for producing, antifungal, anticancer, antitumour and cholesterol lowering compound (Weissman & Leadlay, 2005; Campbell &
Vederas, 2010; Bladt et al., 2013).
To date, only few polyketides has been reported for facilitating the mycoparasitic ability of
potential BCAs against pathogenic fungi. For example, in the biocontrol fungus T. reesei, loss
of pks4 resulted in reduced antagonistic potential against pathogenic fungi A. alternata, R.
solani, S. sclerotiorum (Atanasova et al., 2013). In another study, differential regulation of
pksT-1 and pksT-2 in T. harzianum 88 during plate confrontation assay with F. oxysporum, R.
solani, or S. sclerotiorum revealed their regulatory roles as mycoparasitic compounds (Yao et
al., 2016).
1.6

PKS in C. rosea IK726

Genome sequence analysis of C. rosea IK726 has shown that C. rosea possesses 32 PKS
encoding genes (Karlsson et al., 2015). This number of PKS in C. rosea is twice as high
compared with the plant pathogen Fusarium (16 pks, highest pks among the Fusarium species),
and more than twice as high as mycoparasitic Trichoderma (18 pks, highest number of pks
among the Trichoderma species) (Karlsson et al., 2015). The PKS of C. rosea have been
categorized into reducing and non-reducing type based on the alignment of keto synthase
domains of PKS along with the functionally characterized pks of other ascomycetes and
bacteria (Figure 1.) (Karlsson et al., 2015). Among the 32 PKS encoding genes in C. rosea, 4
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PKS genes (pks1-pks4) code for non-reducing, and 25 PKS genes (pks5-pks29) code for the
highly reducing type. The sequences of pks30 and pks31 are incomplete, and pks32 is a hybrid
of PKS and NRPS.
However, to date, none of the PKSs in C. rosea IK726 has been characterized. To reveal their
regulatory and functional behaviour, during my master’s program, we first analysed pks gene
expression in C. rosea under different nutritional conditions. Gene expression analysis showed
that the pks expression is nutrition dependent. In addition, our work showed a positive
correlation between pks gene expression, and antagonism against phytopathogenic fungi A.
alternata, B. cinerea, F. graminearum, and R. solani in different growth medium (Umma
Fatema, research training project; 15 hp).
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Figure 1. Phylogenetic network of pks of C. rosea along with functionally characterized pks of ascomycetes
and bacteria. This figure is obtained from the study of Karlsson et al., (2015). The pks of C. rosea are highlighted
in yellow. The red rectangular marked PKS encoding genes (PKS1, PKS2, PKS3, PKS4, PKS22, and PKS29)
were deleted from C. rosea genome in this study to generate deletion mutants.
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2

Aim and objectives of the study

The overall aim of this study was to investigate the biological function of PKS to advance the
current understanding of the biological control mechanisms in the fungus C. rosea. The study
was undertaken with two main objectives:
a. Expression analysis of genes encoding polyketide synthase in C. rosea under
developmental stages and during interaction with prey fungi.
b. Functional characterization of the selected polyketide synthases by generating gene
deletion mutants.
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3
3.1

Materials and Methods
Fungal strain and culture conditions

Fresh culture of C. rosea IK726, F. graminearum, and B. cinarea, obtained from Department
of Forest Mycology and Plant Pathology were maintained on potato dextrose agar (PDA,
Sigma-Aldrich, St. Louis, MO) plates at 25°C in the dark.
3.2

Sequence analysis

The genome of C. rosea IK726 has already been sequenced and published (Karlsson et al.,
2015). The nucleotide sequences of 32 PKS encoding genes were provided by Mukesh Dubey,
Department of Forest Mycology and Plant Pathology. The domain architectures of 32 PKS of
C. rosea IK726 were analysed and annotated based on their amino acid sequences using simple
modular architecture research tool (SMART) protein analysis tool (Schultz et al., 1998).
3.3

Primer designing

All the primers, used in this study were designed using PrimerSelect (DNASTER Lasergene
11 core suite) following the software guidelines (Premier Biosoft). Nucleotide sequences of
respective pks of C. rosea were used for primer designing
3.4

Gene expression analysis

Gene expression analysis of 32 PKSs in C. rosea was carried out in 2 different conditions: i)
during pigmentation of C. rosea and ii) during interactions of C. rosea with plant pathogenic
fungus F. graminearum or B. cinerea. For gene expression analysis during pigmentation, a 5
mm agar plug of C. rosea was inoculated on PDA medium covered with cellophane membrane,
and incubated at 25 °C in dark for 10 days. The C. rosea agar plug was cultured on the
membrane for easy harvesting of fungal mycelia. The culture plates were wrapped with
aluminium foil to ensure their growth in the dark to avoid conidiation. Four days old C. rosea
culture plates, incubated at the same conditions was used as control treatment. Harvested
mycelia were flash frozen in liquid nitrogen, freeze-dried (VirTis Sp scientific, Warminster,
PA) at -95 °C for three days, and homogenized into the fine powder using Precellys 24 lysis
and homogenization (Bertin Technologies, France) device at 5000 rpm for 28 second (two
times with 5 second pause). Immediately after homogenization, total RNA extraction from all
the samples was done using Qiagen RNasy plant mini kit (Bio-rad, Hilden, Germany) following
15

manufacturer’s protocol. For gene expression analysis during interactions of C. rosea with F.
graminearum (Cr-Fg) or B. cinerea (Cr-Bc), total RNA of C. rosea from the confronted plates
was provided by Mukesh Dubey, Department of Forest Mycology and Plant Pathology.
Total RNA from all the samples was treated with DNase I (Fermentas, St-Leon-Rot, Germany)
following manufacturer’s instruction and concentration was determined with the Nanodrop
(ND-1000 Nanodrop spectrophotometer, Seven Werner). Complementary DNA (cDNA) was
synthesized using 1000 ng of total RNA using iScript™ cDNA Synthesis Kit (Bio-Rad,
Hercules, CA, U.S.A.) according to the manufacturer’s descriptions. Gene expression analysis
was performed by real-time quantitative polymerase chain reaction (RT-qPCR) using pks
specific primer pairs (Table 1) in a 20 µl reaction mix with 10 µl of 2 × SsoFast EvaGreen
Super mix (Bio-Rad, Hercules, CA, USA.), 0.3 µl each of forward and reverse primer (10
pmol/µl), 5 µl of C. rosea cDNA, and 4.4 µl of milli-Q water. Initial denaturation was carried
out at 98 °C for 2 min followed by 40 cycles of denaturation at 95 °C for 5 sec, annealing at 60
°C for 10 sec, and the final extension at 65 °C for 10 sec in an iQ5 qPCR system (Bio-Rad,
Hercules, CA, USA). Primer amplification efficiency was determined by amplification of serial
dilutions of C. rosea IK726 genomic DNA using PCR conditions described above. Relative
expression of pks was analysed from threshold cycle (Ct) values using 2-ΔΔCt method (Livak
and Schmittgen, 2001), and relative expression of β-tubulin was used for standardisation of pks
relative expression data (Dubey et al., 2014a). Thereafter, a series of sequential corrections
including log transformation, mean centering, auto-scaling were applied to standardize
variation in gene expression data among independent biological replicates as described
previously (Willems et al., 2008). The gene expression experiments were performed with five
biological and two technical replicates.
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Table 1: RT-qPCR primers used in this study for target gene amplification
Primer
name
PKS1

tggggttttactgggtgtgctc

gatacccagcccagtaaccacag

pks1

Amplicon
size (bp)
159

PKS2

tctcggctactggtgctctaagg

ttggaagaacatgggcgtagtg

pks2

205

PKS3

gtggtgggggaactttttgaac

gcagccataatctaggggttcag

pks3

183

PKS4

gctgcacctttccactcgttc

gtaaactgctgctgaaacggactc

pks4

129

PKS5

ctccggcctgctaaagttgttg

gtaagccgagtgccatcatagagc

pks5

186

PKS6

tccccaacgaacgcatctttag

cgttcaactgagcgtccttctttc

pks6

188

PKS7

cattcggggcacagacacaaac

gcttcgatgtagcgtgtttggtc

pks7

137

PKS8

caccgcatgttcatcctcactc

acgcccattctcgctgtattc

pks8

140

PKS9

aataaaccacggcccttccttc

accatcccacttgctatccgtc

pks9

197

PKS10

acatctcccgtccgtttcagtg

gcaaggctcagcagggtaacag

pks10

187

PKS11

catgggggattcaagcagagtc

gacgcatgcaacacaaacacg

pks11

175

PK12

caaatggcaggggagtagacg

gaaactgagcgggagaaggaac

pks12

162

PKS13

atggggaaggctatgggctatg

ctattcaaggccgccaccatc

pks13

202

PKS14

gaggctggctcgaatcaagac

tgcatagtcaccagcgtccag

pks14

192

PKS15

gttgcagggctgatcaaaggag

ggccagtccattaatcgtgtagg

pks15

136

PKS16

aggcagcagtcattcctatcgtg

gcttctcaagactgccgactgtg

pks16

200

PKS17

gaatgccatggaacaggaacac

gcctacgcttggtttcacactg

pks17

131

PKS18

cgttgatgcgttaagcgagattg

ccatggctccagctttctttacc

pks18

169

PKS19

gcaatgaaccaacagcgaacc

cctcttgtcggtgggataatgc

pks19

151

PKS20

gttcccctttgcctgctacattg

gatgctgaactcccaccactgac

pks20

201

PKS21

tctgcccaagctcctcgtattc

gatctccataacatgcggctgc

pks21

164

PKS22

tggaaagagctgcagacgagag

gagcgacaagggctgatgaac

pks22

156

PKS23

gatgtctttgtcgccagcctc

ctccgagacatccgtaaaggtg

pks23

191

PKS24

aaacccgcttcatcaacgacac

cgaggcgtcaaactgggataga

pks24

124

PKS25

gccaatgatgatgcggtgaac

caaattcagcgggtccatctc

pks25

200

PKS26

gcactggtacgcagattggagac

gatggccgatgtttgctttgatag

pks26

119

PKS27

tgcacgcagcaggtctcaac

gcagaactcatcgggcacaac

pks27

202

PKS28

gagacgctccatccaaacatcc

tggtcgccgttctcaatcactac

pks28

151

PKS29

tggtgggaattcagcatctcg

gaatcgcggtccgtagttttg

pks29

197

PKS30

ggtatgaaaagcccgcaatcc

ggctgtgtactttgggatgacg

pks30

182

PKS31

catcatgatgggggctacagg

cagcgtcgcctaaagcaatg

pks31

186

PKS32

atccttcgagcgtggggtatc

acccttcctgctgggtcattc

pks32

195

3.5

Sequence 5´-3´

Sequence 3´-5´

Target

Construction of deletion cassettes

The deletion cassettes were generated according to the protocol of Gateway® technology
(Invitrogen, Carlsbad, CA, USA). The specific attB sequences were added at 5’ end of PCR
primers to allow cloning of the amplified products into specific Gateway® donor vectors to
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generate entry clone from upstream and downstream region of gene of interest in a BP
recombination reaction. Thereafter, entry clones are ligated and cloned into destination vectors.
The specific attB sequences and their specific adjoining sites are given:
Sequence 5´-3´

Specific adjoining site

attB4

ggggacaactttgtatagaaaagttg

upstream forward primer of pks

attB1r

ggggactgcttttttgtacaaacttg

upstream reverse primer of pks

attB2r

ggggacagctttcttgtacaaagtgg

downstream forward primer of pks

attB3

ggggacaactttgtataataaagttg

downstream reverse primer of pks

3.5.1 Gene amplification and purification
Genomic DNA of C. rosea was isolated following a Hexadecyl-trimethyl-ammonium bromide
(CTAB)-based protocol available in the department of Forest Mycology and plant pathology.
Genomic DNA was used to amplify 5´ and 3´ flanking regions of pks1, pks2, pks3, pks4, pks22,
and pks29 using primer pairs PKS1ups F/ PKS1ups R and PKS1ds F/ PKS1ds R; PKS2ups F/
PKS2ups R and PKS2ds F/ PKS2ds R; PKS3ups F/ PKS3ups R and PKS3ds F/ PKS3ds R;
PKS4ups F/ PKS4ups R and PKS4ds F/ PKS4ds R; PKS22ups F/ PKS22ups R and PKS22ds
F/ PKS22ds R; PKS29ups F/ PKS29ups R and PKS29ds F/ PKS29ds R respectively. List of
primers used for target product amplification is provided in Table 2. The PCR was carried out
in a 25µl reaction with 0.3µl of Dream-Taq polymerase, 1 µl of DNA (50 ng/µl), 2.5 µl of
Dream-Taq green buffer, 2.5 µl of dNTPs, and 0.375 µl each of forward and reverse primer
(10 pmol/µl). In the PCR reaction, initial denaturation was at 95 oC for 3 min followed by 35
cycles of denaturation at 95 °C for 30 sec, annealing at 55 °C for 30 sec, and extension at 72
°C for 1 min, which was followed by final extension at 72 °C for 10 min. Amplified products
were analysed by agarose gel electrophoresis, and were purified using Zymoclean™ Gel DNA
Recovery Kit (Zymo Research, CA, USA).
3.5.2 Gateway cloning
The BP recombination reactions were carried out according to the manufacturer’s instruction
of Gateway® technology (Invitrogen, Carlsbad, CA, USA). To generate entry clone from 5´
flanking region donor vector pDONR P4-P1r (Invitrogen, Carlsbad, CA, USA) and entry clone
from 3´ flanking region donor vector pDONR P2r-P3 (Invitrogen, Carlsbad, CA, USA) were
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used. The BP recombination reactions were then transformed into One Shot® TOP10
Chemically Competent E. coli cells (Thermo Fisher Scientific, Waltham, MA, USA)
following the manufacturer’s procedure, and were selected on the LB-agar (LuriaBertani; 10g/L bactotryptone, 10 g/L yeast extract, 10 g/L NaCl, 15 g/L bactoagar) plate
containing 50 µg/ml of selection antibiotic Kanamycin (Sigma-Aldrich, St. Louis, MO).
Plasmids were isolated using QIAGEN Plasmid Isolation Kit (QIAGEN, Germantown, MD,
USA) from overnight grown culture. Restriction analysis was performed on isolated plasmids
to confirm correct insertions of the fragments. Restriction enzymes were selected based on
vector map provided in supplementary Figure S1. Correct clones were proceeded to LR
recombination reaction. The gateway entry clone for hygromycin resistance gene cassette
(hygB) was offered by Mukesh Dubey, Department of Forest Mycology and Plant Pathology.
Using the LR recombination reaction, the entry clones of 5´ flanking regions, 3´ flanking
regions of target pks, and hygB were ligated together into destination vector pPm43GW
(Karimi et al., 2005) to create the deletion vector following manufacturer’s descriptions
(Invitrogen, Carlsbad, CA, USA). The LR reaction mix was transformed into One Shot®
TOP10 E. coli competent cells (Thermo Fisher Scientific, Waltham, MA, USA), and selected
on spectinomycin (100 µg/ml; Sigma-Aldrich, St. Louis, MO) containing LB-agar plate.
Plasmids from overnight grown culture were isolated maintaining the steps mentioned in BP
recombination reaction. Restriction analysis of isolated plasmids was carried out to confirm
the correct insertion.
3.6

Agrobacterium mediated transformation

The deletion vector was transferred into Agrobacterium tumefaciens strain AGL-1 according
to freeze-thaw procedure (Xu & Li, 2008), and positive colonies were selected on LB-agar
plates containing 50 µg/ml carbenicillin (Sigma-Aldrich, St. Louis, MO), 50 µg/ml rifampicin
(Sigma-Aldrich, St. Louis, MO), and 100 µg/ml spectinomycin (Sigma-Aldrich, St. Louis,
MO). Plasmids isolated from AGL1 cells were used for PCR using primers specific to
hygromycin resistance gene hph and upstream or downstream region of respective pks to select
the correct transformants (Table 2). A. tumefaciens-mediated transformation (ATMT) of C.
rosea was performed following a protocol described in Utermark & Karlovsky (2008). In brief,
A. tumefaciens cells harbouring deletion vector was grown in LB till OD600 reached to 0.5-0.9.
The A. tumefaciens cells were harvested and allowed to grow overnight in induction medium
(IM) containing 200 µM acetosyringone (Sigma-Aldrich, St. Louis, MO) to pre-induce the T19

DNA machinery. Thereafter, a mixture of C. rosea conidial suspension (1×107) and preinduced A. tumefaciens cells was prepared in 1:1 ratio, and spread uniformly on to the surface
of sterilised cellophane membrane, placed on solid IM agar plates containing 200µM
acetosyringone. The plates were co-cultivated at 23 °C in darkness for 57 hours and cellophane
membrane with dense layer of C. rosea mycelium was then transferred onto freshly prepared
GM7 plates containing 300 µM of cefotaxime (Sigma-Aldrich, St. Louis, MO) to inhibit the
growth of A. tumefaciens and 200 µg/mL of hygromycin B (Sigma-Aldrich, St. Louis, MO) as
selection agent for fungal transformants. After 5-7 days of incubation, growing colonies were
sub-cultured to freshly prepared selection plates containing the same concentration of
hygromycin B.
Table 2: Primers for the validation of transformants
Primer name
PKS1ups

Sequence 5´-3´

Target amplification

F attB4GCTTTCCGTGCATGGCTACAA

upstream region of pks1 for deletion
construct

R attB1rAAGAGGAAATGGCCCAGTATGCT
PKS1ds

F attB2rCTCGCTCAGAACAATCGACATAAG

downstream region of pks1 for deletion
construct

R attB3AAACTACCTAGAAGCCAAAGACGG
PKS1ko

F GATGAGGCGGAATGGGTAAATG
R TTCTGTTAGCGAGACCAATCCCT

PKS2ups

F attB4CTTGAGCGCCGATAGACTGTAAC

100-200 bp upstream (forward primer)
and downstream (reverse primer) to
pks1 deletion cassette
upstream region of pks2 for deletion
construct

R attB1rCACCAACGACAGCAGGAACAT
PKS2ds

F attB2rAGGACAAAATAACGATGGCTAACC

downstream region of pks2 for deletion
construct

R attB3TTCTCAGTATTTGTTGCCTCTCCA
PKS2ko

F ATCCGATTTATGCACTTGTTGG
R GCATCGAATAGCCCAACATCTT

PKS3ups

F attB4TACAGATGAGGTGGCACTTGGAG

100-200 bp upstream (forward primer)
and downstream (reverse primer) to
pks2 deletion cassette
upstream region of pks3 for deletion
construct

R attB1rATAAAGGTTCAAAAGCCCGAGAG
PKS3ds

F attB2rTGCTCGACCCAACAAAACAATA

downstream region of pks3 for deletion
construct

R attB3GATCCATCCAGTCCTTCCTCCT
PKS3ko

F ACGAGCTGCATTTCCCTAACA
R CCTCGGGCTTCGTCTTATTCTT

PKS4ups

F attB4GTCTTATGGGGATGGTTTCACAC
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100-200 bp upstream (forward primer)
and downstream (reverse primer) to
pks3 deletion cassette

PKS4ds

R attB1rGAAATTACGGTAGCTCCCTGTCC

upstream region of pks4 for deletion
construct

F attB2rATATGGAATGCCGAAGCGAGA

downstream region of pks4 for deletion
construct

R attB3TAGGGCATCAGGGGTTAGGGT
PKS4ko

F CACACCCGCATCAGAAATAACA
R AGCCAATTTGACACCACCTAAGAC

PKS22ups

F attB4GACCCGCACCAACTTGAGACTAT

100-200 bp upstream (forward primer)
and downstream (reverse primer) to
pks4 deletion cassette
upstream region of pks22 for deletion
construct

R attB1rCCCTACCCACAATCAACCAACTT
PKS22ds

F attB2rCTTCCACAGGAGAGGGGACTTAC

downstream region of pks22 for
deletion construct

R attB3ACAATCAGATCCACCAGCCTACC
PKS22ko

F ACTTTGAGCCTGGCATCGTATC
R TGAGGTGATTGGGAGCGTAGAT

PKS29ups

F attB4TGTGTCCATGAGGTGTGAAGTCC

100-200 bp upstream (forward primer)
and downstream (reverse primer) to
pks22 deletion cassette
upstream region of pks29 for deletion
construct

R attB1rCGTCTCGGTTTCTGTGTTGTTTTG
PKS29ds

F attB2rGCGAGTTGAAGATGACGAAGGAT

downstream region of pks29 for
deletion construct

R attB3ATAACCGGATGCAAAACAGTCTTC
PKS29ko

F GGAACTCGGCTTCTTACAACTGAC

PKS29ko

R

Hyg

F GCGCGCAATTAACCCTCAC

CTTTGGAACCACTGCCTTGACTT

100-200 bp upstream (forward primer)
and downstream (reverse primer) to
pks29 deletion cassette
Hygromycin (hygB) cassette

R GAATTGCGCGTACAGAACTCC

3.7

Validation of mutants

DNA was extracted from the sub-cultured transformants using CTAB method. A PCR
approach was used to confirm the homologous insertion of deletion cassette using primer pair
specific to hygB and sequences flanking 100-200 bp upstream region or downstream region of
the deletion cassette. The PCR was carried out using DreamTaq DNA polymerase (Thermo
Fisher Scientific, Waltham, MA, USA) with conditions: initial denaturation at 95 o C for 3 min
followed by 32 cycles of denaturation at 95 °C for 30 sec, annealing at 55 °C for 20 sec, and
extension at 72 °C for 3 min, followed by final extension at 72 °C for 10 min. Furthermore,
reverse-transcriptase PCR (RT-PCR) on cDNA synthesized from RNA isolated from the PCR
positive mutants along with WT was carried out using gene specific primers. Single conidium
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was purified from the verified transformed mutants and cultured on PDA medium for
phenotypic analysis.
3.8

Phenotypic analysis

3.8.1 Analysis of morphology, growth rate and conidiation
Two different culture media were used for phenotypic analysis. a) Czapek-dox (CZ; SigmaAldrich, St. Louis, MO); (in g/L) sucrose, 30, NaNO3, 2, K2HPO4, 1, MgSO4, 0.5, KCL, 0.5,
FeSO4, 0.01, pH 7.3 ± 0.2 and b) Potato dextrose broth (PDB; Sigma-Aldrich, St. Louis, MO);
(in g/L) 24 (potato starch 4 , dextrose 20), pH 5.1 ± 0.2. A 3mm agar plug from C. rosea strains
was inoculated onto PDA or solid CZ medium in a 5 cm petri plate and cultured at 25 °C.
Colony morphology was recorded daily and colony diameter was measured on 5 days after
inoculation (DAI) to determine the growth rate of the growing colony. Conidia were harvested
from WT, and deletion strains 12 DAI in 10 ml distilled water and filtered using Miracloth
(Sigma-Aldrich, St. Louis, MO). The concentration of the harvested conidia was determined
under the microscope using a bright line haemocytometer according to the manufacturer’s
instruction (Sigma-Aldrich, St. Louis, MO). The experiments were performed in four
biological replicates.
3.8.2 Antagonism test
An in vitro plate confrontation assay on CZ or PDA medium was performed to test the
antagonistic behaviour of WT and deletion strains against pathogenic fungi A. altarnata, B.
cinerea or F. graminearum. A 3 mm agar plug of C. rosea mutants or WT was inoculated at
the edge of a 9 cm agar plate and incubated at 25 °C for 7 days. A 3 mm agar plug of A.
altarnata, B. cinerea or F. graminearum was inoculated on opposite edge of the plate and
incubated at 25 °C. Linear growth of both C. rosea and pathogenic fungi was recorded daily.
Lytic zone in between C. rosea and F. graminearum mycelium was measured 10 DAI.
For secretion assay, fresh C. rosea conidia (1×107 conidia/ml) of deletion or WT strains were
incubated for 6 days in 200 ml CZ broth or PDB medium at 25 °C and 100 rpm on a rotary
shaker. Culture filtrates were obtained by removing fungal biomass using vacuum filtration
and sterilized by 0.45 µm cellulose acetate membrane syringe filters (Sarstedt
Aktiengesellschaft & Co., Nümbrecht, Germany). A 5 mm agar plug of B. cinerea or F.
graminearum was inoculated into 50 ml Erlenmeyer flask containing 10 ml of culture filtrate
and incubated at 25 °C with constant shaking (100 rpm). Plant pathogenic fungi inoculated into
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respective fresh culture media were used as control treatment. Mycelial biomass was harvested
on 4 DAI using vacuum filtration and dried overnight at 65 °C. Mycelial biomass production
was determined by measuring mycelial dry weight.
3.9

Barley bioassay for F. graminearum

An in vivo bioassay for F. graminearum foot rot disease on barley was performed using a sand
seedling test as described previously (Jensen et al., 2007; Dubey et al., 2014a). In brief, barley
seeds were surface-sterilized with 2% NaOCl and air-dried on the benchtop of a laminar airflow. The seeds were then incubated with the conidial suspensions (5×107 conidia/ml in water)
of C. rosea WT, or deletion strains for 30 minutes in a rotary shaker (150 rpm). Seeds incubated
with sterile distilled water were used as control. The seeds were sown in pre-wetted sand in the
5×5×5 cm plastic pots (3 seeds/pot) (Figure 2). For pathogen inoculation, a 5 mm agar plug of
15 days old F. graminearum mycelium were placed close to the seeds on the plastic pot. PDA
plug without F. graminearum was used as control. Thereafter, the seeds along with PDA plugs
were covered with moist sand. The experiment was performed in five biological replicates with
15 plants per replicate. The seeds were then grown in a growth chamber with a photoperiod of
12 h light (150 µmol m2 s-1 light intensity)/12 h dark, 70% ± 5% relative humidity, and 15 ±
1°C temperature (Dubey et al., 2014a). Seedlings were harvested 3 weeks post-inoculation,
and disease symptoms were scored on a 0 to 4 scale: 0 = healthy plants with no symptoms, 1 =
slightly brown roots and coleoptiles, 2 = moderately brown roots and coleoptiles, 3 = severely
brown roots and coleoptiles, and 4 = dead plants (Jensen et al., 2007; Dubey et al., 2014a).

Figure 2. In vivo barley bioassay of C. rosea against F. graminearum using a sand seedling test. The picture
is the representative of the actual experimental set-up except the number of barley seeds in each pot. Three barley
seeds, coated with C. rosea conidia were placed in the moist sand of each pot with a 5 mm F. graminearum agar
plug. Photo: Mukesh Dubey

23

3.10 Statistical analysis
All the statistical analyses in this study were performed using Minitab 16 statistical software
(Minitab, Inc.). Significant differences on gene expression and phenotype data were performed
using one-way analysis of variance (ANOVA) and pairwise comparisons were made using
Fisher's exact test with 95% level of confidence.
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4
4.1

Results
Sequence analysis

The presence of different protein domains and their architectures in all 32 PKS in C. rosea was
different from each other (Figure 3). Most of the non-reducing PKSs (PKS1, PKS2, and PKS4)
have the similar domain architecture. On the other hand, reducing PKSs (PKS5-PKS31) were
found to have very diverse domain architectures even in the same group members (Figure 3).
4.2

Expression analysis of pks

Gene expression analysis showed a significant induction in expression of 19 pks (pks1. Pks2,
pks6-pks10, pka12-pks17, pks20-pks22, pks24, pks26, and pks28-pks30), a significant
suppression of pks22 during pigmentation in comparison to control (Figure 4 A, Table S1).
Expression of 11 pks (pks3-pks5, pks11, pks18, pks19, pks23, pks25, pks27, pks31, and pks32)
was not detected under this condition (Figure 4 A, Table S1). During confrontation of C. rosea
with plant pathogenic fungus B. cinerea (Cr-Bc), expression of 18 pks (pks1-pks4, pks8, pks10,
pks12-pks16, pks17, pks19, pks20, pks22, and pks28-pks30) was significantly induced as
compared with control (Cr-Cr) or C. rosea and F. graminearum confrontation (Cr-Fg), while
expression of 6 pks (pks5, pks11, pks18, pks25, pks27, and pks32) was not detected under this
condition (Figure 4 B, Table S1). When C. rosea confronted with F. graminearum, 7 pks (pks2,
pks4, pks8, pks16, pks22, pks29, and pks31) were significantly up-regulated and 15 pks (pks1pks4, pks9, pks10, pks12, pks13, pks15-pks17, pks19, pks20, pks28 and pks30) were
significantly downregulated as compared with Cr-Cr or Cr-Bc (Figure 4 B, Table S1).
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Nonreducing
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Figure 3. Schematic representation of domain architectures of 32 PKS of C. rosea IK726. Illustration was
based on the alignment of protein domains using SMART protein analysis tool. The architectures of different
domains were reflected by different coloured shape and is not co-related with the actual length, size and shape.
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A

B

Lowest

Highest
Relative expression level

Figure 4. Relative expression of pks in C. rosea during pigmentation and during interaction with pathogenic
fungi. Relative expression of 32 pks was performed using RT-qPCR during pigmentation (A) and during
antagonistic interaction of C. rosea with itself (Cr-Cr), B. cinerea (Cr-Bc) or F. graminearum (Cr-Fg) (B). The
relative expression value of pks was standardized using log transformation, mean centering, and auto-scaling.
Different colour codes indicate the standardized relative expression levels. Statistically significant difference (P
≤ 0.05) in gene expression between treatments is indicated by different letters.
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4.3

Generation of gene deletion mutants

Transformation of C. rosea generated 50-200
putative transformants for each gene after two
rounds of selection on plates containing 200 µl/ml
of hygromycin B (Figure 5). In order to identify
positive gene deletion mutants, PCR reaction using
the primers pairs schematically presented in Figure
6 was done. Expected PCR products were obtained
from positive transformants whereas no PCR
product was amplified in WT, which indicates the
successful deletion of the target gene in the C.

Figure 5. Agrobacterium
tumefaciens-mediated transformants
plate.

rosea genome (Figure 6). Five PCR positive transformats out of 72 screened for pks22 deletion,
and 2 PCR positive transformants out of 32 screened for pks29 deletion were found. RT-PCR
on cDNA from positive deletion mutants along with the WT using the pks22 and pks29 specific
primers demonstrated the lack of transcripts in any of the mutant strains (Figure not shown).
PCR screening of hygromycin positive transformants for pks1, pks2, pks3, and pks4 (more than
100 colonies were screened for individual gene) did not produce desired product suggesting
ectopic

insertion

of

29

deletion

cassette.

Figure 6. Schematic representation of the deletion cassettes and validation of deletion mutants.
A & C. Positions of pks22 (A) and pks29 (C) in genomic locus and in deletion cassettes. The coding regions of
pks22 and pks29 were replaced by hygB cassette by homologous recombination to generate Δpks22 and Δpks29.
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The location of primers, used to construct the deletion cassette and to validate mutants using PCR is indicated by
arrow heads. LB=left border; RB=Right border. B & D. Validation of Δpks22 and Δpks29 using primer pairs
PKS22/PKS29 Ko F/Hyg R, Hyg F/Hyg R and Hyg F/PKS22/PKS29 Ko R. PKS22/PKS29 Ko F/Hyg R amplified
the whole hygB cassette and the upstream region along with some outside part of the deletion cassette generating 2
kb PCR product. Hyg F/Hyg R generated 1.5 kb amplified product while amplifying the whole hygB cassette.
Hyg F/PKS22/PKS29 Ko R amplified the whole hygB cassette and the downstream region along with some
outside part of the deletion cassette generating 2.0 kb PCR product. L, DNA ladder; WT, wild type; 1-5,
independent deletion strains.

4.4

Deletion of pks22 in C.rosea IK726 results in reduced mycelial growth

Five independent pks22 deletion mutants (Δpks22-M5, Δpks22-M7, Δpks22-M12, Δpks22-M13,
and Δpks22-M15) and two independent deletion mutants of pks29 (Δpks29-M28 and Δpks29M29) along with WT C. rosea strain were used in all phenotypic analysis. A significant
reduction in mycelial growth of Δpks22 was recorded compared with WT both in PDA (P ≤
0.004) and CZ-agar (P ≤ 0.000) medium (Figure 7. A & C). However, no significant difference
in mycelial growth rate was observed in between WT and Δpks29 either in PDA or CZ medium
(Figure 7 B & D).
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Figure 7. Growth rate of C. rosea WT and deletion mutants on Czapek-Dox (CZ) agar and Potato Dextrose
Agar (PDA) medium. Mycelia of WT (A, B, C, D), Δpks22 (A, C) or Δpks29 (B, D) mutants were grown on CZ
agar (A, B) or PDA (C, D) plate and incubated at 25°C. Growth rate was recorded on 5 days post inoculation.
Error bars represent standard deviation based on four biological replicates. Different letters indicate statistically
significant differences (P ≤ 0.05) within experiment based on Fisher’s exact test.

4.5

Deletion of pks results in high conidiation rate and the effect is culture media
dependent

A significant increase in the conidiation was observed for both Δpks22 (P ≤ 0.001) and Δpks29
(P ≤ 0.026) strains in CZ medium as compared with WT (Figure 8. A & B), while no difference
in the conidiation was detected in any of the mutants in PDB media as compared with WT
(Figure 8. C & D).
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Figure 8. Conidiation of WT and deletion mutants on Czapek-Dox (CZ) agar and Potato Dextrose Agar
(PDA) medium. Mycelia of WT (A, B, C, D), Δpks22 (A, C) and Δpks29 (B, D) mutants were grown on CZ agar
(A, B) or PDA (C, D) plate and incubated at 25°C for 12 days in dark culture room, with the exposure of light in
every twice day to induce conidiation. Conidial number was recorded using a bright line haemocytometer. Error
bars represent standard deviation based on four biological replicates. Different letters indicate statistically
significant differences (P ≤ 0.05) within experiments based on Fisher’s exact test.

4.6

Deletion of pks29 reduces antagonism capability of C.rosea against pathogenic
fungi and the effect is culture media dependent

A significant decrease (P ≤ 0.011) in length of the lytic zone was found in dual culture
interaction between Δpks29 and F. graminearum on PDA medium in comparison to interaction
between WT and F. graminearum (Figure 9 A & C), while no difference in lytic zone was
observed in dual culture interaction on PDA medium between Δpks22 and F. graminearum
compared with WT and F. graminearum strain (Figure 9 B). Similar dual culture interaction
experiment against A. alternata or B. cinerea showed no significant difference in lytic zone on
PDA medium (data not shown). In addition, dual culture interaction assay showed no
significant difference in the ability to suppress the growth of A. altarnata, B. cinerea or F.
graminearum between WT and deletion strains in CZ medium (data not shown).
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Figure 9. In vitro plate confrontation assays of C. rosea WT and deletion mutants with F. graminearum in
Potato Dextrose Agar (PDA) medium. Agar plugs of C. rosea (Cr) strains and F. graminearum (Fg) were
inoculated on opposite sides in a 9 cm PDA plate and incubated at 25°C in darkness. On 15 days post inoculation,
the length of the lytic zone was measured in millimetre (mm). The experiment was carried out in four biological
replicates. Error bars represent standard deviation based on biological replicates. Different letters indicate
statistically significant differences (P ≤ 0.05) within experiments based on Fisher’s exact test.

Secretion assay in CZ medium showed significant difference (P ≤ 0.001) in biomass production
of B. cinerea grown in Δpks29 strain culture filtrate (Figure 10 B) but did not show significant
difference in Δpks22 strain culture filtrate (except Δpks22-M13) compared to WT (Figure 10
A). A similar experiment in PDB medium showed similar result (except Δpks29-M29) (Figure
10 C & D). In contrary to secretion assay against B. cinerea, similar experiment against F.
graminearum did not show significant difference in F. graminearum biomass production in
culture filtrates of Δpks29 or Δpks22 strains in comparison to WT (Figure 10 E, F, G & H).
Interestingly, no significant reduction in F. graminearum biomass in CZ culture filtrates was
found in comparison to control CZ medium (Figure 10 E & F)
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Figure 10. Secretion assay of C. rosea WT and deletion mutants. Fungal conidia of C. rosea WT, Δpks22 and
Δpks29 were inoculated in Czapek-Dox broth (A, B, E, and F) or potato dextrose broth (C, D, G, and H) medium
and incubated for 6 days at 25°C in a rotary incubator. Culture filtrates were collected after removing the mycelial
mass and agar plugs of B. cinerea (Bc) or F. graminearum (Fg) were inoculated and grown at 25°C. Fungal
biomass was harvested 4 days post inoculation, dried and measured. The experiments were carried out in four
biological replicates. Error bars represent standard deviation based on biological replicates. Different letters
indicate statistically significant differences (P ≤ 0.05) within experiments based on Fisher’s exact test.

4.7

Deletion of pks does not have any effect to control F. gramineraum foot rot disease
in Barley

No difference in the biocontrol ability of C. rosea WT and deletion mutants to control F.
graminerum foot rot disease was observed on barley plants in the sand seedling test (Figure
11).
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Figure 11. In vivo bioassay of C. rosea WT and deletion mutants against F. graminearum foot rot disease
on barley. Barley seeds were coated with C. rosea conidial suspension (5×107conidia/ml), sown in the wet sand,
and inoculated with F. graminearum agar plug. The seeds were allowed to grow until typical foot rot disease
symptoms appeared. After 3 weeks of inoculation, seedlings were harvested and disease symptoms were scored
on a 0 to 4 scale. The experiments were carried out in five biological replicates with 9 to 14 plants in each replicate.
Error bars represent standard deviation based on biological replicates. Different letters indicate statistically
significant differences (P ≤ 0.05) within experiments based on Fisher’s exact test.
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5
5.1

Discussion
Domain architecture

The domain analysis of 32 PKS in C. rosea reveals that, domain architecture differs according
to the type of PKS. All the domains to synthesize aromatic PKS as for example SAT, KS,
transferase are present in non-reducing PKS (Figure 3). According to the phylogenetic network
(Figure 1), non-reducing PKS2, PKS3, and PKS4 belong to methylated monocyclic aromatic
group which is in the line of our domain analysis. Fungal reducing polyketides are very diverse
because of their number and modes of reduction reaction (Keller et al., 2005). In our study,
among the different groups of reducing polyketides (Figure 1), all the PKSs of fumonisin group
show similar domain architecture (Figure 3) but reducing PKSs in lovastatin diketides (Figure
1) are diverse in association with their domain architecture (Figure 3). The diversity in domain
architecture among reducing C. rosea PKSs is consistent with this aforementioned statement.
5.2

Expression analysis

In fungi, PKSs are generally responsible for their ecological and evolutionary adaptation (Fujii,
2010). The involvement of PKS in fungal mycoparasitism, pigmentation and stress resistance
is shown in biocontrol fungus T. reesei (Atanasova et al., 2013). C. rosea genome possess
significantly higher number of genes, coding for PKS than biocontrol fungus Trichoderma
(Karlsson et al., 2015). The expansion of PKS encoding genes indicates the role of polyketides
in antagonism, biocontrol activity and pigmentation in C. rosea. This is supported by
significant induced expression of several pks genes during pigmentation and antagonistic
interaction with plant pathogenic fungi.
In the previous studies, it was examined that non-reducing PKSs are responsible for mycelial
and conidial pigmentation (Gaffoor et al., 2005; Pihet et al., 2009; Atanasova et al., 2013). The
observation regarding relative expression of pks genes (pks1, pks2, pks3 and pks4) encoding
non-reducing PKSs during pigmentation is in the line of these previous studies. In our gene
expression study, pks1 and pks2 had the highest induction during pigmentation, though most
of the pkss were highly induced during pigmentation. Interestingly, no detection in pks3 and
pks4 expression from control mycelium but significant amount of fluorescence detection from
pigmented mycelial cDNA indicates the importance of PKS in pigmentation in C. rosea.
During antagonistic interaction of C. rosea with B. cinerea, both reducing and non-reducing
pkss have been induced which is also consistent with the previous studies, where the expression
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of both reducing and non-reducing PKSs was detected during mycoparasitism in biocontrol
fungus T. reesei and T. harzianum (Atanasova et al., 2013; Yao et al., 2016). Furthermore,
gene expression analysis during fungal-fungal interactions indicates the pathogen specific pks
expression in C. rosea.
5.3

Functional characterization of PKS

It was not possible to characterize all 32 PKS within the limited time period in a master’s
project. Therefore, we selected 6 PKS encoding genes based on their regulatory gene
expression pattern in different culture medium (Umma Fatema, research training project; 15
hp), during pigmentation, during fungal-fungal interactions as well as based on their
phylogenetic network with functionally characterized PKS of other ascomycetes. However,
only four PKSs (PKS1-PKS4) belong to the non-reducing type. Therefore it was possible to
select such a group with small members to characterize the function for the whole group and
we hypothesized that these non-reducing PKSs are mainly involved in C. rosea pigmentation.
Among the reducing pkss, only 2 pkss (pks22 and pks29) have been selected because both of
the pkss upregulated during antagonistic interaction with pathogenic fungi but down-regulated
during pigmentation in comparison to control. We hypothesized that they could be involved in
antagonism but not in pigmentation. To determine the function of PKS, each of the selected
pks was deleted individually from the WT C. rosea genome and the morphology, and
mycoparasitic/antagonistic ability of each of the mutants were examined in comparison to the
WT.
In this study, loss of function of pks22 led to a reduced mycelial growth in C. rosea. The
involvement of pks in mycelial growth of several fungi has previously been shown. For
instance, in F. graminearum , disruption of GRS1 and PKS2 inhibited mycelial growth (Gaffoor
et al., 2005). Similarly, flup disruption mutants in A. parasiticus had significant reduction in
mycelial growth and sporulation, and significant reduction of aflatoxin production (Zhou et al.,
2000). However, no difference in mycelial growth rate in pks29 deletion mutants in comparison
to WT suggests differential role of PKS29. Our results did not show any role of pks22 and
pks29 in pigmentation. Both WT and deletion mutants of respective genes were similar in
pigment production. No difference in pigmentation was consistent with the relative gene
expression of pks22 and pks29 where expression of both the genes was down-regulated during
pigmentation as compared with control.

39

Disruption of pks22 and pks29 results in high conidiation in CZ-agar medium which may
suggest their involvement in conidiation in C. rosea. In S. macrospora, both loss and overexpression of pks4 resulted in disrupted sexual development (Schindler & Nowrousian, 2014).
In fungus T. reesei, pks4 also showed its impact on conidiation and conidial cell wall stability.
In the study of Atanasova et al., (2013), loss of pks4 resulted in loss of green conidial
pigmentation and increased sensitivity to UV light. These previous studies and our findings
can indicate that constant expression of certain pkss is required for normal sexual development
of fungi. The plausible explanation for more conidiation in pks22 or pks29 deletion mutants in
C. rosea is that the deletion mutants either spend its physiological costs for conidiation which
otherwise are responsible for production of secondary metabolites or disruption of a polyketide
biosynthesis pathway resulted in accumulation of intermediates and/or other metabolites which
in turn prompted conidiation. The increased conidiation on CZ medium but not on PDA
medium supports the fact that there is a relationship between conidiation and disturbance in
metabolite production/accumulation.
A dual culture test and secretion assay were performed to compare the antagonistic ability
between WT and pks deletion strains. Reduction in antagonism against F. graminearum in
pks29 deletion strains in interaction during dual culture assay suggests a role of PKS29 in
antagonism. However, no difference in antagonism against in secretion assay suggest the
production of toxic metabolites toxic only during living interaction with F. graminearum. In
contrast, an opposite result was obtained against B. cinerea on CZ medium when loss of pks29
failed to inhibit the growth of B. cinerea in CZ-culture filtrate but not during dual culture
interaction on CZ agar plate. These data suggest a role of PKS29 in biosynthesis of metabolite/s
toxic to F. graminearum and B. cinerea. In contrast to dual culture test result, no significant
difference in fusarium foot rot on barley between WT and pks29 deletion strains indicates the
functional complementation of PKS29 during three way interactions among C. rosea, F.
graminearum, and barley. However, this experiment needs to be repeated as there was no
proper disease development even in control treatment. The role of pks in antagonism is shown
in previous studies specifying the involvement of pks4 in reduced antagonistic potential against
pathogenic fungi (Atanasova et al., 2013)
5.4

Functional diversity of PKS in C. rosea under diverse culture conditions

The nutritional conditions such as source of carbon (C), nitrogen (N2), and pH of the culture
media can affect the synthesis of secondary metabolites in fungi and bacteria (Bode et al.,
40

2002). In my research training project, there were significant differences in gene expression of
28 pks in C. rosea grown in 5 different culture media (different in terms of their C and N2
source, and pH). The differences in gene expression were positively related with the
antagonism of C. rosea against plant pathogenic fungi A. alternata, B. cinerea, F.
graminearum, and R. solani. Culture medium dependent phenotypic effects in pks22 and pks29
deletion strains in the present study may be related with the differences in carbon and nitrogen
source and pH between CZ (3% sucrose, 0.2% NaNO3, pH 7.3 ±0.2) and PDA (2% dextrose,
0.4% potato starch, pH 7.3 ± 0.2) medium.
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Conclusion

From the expression analysis of 32 pks in C. rosea, we can conclude that genes encoding nonreducing PKSs have higher relatedness over reducing PKSs in terms of C. rosea pigmentation.
Our phenotypic analysis of deletion mutants suggests that PKSs in C. rosea are involved in
antagonism against plant pathogenic fungi B. cinerea and F. graminearum. This study also
proposes biological functions of PKS in mycelial growth and conidiation of C. rosea. Our
results also suggest that production of PKS-derived compounds toxic for B. cinerea or F.
graminearum depend on nutritional status and pH of the growing media.
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Future prospect
a. Our works offer a good framework for comparative study on conidial germination under
different abiotic stresses conditions in C. rosea WT and mutants’ background to study
a role of PKS in abiotic stress tolerance in C. rosea.
b. More work can be done in the direction of biochemical investigation of secreted
products in C. rosea culture filtrate both in WT and deletion mutants to identify the
polyketides specific for pigmentation and antagonism in C. rosea.
c. One can also analyse the expression of other pkss in deletion mutants to see whether
gene deletion affects the expression pattern of other pks during antagonistic interaction
or pigmentation in C. rosea.
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Figure S1. BP vector map with restriction enzyme to validate the correct insertion of the tansformants.
BP vectors with restriction enzymes show the name and position of the restriction enzymes to validate the entry
clones obtained from pks1 ups/ds (A), pks2 ups/ds (B), pks3 ups/ds (C), pks4 ups/ds (D), pks22 ups/ds (E), and
pks29 ups/ds (F).
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Table S1. pks expression analysis in C. rosea during pigmentation of C. rosea and during
interactions of C. rosea with pathogenic fungus F. graminearum or B. cinerea
Gene
name

Relative expression
Fungal-fungal interaction

pks1
pks2
pks3
pks4

Cr-Cr

Cr-Bc

Cr-Fg

1.00

AB

3.64

A

0.44

B

0.78

C

1.31

A

0.98

B

0.001

0.55

B

3.43

A

0.53

B

0.013

0.59

C

1.89

A

0.90

B

0.00

pks5
1.24A

1.36A

0.59A

pks7

0.89

A

0.98

A

1.14

A

pks8

0.63

B

1.32

A

1.21

A

pks9

2.40A

0.68B

0.61B

2.28

A

0.50

B

1.22

A

0.93

B

0.87

AB

pks12

0.88

B

pks13

0.73B

2.15A

pks14

0.54

B

1.87

A

0.78

B

1.59

A

pks16

0.48

C

2.08

A

pks17

0.65B

3.29A

1.89

A

1.78

A

0.55

B

2.41

A

pks21

1.00

A

1.31

A

pks22

0.73C

1.03B

1.33A

pks23

0.81

A

1.26

A

0.92

A

1.08

A

pks11

pks15

pks20

pks24

1.30A

0.57

C

1.80

A

pks29

0.64

B

1.41

A

pks30

0.68AB

pks27

pks31
pks32

1

P-value

0.024

1.00

933.17

A

0.001

1.00

B

646.27

A

0.001
ND
ND
ND

0.255

1.08B

213.78A

0.00

0.655

1.00

B

172.21

A

0.00

0.02

1.00

B

A

0.005

0.00

1.00B

46.27A

0.006

1.00

B

A

0.005

0.001

1.00

B

0.00
0.049

0.036

95.54
47.37

ND
0.64B

A

0.00

1.00B

136.43A

0.00

1.00

B

184.06

A

0.003

1.00

B

131.42

A

0.00

B

244.72

A

0.99

AB

0.81

B

1.00

B

0.002

1.00

0.47B

0.016

1.00B

0.002

273.99

1.02

ND
ND

0.30

0.001

0.75

B

0.022

1.00B

797.31A

0.001

0.76

A

0.232

1.00

B

A

0.003

0.00

1.00A

0.98

A

0.099

ND

1.01

A

0.40
0.086

162.02
0.23B

0.047

1.00B

39.56A

0.00

1.00B

13.95A

1.00

B

35.26

A

A

A

ND
0.80A

0.011
ND

0.97

B

1.11

A

0.00

1.00

3.75A

0.39B

0.05

1.00B

A

A

0.86

0.001

B

ND

A

0.00

464.65A

ND
0.96A

pks28

Pigmentation

B

ND

pks25
pks26

Control

ND

pks18
pks19

P-value

ND

pks6

pks10

Pigmentation

1.14

0.00

0.528

ND

0.74

0.001
0.764

20.48A

0.00
ND
ND1

pks=Polyketide synthase encoding genes; Cr-Cr= C. rosea self-interaction; Cr-Bc= C. rosea and B. cinerea interaction;

Cr-Fg=C. rosea and F. graminearum interaction; ND=Not detected. Superscript different letters indicate significant
difference (P ≤ 0.05) in gene expression among treatments.
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