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RESEARCH ARTICLE
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This study investigated the plant growth promotion and stress mitigation effects of Penicillium species RDA01,
NICS01, and DFC01 on sesame (Sesamum indicum L.) plants. The fungal isolates NICS01 and DFC01 significantly
enhanced shoot length, root length, and fresh and dry seedling weight, due to the secretion of various concentrations of
amino acids (Asp, Thr, Ser, Asn, Glu, Gly, Ala, Val, Met, Ile, Leu, Tyr, Phe, Lys, His, Try, and Arg). Penicillium sp.
NICS01 increased the amount of chlorophylls, proteins, amino acids, and lignans in the sesame plants more so than in
controls. Sesame plant growth was stunted by high soil salinity, and application of the three fungal isolates increased
plant survival. The RDA01 and NICS01 strains significantly increased shoot length and fresh and dry seedling weights
under salt stress conditions. In addition, an in vitro study of the Penicillium spp. revealed their antagonistic activity
toward the pathogenic fungi Fusarium spp. Fusarium spp. reduce shoot length; co-inoculation with the NICS01 or
DFC01 isolates significantly increased shoot length in infected plants. Our results suggest that exogenous application of
the Penicillium sp. NICS01 can act as a biofertilizer and a biocontrol agent to improve plant growth and enhance plant
survival against salt stress and Fusarium infection.
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Introduction

Crop productivity is severely reduced by environmental
stress from both biotic and abiotic factors. Approximately
one-third of the irrigated agricultural land is affected by
salinity (Munns & Tester 2008). Plants have the capability
to cope with limited levels of salinity stress through
antioxidants and other secondary metabolic pathways.
Exogenous treatment with plant growth regulators, such
as polyamines, gibberellin (GA), auxin, and zeatin, has
been used to protect plants from salt stress damage
(Egamberdieva 2009; Hamayun et al. 2010; Radhakrishnan
& Lee 2014), and beneficial fungal associations increase
plant tolerance to salt stress (Khan, Hamayun, Ahmad
et al. 2011). We recently identified GA-producing endo-
phytic fungi that can ameliorate salt stress effects in soybean
(Glycine max) plants, through the regulation of antioxidants
and endogenous phytohormones (Radhakrishnan, Khan,
Lee 2013). Phytopathogens are also a major cause of
declining crop yields. Harmful fungi in soil can cause
plant diseases, and among these, Fusarium spp. infect the
roots of crop plants (Gajbhiye et al. 2010; Hariprasad et al.
2011). Fusarium spp. survive for several years as a large
group of filamentous fungi that are abundant in the soil
(Leslie & Summerell 2006). Some pathogenic virulent
Fusarium strains produce mycotoxin in the infected tissue
and grain, which leads to yield losses and poor grain
quality, and the consumption of diseased grain causes
serious health problems in humans and animals (Kang
et al. 2013). Soil-borne pathogenic fungi have a broad

range of host plants, and can survive under different
environmental conditions (Hammami et al. 2013). The
application of chemical fungicides can control Fusarium
infections in crop plants, but large quantities of these are
deposited in the soil and inhibit the growth of beneficial
microbes and other organisms (Hariprasad et al. 2011). In
contrast, nonpathogenic and plant growth-promoting
microbes in the soil can interfere with pathogens
through parasitism, competition for nutrients, and antibi-
osis (Alabouvette et al. 2009).

Soil is a primary source of fungal growth, and is
associated with the roots of all plant species. Fungi
produce a wide range of bioactive metabolites, which
can improve plant growth (Khan, Hamayun, Ahmad et al.
2011; Waqas et al. 2014). In addition, fungi supply
inorganic nutrients to plants, such as ammonium, nitrate,
and phosphate (Seastedt et al. 2008), and they are used as
biofertilizers. Rhizosphere microorganisms can overcome
competition with other soil factors and survive under
variable environmental conditions (Ferrara et al. 2012).
Species of Penicillium are ubiquitous soil fungi and their
conidia are easily distributed in nature through the
atmosphere and soil. Several reports have suggested that
Penicillium spp. interact with roots of crop plants to
enhance the plant growth (Hyakumachi 1994; Shivanna
et al. 1994; Khan et al. 2008). They are potent plant
growth-promoting fungus, and secrete the plant hor-
mones, indole-3-acetic acid (IAA) and GA, and involve
in phosphate solubilization, which may be a reason to
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increase the plant growth (Khan et al. 2008; Khan,
Hamayun, Kim et al. 2011; Radhakrishnan, Shim et al.
2013). Some species of Penicillium are well known for
their antagonistic activity against pathogen by producing
antibiotics and induce resistance in plants by activating
multiple defense signals (Hossain et al. 2007). They can
survive under environmental stress condition such as
saline soil and promote plant growth against salt stress
(Khan, Hamayun, Ahmad et al. 2011; Khan, Hamayun,
Kim et al. 2011). Several antagonistic microorganisms,
Bacillus spp., Pseudomonas spp., Trichoderma spp., and
Sebacinales spp., have been studied extensively and
proved their biocontrol activity against the growth of
Fusarium (Saikia et al. 2006; Shoresh et al. 2010;
Hariprasad et al. 2011). Recently, Sartaj et al. (2011)
reported that Penicillium sp. EU0013 inoculation is
capable to enhancing growth and protecting tomato plants
against Fusarium wilt.

Sesame (Sesamum indicum L.) is an economically
important cash crop, and is widely grown in tropical and
subtropical countries. Sesame seeds contain 45–60% oil,
18–28% protein, and other phytocompounds. The pro-
ductivity of sesame is reduced by low genetic yield
potential, and is susceptible to many biotic and abiotic
stresses (Jyothi et al. 2011). Fusarium oxysporum and
Macrophomina phaseolina are the causal agents of wilt
and charcoal rot disease, and are the most serious and
destructive pathogens in reducing sesame yield (Kumar
et al. 2011). Currently, farmers are using chemical
fertilizers to enhance sesame yield, and chemical pesti-
cides, fungicides, and bactericides to control plant dis-
eases. These chemicals are expensive and harmful to other
beneficial biological organisms and pollute the environ-
ment (Hariprasad et al. 2011). Sesame can moderately
tolerate saline soils (Yousif et al. 1972), and biofertilizers
may be useful in remediating salt stress effects and
increase plant yield. To date, there have been no studies
that have investigated the presence of amino acids in
Penicillium fungal cultures, and their role in plant growth
promotion. Therefore, the aim of the present study was
to evaluate the ability of selected amino acid-producing
fungi to enhance plant growth, and to assess their biological
activity against salt stress and Fusarium infection in sesame
plants.

Materials and methods

Isolation and identification of rhizosphere soil fungi

Three dominant fungal strains were isolated from the
rhizosphere soil of peanut (Arachis hypogaea) plants
grown in a greenhouse at the National Institute of Crop
Science, Miryang, South Korea, and cultured in potato
dextrose broth (PDB). Genomic DNAwas extracted from
the fungal isolates using a fungal genomic DNA prepara-
tion kit (Solutions for Genetic Technologies, Daejeon,
South Korea) and polymerase chain reaction was per-
formed according to an established protocol (Radhakrish-
nan, Shim et al. 2013). The fungal isolates were identified
by sequencing the internal transcribed region (ITS) of 18s

rDNA using universal primers: ITS-1 (5′-TCC GTA GGT
GAA CCT GCG G-3′) and ITS-4 (5′-TCC TCC GCT
TAT TGA TAT GC-3′) as described by Radhakrishnan,
Khan, Lee (2013). The BLAST search program (http://
blast.ncbi.nlm.nih.gov) was used to compare the nucleot-
ide sequence similarity of the ITS region in related fungi.
E-value of three fungal isolates was zero and length of
sequence amplicon was 542–556. On the basis of the
sequence similarity, the fungal isolates were identified
as Penicillium sp. RDA01 (accession no: KC710943),
Penicillium sp. NICS01 (accession no: JX481980), and
Penicillium sp. DFC01 (accession no: KC852152).

Amino acid analyses of the fungal cultures

The culture filtrates were separated from the fungal
isolates of Penicillium spp. RDA01, NICS01, and
DFC01 cultured at 28 ± 2°C for 14 days, and filtrated
through a nylon 66 syringe filter (0.452 µm). The amino
acids Asp, Thr, Ser, Asn, Glu, Gly, Ala, Val, Met, Ile,
Leu, Tyr, Phe, Lys, His, Try, and Arg were identified and
quantified according to the method described by Rad-
hakrishnan, Pae et al. (2013). Briefly, 1 mL of culture
filtrate was filtered through a nylon 66 syringe filter
(0.452 µm) and 0.1 mL was then mixed with 0.9 mL
lithium citrate-loading buffer (pH 2.2). The amino acids
were determined using a Biochrom 30 (Cambridge, UK)
amino acid analyzer on a single lithium cation-exchange
resin column (4.6 × 200 mm), using ninhydrin as the
color reactant. Chromatography data were analyzed
using Ezchrom E software. The quantity of amino acids
was calculated by comparison with a known concentra-
tion of amino acid standard.

Fungal treatments and sesame plant growth

Sesame seeds (Pyeongang, Kangbaek, and 90 Day) were
surface sterilized with 0.5% sodium hypochloride, and
rinsed several times with sterile distilled water. The
culture filtrates of RDA01, NICS01, and DFC01 were
applied to the seeds and shaken at 120 rpm for 4 hours;
seeds without fungal treatment served as controls. The
soaked seeds were placed in an autoclaved Petri dish
containing three layers of filter paper and maintained in
the dark at 27°C for 3 days; distilled water was applied
at regular intervals. The experiment was repeated for
three times with 30 seeds. The lengths of the roots and
shoots and the fresh and dry seedling weights were
measured after 3 days. In a pot experiment, RDA01,
NICS01, and DFC01 were applied to autoclaved Baroker
soil, and seeds (cv. 90 Day) were inoculated on fungi-
pretreated or untreated soil. The experiment was con-
ducted with a randomized block design, with six
replications. The aerial parts of the plants were harvested
at 65 days. The collected plants were maintained at
−80°C for biochemical analyses.

Photosynthetic pigments were extracted from leaves
ground with 80% acetone. Chlorophylls and carotenoids
were estimated according to the methods of Arnon (1949)
and Lichtenthaler (1987), respectively. The nitrogen and
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protein content of the freeze-dried sesame plant samples
were analyzed using the Rapid N Cube method. For the
amino acid analysis, plant samples (50 mg) were dis-
solved in water and centrifuged at 13,000 rpm at 4°C for
30 min. The supernatants were filtered through a nylon 66
syringe filter (0.452 µm) and the amino acids were
quantified according to the method of Radhakrishnan,
Pae et al. (2013). Lignans (sesamin and sesamolin) were
estimated from the methanol extracted by high-perform-
ance liquid chromatography, according to the method
described by Radhakrishnan, Pae et al. (2013). The
powdered plant sample (1 g) was extracted with methanol
for 24 h and filtered through a nylon syringe filter (0.45
µm), and 0.7 mL of filtrate was injected into a LiChro-
spher® 100 RP-18 column (5 µm) at 30°C. The mobile
phase was 60% methanol at 0.8 mL/min and lignans were
detected at 361 nm and quantified by their standard
peak area.

Fungal treatments and salt stress in sesame plants

The fungi-pretreated seeds were placed in autoclaved
Baroker soil and distilled water was applied at regular
intervals. After 15 days, uniformly sized seedlings were
transplanted into pots containing sterilized Baroker soil.
The 45-day-old sesame plants were treated with 150 mM
NaCl for salinity stress. The aerial parts of the plants
were harvested, and shoot length and fresh and dry shoot
weights were measured at 50 days.

Evaluation of the antagonistic effects of Penicillium
spp. on Fusarium disease in sesame plants

The antagonistic effects of the Penicillium spp. on
Fusarium were assayed using the method of Latha et al.
(2011). Seven-day-old RDA01, NICS01, DFC01 and
Fusarium sp. cultures in PDB broth were applied to a
4-mm disc placed on the opposite side of Petri dishes
containing potato dextrose agar (PDA) medium with
three replicates. The Petri dishes were incubated for
14 days at 28 ± 2°C and Fusarium mycelium growth
was measured. The surface-sterilized seeds were sown in
pots containing RDA01-, NICS01-, and DFC01-treated
Baroker soil in a greenhouse. Fusarium culture was
applied to the Penicillium-inoculated plants at 50 days.
The experiment had a randomized block design with five
replications, each consisting of four plants per pot. Shoot
length was measured 15 days after the first appearance of
wilting.

Statistical analyses

Growth (n = 12) and biochemical (n = 3) parameters of the
sesame plants were analyzed, and statistical analyses were
performed using SPSS 11.5 software (SPSS Inc., Chicago,
IL, USA). Data were subjected to analysis of variance, and
mean values between treatments were compared using
Duncan’s multiple-range test at a significance level of
P < 0.05. Means followed by the same letter were not
significantly different.

Results and discussion

Effect of Penicillium spp. RDA01, NICS01, and
DFC01 on sesame seedling growth

The fungi isolated from the rhizosphere soil promote plant
growth, and could be used as biocontrol agents, but amino
acid changes during the fungal interaction have rarely
been studied. Several reports have suggested that plant
growth is enhanced by the application of soil fungi
(Ruanpanun et al. 2010; Tchameni et al. 2011; Dutt et al.
2013). In the present study, three soil fungal isolates,
Penicillium spp. RDA01, NICS01, and DFC01, were
tested to ascertain their effect on sesame plant growth. We
found significant variations in the growth of fungi-
inoculated sesame (cv. Pyeongang, Kangbaek, and 90 Day)
compared to untreated plants (Figures 1 and 2). The growth
promotion of sesame plants was differentially influenced
by cultivars and fungal isolates. The Pyeongang cultivar
seeds associated with Penicillium spp. RDA01 and
NICS01 exhibited a remarkable increase in shoot and
root length and fresh and dry seedling weight, whereas the
fungal inoculations RDA01 and NICS01 enhanced the
growth of the Kangbaek cultivar (shoot length, root
length, fresh and dry seedling weight) compared to the
controls. A positive interaction between RDA01,
NICS01, and the 90 Day cultivar sesame plants was
observed, by increasing shoot length (4.0%, 7.2%, and
2.2%, respectively) and root length (3.3%, 2.9%, and
8.9%, respectively), whereas the fungal isolate RDA01
increased fresh (4.7%) and dry (4.5%) seedling weight.
DFC01 inhibited the seedling growth of the three sesame
cultivars compared to the controls. The results of this
preliminary study suggest that exogenous treatment with
Penicillium spp. RDA01 and NICS01 may be an effective
bio-inoculant strategy.

Secretion of amino acids from Penicillium spp.
RDA01, NICS01, and DFC01 in the fungal medium

Plant growth-promoting substances produced by fungi
are important in promoting plant growth. In a previous
study, we found IAA in the culture filtrate of fungi,
which may enhance seedling growth (Radhakrishnan,
Shim et al. 2013). Khan, Hamayun, Kim et al. (2011)
reported that the production of GAs in a Penicillium
minioluteum culture caused an increase in soybean plant
growth. In the current study, fungi-treated sesame seeds
exhibited a significant enhancement in seedling root
growth, possibly due to the presence of amino acids in
the culture medium (Figure 3). The concentration of
secreted amino acids differed between RDA01, NICS01,
and DFC01. The amino acid Cys (0.27 mg/L) was only
found in the NICS01 culture, whereas Asp, Thr, Ser,
Glu, Ala, Val, Met, Ile, Leu, Tyr, Phe, Lys, His, and Arg
were found in all the fungal cultures. The highest
concentration of amino acids was found in the RDA01
(0.12 mg/L Asp, 0.11 mg/L Thr, 0.1 mg/L Ser, 0.22 mg/
L Glu, 0.27 mg/L Ala, 0.07 mg/L Met, 0.25 mg/L Leu,
0.41 mg/L Lys, 0.14 mg/L His, and 0.38 mg/L Arg) and
DFC01 (0.11 mg/L Asp, 0.12 mg/L Thr, 0.11 mg/L Ser,
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Figure 2. Sesame (Pyeongang, Kangbaek, and 90 Day) seedling growth under Penicillium spp. treatments. (A) Control; (B) RDA01;
(C) NICS01; and (D) DFC01.

Figure 1. Effect of the Penicillium spp. RDA01, NICS01, and DFC01 on the growth of sesame (cv. Pyeongang, Kangbaek, and 90
Day) seedlings.

Figure 3. Production of amino acids by Penicillium spp. RDA01, NICS01, and DFC01 in culture medium. ND, nondetectable level.
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0.33 mg/L Glu, 0.14 mg/L Gly, 0.26 mg/L Ala, 0.11 mg/
L Val, 0.07 mg/L Met, 0.17 mg/L Ile, 0.24 mg/L Leu,
0.18 mg/L Tyr, 0.17 mg/L Phe, and 0.42 mg/L Lys)
fungal cultures. The exogenous application of amino
acids is well known to improve the plant growth (El-
Samad et al. 2011; Sudadi 2012). Very few studies have
been conducted to ascertain the role of fungal amino
acids on plant growth (Whiteside, Garcia, Treseder
2012). Arginine and lysine are abundant in Penicillium
culture medium. Arginine pretreatment increases seed
germination, plant growth, and tolerance of low tem-
peratures. Lysine is synthesized from aspartic acid, and
regulates various plant processes. The secretion of plant
growth-regulating compounds from fungi is one of the
reasons they increase crop productivity; such growth-
regulating compounds can influence plant growth in
stressful environments (Khan, Hamayun, Ahmad et al.
2011). The current study suggests that the presence of
amino acids in the culture medium of RDA01, NICS01,
and DFC01 increases seedling growth.

Effect of fungal treatments on the primary and
secondary metabolites of sesame plants

Fungal associations with plants influence the primary and
secondary metabolism of plants at all developmental
stages. Photosynthesis is an important primary mechan-
ism, and the main source of energy for plants. Its
efficiency is related to photosynthetic pigments such as
chlorophylls and carotenoids. Leaf chlorophyll a was
increased in fungi-treated plants more so than in the
controls; there were no significant changes to chlorophyll
b and the total chlorophyll content in plants exposed to
RDA01 and NICS01 (Figure 4). Recently, Vafadar et al.
(2014) reported that plant growth-promoting bacteria and
fungi increased chlorophyll content in Stevia rebaudiana.

An increase in chlorophyll content accelerates photosyn-
thesis, which leads to enhanced plant growth (Dutt et al.
2013). DFC01-treated plants exhibited a lower level of
chlorophyll and carotenoid contents. NICS01 increased
nitrogen, protein, and the amino acids Thr, Ser, Asn, Gly,
Ala, Val, Met, Ile, Leu, Tyr, Phe, Lys, His, Try, and Arg
(Figures 5 and 6). Soil fungi supply inorganic nutrients,
which are essential for the biological activities of plants.
Soil microorganisms release nitrogen in the form of
amino acids, resulting from N2 fixation (Ferrara et al.
2012), and these amino acids are absorbed by plants
(Whiteside, Digman et al. 2012). Recently, Tchameni
et al. (2011) also reported significantly greater amino
acid synthesis in fungi-inoculated plants compared to
control plants. Sesamin and sesamolin are major lignans
in sesame plants, and these exhibit their antioxidant
activity against pathogen infection (Jeng & Hou 2005)
by suppressing reactive oxygen species generation and
mitogen-activated protein kinases (Gill et al. 2002). In
the present study, both sesamin and sesamolin content
were higher in the fungi-associated plants than in the
control plants (Figure 7). Sesamin content was increased
7-fold by RDA01 and 15-fold by NICS01 compared to
the controls, whereas NICS01-inoculation resulted in a
6-fold increase in sesamolin levels. An increase in
lignans by soil organisms may confer health benefits to
sesame plants.

Effect of Penicillium spp. on salt stress and Fusarium
disease in sesame plants

Plant growth regulator-producing microorganisms stimu-
late a greater uptake of nutrients by plants, thereby
improving plant health under stressful conditions (Egam-
berdieva & Kucharova 2009). High soil salinity decreases
sesame plant growth, while the association of fungi with

Figure 4. Influence of Penicillium spp. RDA01, NICS01, and DFC01 on photosynthetic pigments in sesame plants.
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sesame plants resulted in considerable increases in shoot
length and plant fresh and dry weight under salt stress
conditions (Figure 8). The external application of RDA01
and NICS01 fungal cultures completely halted shoot
length reduction in sesame plants damaged by salt
stress. The fresh and dry weights of salt-affected plants
also significantly increased after RDA01 and NICS01
application. A similar response of fungi against abiotic
stress was reported in soybean (Khan, Hamayun, Ahmad

et al. 2011) and rice (Redman et al. 2011). The results of
the present study suggest that the growth enhancement of
sesame plants in saline soil may be due to fungi secreting
amino acids.

Antagonistic organisms induce systemic resistance in
plants against pathogen attack. The production of antibi-
otic substances and secondary metabolites in these
organisms causes an inhibition of phytopathogenic fungal
growth (Ruanpanun et al. 2010). Fusarium wilt is an

Figure 5. Effect of Penicillium spp. RDA01, NICS01, and DFC01 on protein and nitrogen content in sesame plants.

Figure 6. Penicillium spp. RDA01, NICS01, and DFC01 induce a change in amino acids in sesame plants.

Figure 7. Influence of Penicillium spp. RDA01, NICS01, and DFC01 on sesamin and sesamolin content in sesame plants.
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important disease in sesame, and causes stunted plant
growth and reduced yield (Kumar et al. 2011). Our in vitro
study revealed that RDA01, NICS01, and DFC01 inhibit
Fusarium fungal growth by 49% in PDA medium
(Figure 9a). The antagonistic fungi produced volatile
secondary metabolites inhibit the growth of Fusarium
and protect the plant disease against pathogens (Minerdi
et al. 2008, 2009, 2011). The results of the pot experiment
under greenhouse conditions confirmed the biocontrol
ability of NICS01 and DFC01 against Fusarium, as
evidenced by increases in plant growth (Figure 9b). Our
results are consistent with those of previous studies that
show that Penicillium spp. can prevent Fusarium infec-
tion in crop plants (Alam et al. 2011; Ting et al. 2012).
The secretion of a wide range of antibiotics, such as
2,4-diacetylphloroglucinol, pyoluteorin, pyrrolnitrin, pyo-
cyanin, oligomycin, and phenazine, by biocontrol agents
may inhibit pathogenic fungi (Nielson et al. 1998).

In conclusion, the amino acid-producing Penicillium
spp. RDA01, NICS01, and DFC01 increased sesame
plant growth. Moreover, NICS01 mitigated the lethal
effects of salt stress and protected sesame plants from
Fusarium infection. The results of this study suggest that
NICS01 can be used as a biofertilizer and a biocontrol

agent, because it increases plant growth under biotic and
abiotic stress conditions. Therefore, the application of
NICS01 would be favorable for the cultivation of crop
plants, even in salt stress environments.
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