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Antifungal activity of rhamnolipids (RLs) has been widely studied against many plant
pathogenic fungi, but not against Fusarium verticillioides, a major pathogen of maize
(Zea mays L.). F. verticillioides causes stalk and ear rot of maize or asymptomatically
colonizes the plant and ears resulting in moderate to heavy crop loss throughout
the world. F. verticillioides produces fumonisin mycotoxins, reported carcinogens,
which makes the contaminated ears unsuitable for consumption. In this study, the RL
produced using glucose as sole carbon source was characterized by FTIR and LCMS
analyses and its antifungal activity against F. verticillioides was evaluated in vitro on
maize stalks and seeds. Further, the effect of RL on the mycelia of F. verticillioides
was investigated by scanning electron microscopy which revealed visible damage to
the mycelial structure as compared to control samples. In planta, treatment of maize
seeds with a RL concentration of 50 mg l−1 resulted in improved biomass and fruiting
compared to those of healthy control plants and complete suppression of characteristic
disease symptoms and colonization of maize by F. verticillioides. The study highlights
the potential of RLs to be used for an effective biocontrol strategy against colonization
of maize plant by F. verticillioides.

Keywords: rhamnolipid, Fusarium verticillioides FS7, Pseudomonas aeruginosa SS14, Zea mays L., biocontrol,
scanning electron microscopy, In planta activity

INTRODUCTION

Fusarium verticillioides (Sacc.) Nirenberg (teleomorph Gibberella moniliformis Wineland) is
genetically the most intensively studied species in Fusarium section Liseola (Jurgenson et al.,
2002). This fungus is primarily a pathogen of maize (Zea mays L.) that causes stalk and ear rot,
but has also been reported to cause disease in other crops like sorghum (Palmero et al., 2012).
F. verticillioides is known to produce fumonisins, a polyketide group of mycotoxins (Marasas,
2001). These mycotoxins have been well studied both in terms of their synthesis and in regard
to their effects on animals that consume contaminated grains (ApSimon, 2001). Fumonisins
have been implicated in oesophageal cancer in humans and subsequently several carcinogenicity
mechanisms have been proposed (Rheeder et al., 1992; Howard et al., 2001). They have also been
associated with disruption of sphingolipid metabolism and folate transport and described as a
potential risk factor for human neural tube defects (Marasas et al., 2004). Hence the prevention
of colonization of F. verticillioides in maize has occupied a thrust area in food safety research.
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The control measures against F. verticillioides are mostly
reliant on the use of resistant maize cultivars or cultural practices,
but these measures have not been very effective (Munkvold and
Desjardins, 1997). Genetically engineered maize carrying the
gene for Bt-toxin has been reported to reduce the probability
of F. verticillioides infections and toxin production under field
conditions (Munkvold et al., 1997, 1998). Potential biocontrol
measures for preventing the growth of this organism have
been reported involving the use of endophytic bacteria (Hinton
and Bacon, 1995). However, the endophytic bacterium Bacillus
mojavensis RRC101, a biocontrol agent for fungal diseases in
maize, has been reported to be sensitive to fusaric acid produced
by F. verticillioides (Bacon et al., 2004). This might result in
a reduced efficiency of this bacterium under field conditions
thereby necessitating further research to explore other biocontrol
alternatives against F. verticillioides. In this regard, microbial
biosurfactants appear to be an interesting alternative to the use
of endophytes as antifungal agents against F. verticillioides, as
they have not been reported to be affected by fusaric acid in
the available literature. Biosurfactants are structurally diverse
group of surface active metabolites of microbial origin classified
broadly into glycolipids, lipopeptides, neutral lipids, polymeric
biosurfactants, fatty acids, and phospholipids (Cameotra et al.,
2010). Biosurfactants represent ecological alternatives with
distinct advantages over their synthetic counterparts, such as
biodegradability, possible production from renewable resources,
lower or non-toxicity, high specificity and stability over a wide
range of temperature (−18 to 121◦C), pH (2–12) and salinity
(NaCl concentrations up to 20%; Nitschke and Costa, 2007).
One of the most widely studied biosurfactant over the years
has been the rhamnolipids (RLs; Abdel-Mawgoud et al., 2010;
Randhawa and Rahman, 2014). RLs have been demonstrated
to have wide range of applications in bioremediation and
enhanced oil recovery (Rahman et al., 2003), pharmaceuticals
(Magalhaes and Nitschke, 2013), cosmetics (Piljac and Piljac,
2007); and agriculture owing to their antibacterial and antifungal
properties (Abalos et al., 2001; De Jonghe et al., 2005; Perneel
et al., 2008; Varnier et al., 2009). However, the use of RLs
as antifungal agents against F. verticillioides in maize plant
under field conditions has not been reported in existing
literature.

In the present study, we evaluated the efficacy of RLs as
prospective antifungal agents in vitro against F. verticillioides
using maize stalks and seeds. Further, the antifungal effect was
also evaluated in planta under natural field conditions.

MATERIALS AND METHODS

Microorganisms
The bacterial strain Pseudomonas aeruginosa SS14, reported
earlier to produce rhamnolipid (RL) biosurfactant, was used in
the present study (Borah et al., 2015). This strain was isolated
from crude oil contaminated soil of Lakowa in Sivasagar district
of Assam, India (27◦0′44′′ N, 94◦51′17′′ E; altitude 95 m) and
maintained on nutrient agar (NA) slants at 4◦C, subcultured
every 2 weeks.

The fungal strain F. verticillioides FS7 (GenBank accession
no. KF031434) was isolated from symptomatically infected stalks
obtained from a maize field of Tinsukia, Assam, India (27.5◦ N,
95.37◦ E; altitude 116 m). The detailed method of isolation has
recently been published (Borah et al., 2016). For identification
of the strain FS7, the ITS1-5.8S-ITS2 regions of the rDNA were
amplified and sequenced. Then, the closely related sequences of
F. verticillioides strain FS7 were identified using Blast2Go Pro
software (Conesa et al., 2005; Gotz et al., 2008) and selecting
non-redundant database with a blast e value 1.0E-03 filter.
A phylogenetic tree (Figure 1) was constructed with the query
sequence and with representative sequences of reference strains
from NCBI database. The tree was generated using the Neighbor-
Joining method (Saitou and Nei, 1987) with a bootstrap value
of 2000. The analysis involved 21 nucleotide sequences with a
total of 1344 positions in the final dataset. Evolutionary analyses
were conducted in MEGA6 (Tamura et al., 2013). The fungus was
stored as microconidial suspensions at −80◦C in 30% glycerol.
The working cultures were maintained in Potato dextrose broth
(PDB) and PDA plates at 4◦C and were subcultured every
2 weeks.

Production, Purification, and
Characterization of Biosurfactant
Biosurfactant was produced by P. aeruginosa SS14 in mineral
salt medium (MSM) containing glucose as sole carbon source
(2% w/v). The composition of MSM and cultivation conditions
have been previously described in detail (Borah et al., 2015).
Biosurfactant produced was extracted using the ethyl acetate
method and purified by silica gel column chromatography (Borah
et al., 2015).

Fourier transform infrared spectroscopy (FTIR) in attenuated
total reflectance (ATR) mode was performed at a resolution and
wave number accuracy of 4 and 0.01 cm−1, respectively, and 32
scans with correlation for atmospheric CO2. The FT-IR spectra
were recorded in a Nicolet 6700 FT-IR System (Thermo Scientific,
Waltham, MA, USA). Liquid chromatography mass spectrometry
(LC-MS) was performed in a 1260 Infinity LC coupled with a
6410 Triple Quad MS (Agilent Technologies, Santa Clara, CA,
USA) as described earlier (Borah et al., 2015).

Antifungal Activity of the Rhamnolipid
Sample against Fusarium verticillioides
In vitro Test for Antispore Activity in Potato Dextrose
Broth Amended with Rhamnolipid
This test was performed in 96-well microtiter plates using PDB
solutions amended with different concentrations of rhamnolipid
produced by P. aeruginosa SS14 (RL-SS14) as medium for
growth of F. verticillioides as previously described (Borah et al.,
2015). Rhamnolipid (RL) concentrations used were 5, 10, 25, 50,
and 100 mg l−1 in PDB. A 100 µl of each RL concentration
was inoculated with 20 µl spore inoculum (107 cfu ml−1) of
F. verticillioides and incubated at 25◦C for 48 h. Commercial
rhamnolipid R-95 (Sigma–Aldrich, St. Louis, MO, USA) was used
as standard. Percentage inhibition was evaluated by measuring
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FIGURE 1 | Phylogenetic tree of Fusarium verticillioides strain FS7 and its related sequences retrieved from NCBI database.

fungal growth (OD600) in a Varioskan Flash Multimode Reader
(Thermo Scientific, Waltham, MA, USA).

In vitro Test for Antimycelial Activity in Potato
Dextrose Agar Amended with Rhamnolipid
Rhamnolipid (RL) solutions were prepared (w/v in Milli-Q
water) at concentrations of 10, 25, 50, 100, 200 mg l−1. Then
3.9 g PDA was added to 100 ml of each RL solution and sterilized.
Sterilized media were poured into 90 mm Petri plates. Control
plates were prepared with PDA in Milli-Q water. A 6 mm
plug of F. verticillioides FS7 from 10 days old culture was
transferred on to the middle of the plates. The plates were
then incubated at 25◦C. Antagonistic activity was expressed in
terms of percentage inhibition of mycelial growth, measured after
10 days of incubation when the control plates were completely
covered by mycelia and were compared to the test plates under
observation.

Scanning Electron Microscopy of Mycelia Treated
with Rhamnolipid
This experiment was performed as per the methodology of
Yan et al. (2015) with slight modifications. PDB solutions
were prepared with and without RLs (200 mg l−1). A spore
inoculum (100 µl; 107 cfu ml−1) was added to the flasks and
incubated at 25◦C for 7 days on a rotary shaker (200 × g).
Subsequently mycelia were excised for sample preparation. The

mycelia were washed thrice in phosphate buffer (pH 7.0) and
then fixed with 2.5% glutaraldehyde in 0.1 M phosphate buffer
(pH 7.0) overnight at 4◦C, then rinsed three times in phosphate
buffer. Each specimen was subjected to dehydration by ethanol
solutions with the concentrations of 30, 50, 70, 80, 90, 95,
and 100% sequentially for 15 min, respectively. The samples
were then mounted on stubs over carbon tape and observed
in an FE-SEM (Zeiss, 6-Sigma, Germany) Scanning Electron
Microscope.

Test for Antifungal Activity Using Maize Seeds
Maize seeds were surface sterilized as described earlier (Yates
et al., 2003). Seeds were placed in sterile plastic cups, covered
with 5.25% sodium hypochlorite, agitated vigorously for 10 min,
rinsed twice with sterile distilled water, imbibed in fresh sterile
distilled water for 4 h at 25◦C, heat-treated for 5 min at 60◦C,
and then rinsed with cool sterile distilled water. Surface sterilized
seeds were soaked for 12 h in RL solutions with concentrations
10, 25, 50, 100, and 200 mg l−1. Seeds soaked in sterilized water
served as controls. Water agar (3% w/v) plates were prepared in
triplicates and two seeds per plate were placed inside. Then 100 µl
spore suspension of F. verticillioides (107 cfu ml−1) was added to
the seeds and incubated at 25◦C for 10 days. Spore suspension
was prepared by adding sterile deionized water to PDA plates and
the conidia were aseptically dislodged with a sterile inoculating
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loop into the water. Spore suspensions were then aseptically
filtered through a 100 µm nylon mesh to remove mycelial debris.
Inhibition of infection of the seeds by F. verticillioides was studied
and evaluated on an 18 point scale using a modification of the
method described by Sharma (2011). The criteria for assignment
of scores were as follows: (a) no germination and coat infection –
zero point, (b) germinated seed showing coat and radical tip
infection – one point, (c) either infected – two points, (d)
healthy seed showing germination – three points. A total of 18
points were allotted to six seeds per treatment for maximum
inhibition.

Test for Antagonism against F. verticillioides on Maize
Stalks
Maize stalks (cut to a size of 1.5 cm × 0.5 cm) were surface-
sterilized for 15 min in a 2% solution of sodium hypochlorite
and then rinsed three times with sterile water. Surface sterilized
maize stalks were put inside sterile Petri plates containing
moistened filter paper. A 100 µl of RL at concentrations of
10, 25, 50, 100, and 200 mg l−1 (w/v in dH2O) was added
onto the stalks in the Petri plates. Sterile dH2O was added
in case of control plates. The plates were then kept overnight
at room temperature. After that 100 µl spore suspension of
F. verticillioides (107 cfu ml−1) was inoculated to above maize
stalks and incubated at 25◦C. Observation of infection of the
maize stalks after inoculation of the fungus was done after 10 days
of incubation.

Plant Bioassays
The commercially available cv. of maize PAC 740 (Advanta
Ltd., Hyderabad, India) was selected for the present study.
The in planta antifungal activity of RL against F. verticillioides
was evaluated by pot assays set up in earthen pots of size
25 cm × 28 cm (diameter × height). Each pot was filled
with 4 kg sterilized soil, artificially infested with the test
pathogen by inoculating with 500 ml spore suspension of 107 cfu
ml−1 prepared in PDB. Control pots were inoculated with
sterilized distilled water. In planta antifungal effect of RL was
evaluated by seed treatment with RL before introduction of
the seeds into infected soil. The experiments were conducted
in the months of August–November when temperature and
humidity ranged between 24–30◦C and 75–80%, respectively.
Plants were irrigated by flooding with sterilized water at
an interval of 2–3 days depending on the observed soil
moisture. Each treatment set consisted of four replicate pots
with one plant in each pot and the experiment was repeated
once.

Seed Treatment with Rhamnolipid
Surface sterilized maize seeds were soaked overnight in RL
solutions of five different concentrations of 10, 25, 50, 100,
and 200 mg l−1. Control seeds were soaked in sterilized
water. The seeds were subsequently sown in F. verticillioides
infected soil and kept under natural conditions of light,
temperature and humidity. Assessment was made on the
basis of seed germination, fruiting and dry biomass compared
to those of the control treatments sown in pathogen laden

and pathogen free soils. For measuring the dry biomass,
plants were carefully removed from the pot keeping the
roots intact. The plants were then cleaned with tap water
to remove excess soil and then rinsed thoroughly with
sterilized water, after which they were dried in the shade for
21 days. The weight of the dried plants were measured and
tabulated.

Detection of Symptomless Infection of
F. verticillioides in Experimental Plants
To detect the presence of symptomless infection, asymptomatic
stalks were surface sterilized for 5 min in a 2% solution of sodium
hypochlorite and washed three times with sterile water. Sterilized
stalks were split longitudinally and cut into small arbitrary sizes.
These cut stalks were placed inside 90 mm Petri dishes containing
sterile PDA medium for isolation of F. verticillioides. Culture
plates were incubated at 25◦C for 5–7 days and observed for the
presence of F. verticillioides colonies, identified microscopically
by conidial morphology.

Statistical Analysis
The data represent the arithmetic averages and the error bars
indicate the standard deviations. Results for the antifungal
activity of rhamnolipid (RL) using different concentrations, the
effect of RL concentrations on disease inhibition and biomass
of plants were analyzed using one-way ANOVA with Post Hoc
pair wise Least Significant Difference (LSD) comparison at a
significance level of 0.05. Statistical analyses were performed
using the Statistical Package for the Social Sciences (IBM SPSS
Statistics 21.0, IBM Corp, Armonk, NY, USA).

RESULTS

Characterization of Biosurfactant
The FTIR spectrum (Figure 2A) of the biosurfactant sample,
produced by P. aeruginosa SS14 grown in the medium containing
glucose as carbon source was found to be similar to that of
the standard RL R-95 thereby confirming the biosurfactant to
be rhamnolipid. The band positions were also found to be in
agreement with those previously reported for rhamnolipid (RL)
produced by P. aeruginosa strains (Pornsunthorntawee et al.,
2008). The spectral band at 3391 cm−1 corresponds to –OH
stretching of the hydroxyl group. The strong absorption peak at
2925 cm−1 indicates the presence of –CH aliphatic stretching
bands. The presence of ester compounds was confirmed by the
characteristic peak observed at 1716 cm−1, conforming to –C=O
stretching vibrations of carbonyl groups. Observation of –C–
O– stretching band at 1038 cm−1 confirms the presence of the
bonds formed between carbon atoms and hydroxyl groups in the
chemical structures of the rhamnose rings.

The total ion chromatogram (TIC) of the purified
biosurfactant (Figure 2B) acquired by +ESI-LC confirmed the
presence of two compounds in the sample. The corresponding
mass spectra (Figures 2C,D) revealed the presence of two major
compounds at m/z 351 and 505. The m/z values obtained were
consistent with the sodiated adduct ion [M – H + 2Na] + and
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FIGURE 2 | Characterization of biosurfactant (RL-SS14) produced by Pseudomonas aeruginosa SS14 using glucose as sole carbon source. (A) FTIR
spectra of RL-SS14 in comparison with standard rhamnolipid R-95, the peaks at 3391, 2925, 1716, and 1038 cm−1 correspond to –OH stretching of hydroxyl
group, -CH aliphatic stretching, -C = O vibrations of carbonyl groups and –C-O- vibrations, respectively. (B) Total ion chromatogram (TIC) of RL-SS14 after LC-MS
in positive electrospray ionization mode (+ESI). (C) Mass spectrum of the fraction eluting at 4.583 min showing the sodiated adduct of rhamnolipid Rha-C8 at m/z
351. (D) Mass spectrum of the fraction eluting at 11.454 min, the ions at m/z 351 and 505 correspond to Rha-C8 and Rha-C10-C10, respectively.

the [M + H]+ pseudo molecular ion of the mono-RLs Rha-C8
and Rha-C10-C10, respectively (Deziel et al., 1999).

In vitro Antifungal Activity of the Rhamnolipid against
F. verticillioides FS7
Antispore activity in potato dextrose broth amended with
rhamnolipid
The rhamnolipid produced by P. aeruginosa SS14 (RL-
SS14) exhibited an inhibition of >50% (i.e., >IC50) using
concentrations ≥ 50 mg l−1 with 88.32% inhibition at 50 mg
l−1. A significant increase in the antifungal activity of RL-SS14
was observed with increasing concentration (F4,10 = 3021.808,
P = 0.000). Moreover, the activity of RL-SS14 was higher than
the standard RL R-95 for each of the concentrations used
(F9,20 = 3087.696, P = 0.000; Figure 3).

Antimycelial activity on potato dextrose agar amended with
rhamnolipid
The antimycelial activity of rhamnolipid produced by
P. aeruginosa SS14 (RL-SS14) was evaluated by determining

the percentage inhibition of F. verticillioides growth on PDA
amended with RL-SS14 in different concentrations in comparison
to the control after 10 days of incubation at 25◦C (Figure 4).
An inhibition of >50% (i.e., >IC50) was obtained by using
concentrations ≥ 50 mg l−1 with 82.23% inhibition at 200 mg
l−1. Among all the concentrations, a significant difference
was evident in the individual effect of each concentration
(F4,10 = 285.931, P = 0.000) indicating a concentration
dependent activity.

Scanning electron microscopy
Scanning electron microscopy of the untreated mycelia of
F. verticillioides revealed normal morphology with even thickness
and shape (Figure 5a), while the RL-SS14 treated mycelia
exhibited irregular shape with uneven surface and breakage. The
treated mycelia were severely reduced in thickness as compared
to the untreated ones (Figure 5b).

Test for antifungal activity using maize seeds
The results of the experiment evaluated on the basis of scores
allotted per seed for each treatment are presented in Table 1. The
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FIGURE 3 | Antispore activity in terms of percentage inhibition against
F. verticillioides FS7 on PDB amended with varying concentrations of
rhamnolipid produced by P. aeruginosa SS14 (RL-SS14) and standard
rhamnolipid R-95 after 48 h of incubation at 25◦C. Error bars represent
standard deviations (SD). Different letters indicate significantly different values
according to LSD at α = 0.05 (F9,20 = 3087.696, P = 0.000).

untreated seeds inoculated with fungal spores [control (−)] failed
to germinate in five out of six seeds due to infection and seed rot.
However, the seeds treated with RL-SS14 concentrations≥ 50 mg
l−1 exhibited healthy symptoms comparable to that of untreated
un-inoculated [control (+)] seeds.

Test for antagonism against F. verticillioides on maize stalks
Compared with the untreated and infected control (−ve control),
no visible lesions were observed on the stalks treated with 50,
100, and 200 mg l−1 of RL-SS14. However, visible fungal lesions
were observed on maize stalks treated with 10 and 25 mg l−1

(Figure 6A).

FIGURE 4 | Antimycelial activity in terms of percentage inhibition
against F. verticillioides FS7 on PDA amended with varying
concentrations of rhamnolipid produced by P. aeruginosa SS14
(RL-SS14) after 10 days of incubation at 25◦C. Error bars represent SD.
Different letters indicate significantly different values according to LSD at
α = 0.05 (F4,10 = 285.931, P = 0.000).

Antifungal Activity of Rhamnolipid in
Plant Bioassays
The results of the in planta experiment (Table 2) revealed that
untreated seeds sown in pathogen free soil (positive control)
germinated 4–5 days post sowing (dps) while only one seed out
of a total of four germinated (at 9 dps) in case of the seeds
sown in the pathogen laden soil (negative control). All the seeds
treated with RL-SS14 at a concentration≥ 50 mg l−1 successfully
germinated. Initiation of fruiting was observed at around 97 dps
for the control plants. Seeds treated with RL-SS14 concentrations
of 200 mg l−1 exhibited comparable (F1,6 = 0.080, P = 0.787)
observations to those of positive control plants, whereas those

FIGURE 5 | Scanning electron microscopy micrographs of (a) the untreated mycelia of F. verticillioides FS7 and (b) mycelia treated with 200 mg l−1

rhamnolipid (magnification at 5000×).
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TABLE 1 | Antifungal activity of rhamnolipid produced by Pseudomonas aeruginosa SS14 (RL-SS14) evaluated in vitro on maize seeds of cv. PAC740 in
comparison to untreated healthy and diseased seeds.

Sample Number of seeds per score category (n)

No germination and
seed coat infection
(Score= n× 0)

Seed coat and
radical tip infection
(Score= n× 1)

Either seed coat or
radical tip infection
(Score= n× 2)

Healthy seed
germination

(Score= n× 3)

Totalscore

Control (+) None None None 6 18

Control (−) 5 1 None None 1

10 mg l−1 2 3 1 None 5

25 mg l−1 1 2 2 1 9

50 mg l−1 None None 2 4 16

100 mg l−1 None None 1 5 17

200 mg l−1 None None None 6 18

treated with 50 and 100 mg l−1 exhibited significantly earlier
fruiting period (F2,9 = 28.532, P = 0.000) of around 87 dps.
Delayed germination at 7 dps was observed in two replicates for
the seeds treated with 25 mg l−1, while only one seed germinated
(8 dps) in case of those treated with 10 mg l−1. These plants
survived but exhibited stunted growth with low biomass and no
fruiting.

Detection of Symptomless Infection of
F. verticillioides in Experimental Plants
The culture plate experiment conducted with symptomless stalks
confirmed the presence of F. verticillioides in stalks of plants from
seeds treated with ≤25 mg l−1 of RL-SS14. There was no fungal
growth from the cultured stalks of plants from seeds treated with
≥50 mg l−1 RL-SS14 (Figure 6B).

DISCUSSION

The biosurfactant used in this study was produced by
P. aeruginosa SS14 using glucose as the sole carbon source and
was characterized to be mono-rhamnolipid with two constituent
congeners by FTIR and LC-MS analyses. Previously reported
strains of P. aeruginosa have been documented to produce a
mixture of mono and di-rhamnolipids using glucose as a carbon
source (Wei et al., 2005; Wu et al., 2008; Lahkar et al., 2015).
Therefore, the production of mono-RL by P. aeruginosa SS14
might be strain specific as corroborated by earlier reports (Haba
et al., 2003) highlighting that the strain of P. aeruginosa plays
the most important role in determining the composition of a
particular RL sample.

The experiments conducted during the present study revealed
a stronger antifungal activity of RL-SS14 than that of R-95
against F. verticillioides. This might be attributed to the different
congener composition of both the RLs as suggested by Das et al.
(2014). The activity of RL-SS14 was observed to be stronger
against spores than against mycelia. A higher RL concentration
was required to obtain a comparable antimycelial and antispore
activity. This result follows a similar trend as reported by Kim
et al. (2000) and Deepika et al. (2015) for antifungal effect of RL
against Colletotrichum orbiculare and F. oxysporum, respectively,

wherein a higher concentration was required to suppress mycelial
growth in comparison to that of the spores. This differential
activity might be due to the compositional differences between
the cell walls of mycelia and spores (Feofilova et al., 2015).
Our work is in agreement with previous reports describing the
antifungal activities of RL against other species of Fusarium (Kim
et al., 2000; Sha et al., 2012; Deepika et al., 2015).

Mycelium is the vegetative structure of a fungus that plays
a pivotal role in asexual reproduction and disease progression.
Therefore, any damage to mycelial integrity might adversely
affect the pathogenicity of a fungus. In this regard, SEM
was performed to evaluate the effect of RL on mycelia of
F. verticillioides. The observations highlighted that the RL-SS14
could significantly alter the morphology of the fungal mycelia.
The effect of RLs on mycelial structure of fungi has been reported
previously (Perneel et al., 2008; Yan et al., 2015). The damage
might result due to the disruption of the phospholipid bilayer of
cell membrane by the RL owing to its surfactant activity leading
to the leakage of electrolytes, protein and DNA (Yan et al., 2015).

Fusarium verticillioides has previously been reported to cause
seed rot of maize by Yates et al. (2003) wherein a conidial
suspension was used to induce seed rot. Therefore, the antifungal
activity of RL-SS14 against spores was tested using maize seeds
of cv. PAC740 in vitro. It was found to be effective in reducing
the infection of maize seeds by F. verticillioides. The observed
antagonistic effect might be due to the inhibitory effect of RL-
SS14 against the fungal spores. The findings of this experiment
also indicated that RL-SS14 did not have any negative effect on
the germination of seeds at the used concentrations. Additionally,
in planta experiments conducted with RL-SS14 treated seeds
also revealed its activity under field conditions as all the seeds
treated at a concentration ≥ 50 mg l−1 successfully germinated,
whereas the untreated seeds failed to germinate in three out of
four replicates most likely due to seed rot.

Fusarium verticillioides infects maize as a symptomless
biotrophic endophyte during most of its association with maize,
but under non-ideal culture conditions, the fungus becomes
virulent and rapidly colonizes senescing or injured tissue as
a saprophyte (Snook et al., 2009). The external symptoms
characteristic of Fusarium stalk rot include wilting, necrosis at
roots, crown or internodes and destruction of pith leading to
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FIGURE 6 | (A) Photograph showing lesions on maize stalks treated with different concentrations (in mg l−1) of rhamnolipid produced by P. aeruginosa SS14
(RL-SS14) in comparison to controls, after 10 days of inoculation with spore suspension of F. verticillioides. (B) Photograph showing (I) fungal mycelia on untreated
negative control stalks after 7 days of incubation at 25◦C; (II) symptomless stalks of plants from seeds treated with 25 mg l−1 RL-SS14 before incubation and (III)
mycelial development from the same stalks after incubation; (IV) micrograph showing conidia of F. verticillioides isolated from stalks in plate III at 100× magnification;
(V) symptomless stalks of plants from seeds treated with 50 mg l−1 RL-SS14 after 7 days of incubation at 25◦C showing complete absence of fungal growth.

spongy stalks which can be crushed with little effort. In the
present study, RL-SS14 exhibited successful inhibition of stalk rot
under controlled conditions during the in vitro test using maize
stalks.

As F. verticillioides causes symptomless infection of stalk and
ear of maize, the dry biomass of the plants was evaluated to
monitor the comparability of growth to healthy disease free
plants. In addition, symptomless stalks were split longitudinally
immediately after harvest and cultured in PDA plates to detect
the presence of symptomless infection that might account for
the reduced biomass of the plants from seeds treated with
≤25 mg l−1 RL-SS14. Interestingly, F. verticillioides growth was
observed from the stalks of plants treated with≤25 mg l−1, while
the stalks of plants treated with ≥50 mg l−1 did not exhibit
any fungal growth. Firstly, this indicates that the endophytic
colonization by F. verticillioides might have resulted in reduced
biomass and absence of fruiting in the plants treated with≤25 mg

l−1 and secondly, that RL-SS14 at concentrations ≥ 50 mg
l−1 successfully inhibited the asymptomatic colonization of the
maize stalks by F. verticillioides. The treatment with RL-SS14
at concentrations of 50 and 100 mg l−1 resulted in improved
biomass and fruiting time compared to those of disease free
control plants. The seeds treated with 200 mg l−1 developed
into plants exhibiting comparable biomass and fruiting time with
those of healthy plants. In a recent study, Deepika et al. (2015)
reported the use of purified RLs produced by P. aeruginosa
strain KVD-HM52 against F. oxysporum in tomato with complete
disease inhibition at a concentration of 200 mg l−1. The improved
performance of the RL-SS14 treated seeds may be attributed
to induction of plant resistance as RLs have been reported to
elicit defense responses and induce disease resistance (Sanchez
et al., 2012). In this regard, RLs have been associated with
early events of cell signaling like Ca2+ influx, reactive oxygen
species (ROS) production and MAP kinase activation along with

TABLE 2 | Time and percentage of germination of seeds, time of fruiting and biomass of plants after seed treatment with rhamnolipid (RL-SS14) in
comparison with negative (untreated seeds in pathogen laden soil) and positive (untreated seeds in pathogen free soil) control.

Sample Germination of seeds∗ Time of fruiting (dps)∗ Dry weight (in g)∗

Time (dps) Percentage (%)

Control (+) (dH2O) 4.25 ± 0.5 a 100 ± 0.0 a 97.75 ± 2.5 b 87.5 ± 10.66 b

Control (−) 9.0 ± 0.0 d 25 ± 0.0 c NF 29.3 ± 0.0 d

10 mg l−1 8.0 ± 0.0 c 25 ± 0.0 c NF 31.1 ± 0.0 d

25 mg l−1 7.0 ± 1.41 b 50 ± 0.0 b NF 57.5 ± 7.78 c

50 mg l−1 4.5 ± 1.0 a 100 ± 0.0 a 87.0 ± 1.83 a 100.25 ± 13.15 a

100 mg l−1 4.5 ± 0.58 a 100 ± 0.0 a 87.25 ± 2.5 a 103.75 ± 6.75 a

200 mg l−1 4.25 ± 0.5 a 100 ± 0.0 a 97.25 ± 2.5 b 81.25 ± 7.89 b

∗Data are means of four replicates ± SD; NF, no fruiting; dps, days post sowing; different letters within each column indicate significant difference between values
according to LSD at α = 0.05; ANOVA was performed for time of germination (F6,21 = 45.900, P = 0.000), percentage of germination (F6,21 = 4.500, P = 0.004), time
of fruiting (F3,12 = 26.034, P = 0.000), and dry weight (F6,21 = 65.795, P = 0.000).
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induction of defense genes associated with pathogenesis related
proteins, oxylipins and phytoalexins biosynthesis pathways in
grapevine (Varnier et al., 2009). Moreover, biosurfactants have
been described to increase the bioavailability of hydrophobic
molecules in soil that may serve as nutrients and assist plant
growth promotion in the process (Sachdev and Cameotra,
2013). These results highlight the possible use of RL-SS14 as
an alternative to chemical surfactants as the use of the latter as
adjuvant is a must during the formulation of fungicides (Sachdev
and Cameotra, 2013). Jeneil Biosurfactants Co. (Saukville, WI,
USA) has successfully commercialized the use of RLs as active
compound in the U.S. EPA approved biofungicide ZonixTM

(Muller et al., 2012). In a recent study by Johann et al. (2016)
involving daphnids and zebrafish embryos, mono-RLs have been
described to cause comparable or lower levels of acute toxicity
than chemical surfactants and no mutagenic effect confirming
their safe use in agricultural and environmental applications.

To conclude, the present study was successful in evaluating the
antifungal activity of RL produced by P. aeruginosa SS14 against
F. verticilllioides. The use of 50 mg l−1 concentration of RL-SS14
caused complete inhibition of stalk and ear rot disease in maize
cv. PAC740 in a single application. No negative effect of RL-SS14
on seed germination and fruiting of the maize cv. was observed in
comparison to untreated healthy control plants. On the contrary,
the treatment with RL-SS14 at a concentration ≥ 50 mg l−1 was
observed to improve the fruiting time and biomass of the plants
which testify the promising potential of its field application.
To our knowledge, this is the first report documenting the use
of RL to inhibit Fusarium stalk and ear rot and asymptomatic
colonization of maize caused by F. verticillioides under field
conditions.
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