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ABSTRACT

The protective and growth-promoting activities of Colletrotrichum and Diaporthe endophytes on
tomato plants (Lycopersicon esculentum Mill.) are underexplored. We screened 40 endophytic fungi
associated with Mexican shrimp plant (Justicia brandegeana) using an in vitro dual culture assay for
Fusarium oxysporum, one of the most important phytopathogens of tomato plants. The three best
antagonists, Colletotrichum siamense (JB224.91), C. siamense (JB252.91), and Diaporthe masirevicii
(JB270), were identified based on multilocus sequence analysis. They were assessed in vitro for their
inhibition of F. oxysporum and phosphate solubilisation capacity, and for the production of indole
acetic acid. Greenhouse experiments verified the growth-promoting effects of these endophytes
and the suppression of F. oxysporum symptoms in tomato plants. Under greenhouse conditions,
the JB252.g1 and JB270 isolates showed positive results for seedling emergence speed. The
radicular system depth of plants inoculated with JB270 was greater than that in uninoculated
plants (27.21 vs 21.95 cm). The soil plant analysis development chlorophyll metre (SPAD) index
showed statistically significant results, especially for the endophyte JB224.g1 (36.99) compared to
the control plants (30.90) and plants infected solely with F. oxysporum (33.64).
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Introduction . S
vascular infection initially occurred. Furthermore, dar-

kening of the infected vascular tissues occurs and
becomes more intense at the stem base. The initial

The fruit of the tomato plant (Lycopersicon esculentum
Mill.) is one of the most consumed fruits worldwide. In

2019, globally the harvested area was approximately
5 million hectares (ha) and production estimated at
181 million tons. In 2019 in Brazil, tomato crops occu-
pied approximately 55 thousand ha with an estimated
production of 3.9 million tons (FAO Food and
Agriculture Organization of the United Nations, 2020).

Tomato crops are highly susceptible to the attack of
the fungus Fusarium oxysporum, the causal agent of the
Wilt disease. The fungal growth occurs more com-
monly at higher temperatures, as well as in acidic and
sandy soils. The most visible symptom, especially at the
start of fruiting, is the yellowing of older leaves, which
progresses to newer leaves. This is followed by the
wilting of leaves during the hottest hours of the day.
In addition, Fusarium wilt symptoms can have a one-
sided appearance, corresponding to the side where the

stages of growth of infected tomato plants can be
slow (McGovern 2015). The control of this pathogen is
quite difficult because of its persistence in soil and its
wide host range. Some chemicals are effective, but
they are expensive and not environmentally friendly.
Hence, alternative measures need to be identified and
tested (Abdel-Monaim et al. 2011).

To mitigate these impacts, beneficial microorganisms
with protective and growth-promoting effects are
desired. Endophytic fungi are microbes that live in the
interior of plants for part or all their life cycle, without
harm to their hosts. They have several beneficial roles in
plants, including protection against diseases by compet-
ing with phytopathogens for colonisation sites and
nutrients, and production of antibiotics (Pamphile and
Azevedo 2002; Khan et al. 2012; Khan and Lee 2013).
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Plant growth promotion through the synthesis of
phytohormones and/or increased tolerance to abiotic
stresses are important fungal activities that favour the
host (Mwangi et al. 2011; Yadav et al. 2011; Rashid
et al. 2012; Mercado-Blanco and Lugtenberg 2014;
Hamayun et al. 2017; Bilal et al. 2018; Ripa et al.
2019; Bouzouina, Kouadria and Lotmani 2021; Khalil
et al. 2021; Ribeiro et al. 2021; Syamsia et al. 2021).

The growth-promoting and protective effects of
Colletotrichum and Diaporthe endophytes on tomato
plants have not been described. Colonisation of
tomato plants by a Colletotrichum strain and its
growth-promoting effects in greenhouse and open-
field experiments has been previously described only
in one study (Diaz-Gonzalez et al. 2020). Seven days
after inoculation with Colletotrichum tofieldiae, these
authors observed that the tomato seedlings had
shoots and roots significantly longer and had greater
fresh weight compared with untreated plants. In addi-
tion, a significant increase in the number of buds (up
to 64%), open flowers (up to 54%), and dry root
weight were 2% higher than in control plants. Other
studies have reported the effects of Colletrotrichum on
different model plants, such as Phaseolus vulgaris
(Oliveira et al. 2020) and Arabidopsis thaliana
(Hiruma et al. 2016).

There are no descriptions in the literature of
Diaporthe strains inoculated in tomato plants, and
little is known about in vivo plant-Diaporthe interac-
tions. Recently, Aldana et al. (2021) reported that
a Diaporthe sp. endophytic strain caused a > 30%
increase in both root and shoot biomass of tritor-
deum, a hybrid grain cereal developed from a cross
between durum wheat (Triticum durum) and Hordeum
chilense, a wild barley native to Chile and Argentina.
The authors also described increased concentrations
of calcium, magnesium, sulphur, iron, and boron in
treated plants.

In the current study, two isolates of C. siamense
(JB224.g1 and JB252.g1) and an isolate of Diaporthe
masirevicii (JB270) appeared to be the most promising
antagonists to F. oxysporum in a preliminary in vitro
screening assay. To contribute to an in-depth under-
standing of the growth-promoting and protective
activity of Colletrotrichum and Diaporthe strains on
tomato plants, we investigated the protective action
of these three endophytes on Fusarium wilt and their

growth promotion effects on shoot height, radicular
system depth, number of leaves, and soil plant analy-
sis development chlorophyll metre (SPAD) index, and
on the fresh and dry mass of the aerial part and roots
of tomato plants.

Materials and methods
Fungal strains

Forty fungi isolated as endophytes from healthy
leaves of Mexican shrimp plant (Justicia brande-
geana) (Silva et al. 2020) were retrieved from the
Collection of Endophytic and Environmental
Microorganisms (CMEA) from the Laboratory of
Microbial Biotechnology, Universidade Estadual de
Maringa, Parand, Brazil. F. oxysporum was also
obtained from CMEA. Fungi were cultured on potato
dextrose agar (PDA) at 28°C for 7 days before each
experiment.

Screening of endophytic fungi with F. oxysporum
inhibitory activity in dual culture

A modified version of the dual culture method of
Campanile et al. (2007) was used. Plugs (6 mm) from
7-day-old cultures of endophytes and phytopatho-
gens were combined in triplicate and inoculated at
2.5 cm on opposite sides of 9-cm PDA dishes. As the
control, a F. oxysporum plug was inoculated on one
side of the dish. Dishes were randomly distributed in
an incubator chamber at 28°C. After 7 days, the results
were recorded using Imagel) software. The inhibition
index percentage of mycelial growth (Im%) was cal-
culated as 100 - (MT/MC) x 100, where MT is the
mean of the triplicate area measured for treatment
in cm? and MC is the mean of the triplicate control
area in cm?.

The competitive interactions between endophytes
and F. oxysporum were determined according to the
Badalyan Rating Scale (Badalyan et al. 2002). The three
best antagonists were selected for molecular identifi-
cation and evaluation of the antifungal activity of
metabolic extracts, evaluation of phosphate solubili-
sation, evaluation of mycelial growth under different
pH conditions, production of indole acetic acid (IAA),
and in vivo tests in the greenhouse.



Taxonomic identification of endophytes based on
multilocus sequence analysis (MLSA)

Genomic DNA was extracted using the Power Soil DNA
Isolation kit (MoBio Laboratories, USA) according to the
manufacturer’s instructions. The endophytes were pre-
viously grown in petri dishes containing PDA, with
200 mg of mycelia used for the extraction. DNA integ-
rity was checked by 1% agarose gel electrophoresis.
For MLSA, partial sequences of the internal transcribed
sequence ITS1-5.85-ITS2 (ITS), translation elongation
factor 1-a (EF1a), B-tubulin (TUB), and glyceralde-
hyde-3-phosphate dehydrogenase (GPDH) were used.
For Diaporthe endophyte, ITS and EF1a sequences
were used for typing. ITS, TUB, and GPDH were used
for Colletotrichum strains. Primers used for amplifica-
tion and PCR conditions are listed in Supplementary
Table S1. PCR products were purified using shrimp
alkaline phosphatase and exonuclease | (Sigma-
Aldrich, USA). Samples were sequenced using the ABI-
PRISM 3100 Genetic Analyser (Applied Biosystems,
USA) by ACTGene Andlises Moleculares (Brazil).

The sequences were treated and aligned using
Geneious Prime v. 2019.1.1. Once the sequences
showed high similarities in GenBank with other fungi,
a phylogenetic analysis was performed based on pre-
established data (Supplemental Tables S2 and S3).
Sequences were then rescued and aligned using
MAFFT (Katoh, Rozewicki and Yamada 2019). After
alignment, multigene assembly of the sequences was
performed. For phylogenetic analysis based on the
maximum likelihood and Bayesian inference,
MrModelTest v. 2.3, (Nylander 2004) was used to choose
the best evolutionary model. The phylogenetic tree was
constructed using MrBayes v. 2.2.4, (Ronquist et al.
2012), taking into consideration the parameters gener-
ated by MrModelTest, with Markov chain Monte Carlo,
which lasted until the average standard deviation of the
split frequencies was <0.01 (1.000.000. Bayesian prob-
ability was demonstrated on the nodes between each
individual. The tree was edited using FigTree v. 1.4.2
(Rambaut 2009).

In vitro F. oxysporum inhibitory activity of crude
metabolic extracts produced by endophytes

To obtain the crude ethyl acetate extracts (CEAEs) of
secondary metabolites, endophytes were inoculated
into 500 mL Erlenmeyer flasks containing 250 mL of
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potato dextrose broth (PDB) and incubated in the
dark at 28°C under stationary conditions for 21 days.
The broth cultures were then filtered with sterile
gauze to separate the fungal mycelia that were dis-
carded. The cell-free media was centrifuged at
2750 x g for 15 min to separate the cellular debris.
The liquid-liquid extraction of the supernatant and
the recovery of the crude extract were performed as
previously described (Orlandelli et al. 2012).

For the antifungal activity assay, 6-mm plugs from
7-day-old cultures of in vitro F. oxysporum cultures were
combined with 6 mm paper plugs (sterile Whatman
No. 4 filter paper) were combined in triplicate and
inoculated at 4 cm on opposite sides of 9-cm PDA
dishes. Paper plugs were inoculated with either 10 pL
of 10 mg mL™" CEAEs diluted in methanol (treatments),
methanol only (negative control), or the broad-
spectrum fungicide Benlate (Benomyl) (positive con-
trol). The dishes were then incubated at 28°C for
7 days, and pathogen growth in controls and treat-
ments was compared. The inhibition index (Irb%) was
calculated as previously described for the dual culture
assay.

Evaluation of phosphate solubilisation capacity

Modified Pikovskaya agar medium was used to deter-
mine the phosphate solubilisation capacity (Nopparat
et al. 2009). The base solution (BS) was composed of
(NH,4),S04 (0.5 g), KCI (0.2 g), MgSO,4.H,0 (0.1 g),
MnSO,4.H,O (0.004 g), FeS04.7H,0 (0.002 g), NaCl
(0.2 g), D-glucose (10 g, Sigma-Aldrich), yeast extract
(0.5 g, Kasvi, Brazil), bacteriological agar (18 g,
Acumedia, USA), and distilled water (900 mL). The
pH was adjusted to 6.8. The first phosphate solution
(PS1) was composed of xanthan gum (0.5 g, Sigma-
Aldrich), Cas(PO,), (0.5 g, B-tricalcium phosphate,
Sigma-Aldrich) and distilled water. For the second
solution (PS2), calcium phosphate was replaced with
bone meal (0.5 g). All solutions were autoclaved
(15 min at 121°C), mixed (BS+ PS1 and BS + PS2; pH
adjusted to 6.6), and transferred to petri dishes.

To evaluate the growth of endophytes under dif-
ferent phosphorous sources, 6-mm plugs of each fun-
gus were inoculated in petri dishes with BS+PS1 and
BS+PS2 and incubated at 28°C for 7 days. The dia-
meter of the halo surrounding the fungal colony and
the colony diameter were measured daily using
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a graduated ruler (cm). The relative solubilisation effi-
ciency was calculated as the diameter of solubilisation
halo/diameter of colony x 100, using the mean of five
replicates.

Evaluation of effects of pH on mycelial growth

Plugs (6 mm) from 7-day-old cultures of endophytes
were transferred to PDA dishes adjusted to different
pH values (4, 5, 7, and 8). Additionally, mycelial plugs
were transferred to PDA dishes supplemented with
bromothymol blue and adjusted to pH 6.8. The
experiment was conducted in a randomised block
design with three replicates. Petri dishes were incu-
bated at 28°C for up to 7 days. On day 6, mycelial
growth was measured using ImageJ software.

IAA production by endophytes

Endophytes were cultivated in PDB (10% w/v) con-
taining 0.5 mM L-tryptophan for 7 days at 28°C in
darkness in an orbital shaker-incubator at 110 rpm.
The cultures were centrifuged at 15,000 x g for 5 min,
and 1 mL of the supernatant was collected and added
to the Salkowski reagent (2 mL). The samples were
kept in the dark at room temperature for 30 min.
Absorbance was read at 520 nm using a spectrophot-
ometer. The amount of IAA was calculated from the
standard curve prepared earlier with 5, 10, 25, 50, 75,
and 100 ug mL™" of IAA (Sigma-Aldrich).

Evaluation of growth-promoting effects and
Fusarium inhibitory activity of endophytes on
tomato plants

The in vivo assays were performed in the greenhouse
of the Agronomy Department, Universidade Estadual
de Maringa, Brazil (23°24'12.18"S and 51°56'30.54" O).
Seeds were disinfected with alcohol 70% for 2 min
and with sodium hypochlorite for 3 min, and then
rinsed in sterile distilled water. This procedure was
repeated 10 times. Two substrates were used for sow-
ing the tomato seeds. Mecplant® substrate was com-
posed of Pinus bark, vermiculite, acidity regulator,
macro-and micronutrients. It was autoclaved at
121°C for 60 min. Soil was collected at the
Universidade Estadual de Maringa and was previously
autoclaved at 121°C for 120 min. After sterilisation,
the soil was homogenised, and a sample (500 g) was

collected for chemical and physical analyses.
Granulometric analysis determined the content of
coarse sand (43.7%), fine sand (4.8%), silt (12.5%),
and clay (39.0%). Complete analyses of the chemical
attributes are presented in the Supplementary
Material (Table S6).

To obtain the mycelial suspension of endophytes
and F. oxysporum, fungi were grown on petri dishes
containing PDA at 28°C for 7 and 15 days, respec-
tively. Then, 6-mm mycelial plugs were macerated in
microtubes containing autoclaved distilled water
(1.5 mL), which were shaken until complete homoge-
nisation was achieved.

For the in vivo tests, an aliquot (1 mL) from the
mycelial solution of each endophyte was inoculated
into 300-mL polystyrene cups containing the
Mecplant® substrate, which was then covered with
plastic film and incubated at ambient temperature
for 24 h. Each cup was inoculated with one tomato
seed (at the same point of fungal inoculation) and
kept under greenhouse conditions. Twenty-four days
after sowing, the root system of the tomato seedlings
was washed in running water and transplanted into
500-mL polystyrene cups containing a mixture (2:1 v/
v) of soil and the Mecplant® substrate. Ten aliquots
(1 mL) from the mycelial solution of each endophyte
were individually inoculated into 10 cups. During the
transplant of seedlings, some samples (inoculated
and uninoculated with endophytes) were randomly
selected for the in vivo antagonism test. They were
infected with F. oxysporum suspension (1 mL) by
inoculation near the roots. Ten replicates were used.

As a control, tomato seeds were sown in Mecplant®
substrate uninoculated with endophytes, and seed-
lings were transplanted into 500-mL polystyrene cups
without F. oxysporum. The controls used were the
same for both the assays. All treatments and controls
were maintained under greenhouse conditions, with
an average temperature of 25-35°C. The experimental
design was completely randomised, and replicates
were composed of one vase with one plant, totalling
10 plants per treatment.

Assessment of germination percentage, speed of
seedling emergence, and final pH

Each treatment was evaluated in terms of germina-
tion percentage, seedling emergence, and final pH.
On day 6, the first germination count was determined



by counting the number of normal seedlings. After
7 days, the final germination count was obtained, and
the results were expressed as the germination percen-
tage (Brazil 2009). The emergence speed index (ESI)
was calculated using the following formula: ESI = (E1/
N1) + (E2/N2) + ... (En/Nn), where ESI is the emer-
gence speed index, En (E1, E2 ...) is the number of
seeds that had emerged, and Nn (N1, N2 ...) is the
number of days after sowing, from the first to the last
count (Maguire 1962).

The final pH of each sample was measured accord-
ing to EMBRAPA (Empresa Brasileira de Pesquisa
Agropecudria) (1997), where 10 cm? of soil was placed
in @ 100 mL Erlenmeyer flask and 25 mL of distilled
water was added. The solution was stirred with a glass
rod and allowed to stand for 1 h. The pH was then
measured using a pH metre.

Measurement of disease severity of the tomato
plants infected with F. oxysporum

Disease severity was assessed 32 days after the inocu-
lation of F. oxysporum using the ordinal scale (1 to 5)
developed by Santos (1997). In the scale, 1 = plant
free of symptoms; 2 = plant without wilt symptoms
but presenting conspicuous vascular browning;
3 = plants showing vascular browning symptoms
and wilt symptoms but without leaf yellowing;
4 = severe wilting associated with the presence of
foliar necrosis and chlorosis; and 5 = dead plant.

Evaluation of biometric parameters

The biometric parameters of shoot height (SH), radi-
cular system depth (RSD), number of leaves (NL), and
SPAD index, fresh and dry mass of the aerial part and
roots (FMap, DMap, FMg, and DM, respectively) were
evaluated for the previously described treatments.

The SH of each plant was measured (cm) using
a graduated ruler from the base of the shoot to the
apical bud. Chlorophyll content was determined
using a SPAD-502 chlorophyll metre (Spectrum
Technologies, Inc., USA). The mean of each treatment
was determined from the values obtained for the
three leaves. For each leaf, readings were made at
three separate points (two leaflets on opposite sides
and the terminal central leaflet), and the mean was
calculated using the SPAD metre.
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To obtain the FM, the plants were collected using
the destructive method, the leaves and roots were
separated into identified plastic bags, and the mass
of the leaves was measured with a precision balance.
After weighing, the leaves in the identified paper bags
were kept in a forced air circulation oven at 60°C for
72 h. The material was weighed again to obtain DM.
The results were compared using the statistical ana-
lyses outlined below.

Statistical analyses

The dual culture assay was performed in triplicate, and
the means were analysed by analysis of variance
(ANOVA) compared with the Scott-Knott test (p < 0.05).
The antifungal activity of the crude extract of secondary
metabolites produced by the endophytes was deter-
mined in triplicate and the solubilisation capacity deter-
mined using five replicates were analysed by ANOVA.
Means were compared by the Tukey test (p < 0.05). All
statistical analyses were carried out using the Sisvar soft-
ware 4.3 (Ferreira 2011).

The greenhouse experiments were performed with
ten replicates. Biometric parameters were analysed
using two-way ANOVA aiming to evaluate the effects
of the fungi in plants inoculated with phytopathogens
and plants with endophytes.

Results

Multigene molecular identification of endophytes
selected in dual culture test

The sequencing data from the three endophytes
selected by the dual culture test (described below)
were initially compared with other GenBank
sequences. The results (Table S4, Supplementary
Material) showed a higher identity of JB224.g1 and
JB252.91 to Colletotrichum species, whereas JB70 was
closely related to Diaporthe strains. The MLSA phyloge-
netic analyses using the ITS, TUB, and GPDH partial
sequences revealed that the endophytic strains JB224.
gl and JB252.g1 belonged to the Colletotrichum
gloeosporioides complex, showing higher genetic simi-
larities with C. siamense (Figure 1, Table S4). Analysis of
ITS and EF1a from JB270 showed that this isolate was
closely related to other Diaporthe masirevicii strains
(Figure 2, Table S4).
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Figure 1. Phylogenetic tree of Colletotrichum endophytes from Justicia brandegeana with other fungi obtained from the GenBank
database. The tree was constructed using the neighbour-joining method and p-distance for nucleotides with the pairwise gap
deletion in the software MEGA version 6.05. The number on the tree branches represents the number of times (as a percentage) the
group on the right occurred on the same node during the consensus evaluation (bootstrapped with 10,000 replicates). Endophytic
isolates are indicated by black circles (e). Sequences from Monilochaetes infuscans CBS:869.96 were used as outgroup.
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Figure 2. Phylogenetic tree of the Diaporthe endophytic isolate from Justicia brandegeana with other fungi obtained from the
GenBank database. The tree was constructed using the neighbour-joining method and p-distance for nucleotides with the pairwise
gap deletion in the software MEGA version 6.05. The number on the tree branches represents the number of times (as a percentage)
the group on the right occurred on the same node during the consensus evaluation (bootstrapped with 10,000 replicates). Endophytic
isolate is indicated by a black circle (e). Sequences from Diaporthella corylina CBS 121124 were used as outgroup.

In vitro anti-Fusarium activity of endophytes and
their crude metabolic extracts

Endophytes with anti-F. oxysporum activity was
screened using a dual culture assay. According to
the Scott-Knott test, results were distributed into six
statistical groups, and details regarding the inhibition
index and endophyte-pathogen interactions are
shown in Table S5 (Supplementary Material). The
aforementioned results highlighted the isolates
JB224.91, JB252.g1, and JB270 as more promising
antagonists, with inhibition rates varying between

68.19 and 54.21%. Endophytes JB224.g1 and JB252.
g1 presented deadlock interaction with mycelial con-
tact (competitive interaction type A) and deadlock
interaction at a distance (type B), respectively.
Endophyte JB270 partially overgrew the phytopatho-
gen (interaction C, subtype Ca1).

These three fungi were selected for further analysis
of the antifungal activity of their CEAEs. As shown in
Table 1, all CEAEs presented anti-F. oxysporum activity,
but only the treatment with CEAE,g,, was statistically
different in comparison to the negative control
(methanol).
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Table 1. Taxonomic identification based on sequencing of the
ITS1-5.85-ITS2 region of the rDNA.

Taxonomic

Genbank database

Endophyte identification® accession no. Identity

JB224.91 Colletotrichum C. siamense (KP703350.1) 98%
siamense

JB252.91 Colletotrichum C. siamense (KP703350.1) 99%
siamense

JB270 Diaporthe masirevicii - D. masirevicii (KJ197281.1) 98%

*Based on a BLASTn search and phylogenetic analyses. **Accession no. with
highest identity on Genbank database.

Phosphate solubilisation, growth under different pH
values, and IAA production

The three endophytes showed a capacity for phos-
phate solubilisation 2 days after inoculation as evi-
dent by the formation of a halo around the colonies.
However, in the presence of the bone meal sub-
strate, the isolates did not show any halo formation,
indicating that this source of phosphorus could not
be solubilised by the endophytes. On day 4 of
growth, the relative solubilisation efficiencies of
JB224.91 and JB270 were 166% and 109%, respec-
tively, while the endophyte JB252.g1 presented
a higher efficiency (184%) on day 3 of growth. The
collective results indicate that the area of solubilisa-
tion was approximately two times larger than the
fungal size for the isolates JB224g.1 and JB252g.1
Data on mycelial growth, solubilisation halo, and
relative solubilisation efficiency of endophytes are
detailed in Table 2.

In addition, isolate JB224.g1 showed higher in vitro
growth at pH values of 5 and 7. ANOVA indicated that
the isolates JB252.g1 and JB270.g1 showed no signif-
icant difference across the pH values evaluated in this
study, suggesting that they did not show pH-
responsive behaviour (Table 3).

When endophytes were inoculated in culture med-
ium with bromothymol blue, only isolate JB270 was able
to change the colour to yellow, indicating acidification of
the medium. The culture medium remained blue for the
other two endophytes, indicating a basic pH. The three
endophytes tested were IAA-positive when cultured in
PDB supplemented with L-tryptophan. The amount of
IAA for each endophyte, calculated using the standard
curve (R® = 0.9882), was 290 ug mL™" for JB224.91,
40.2 ug mL™" for JB252.91, and 0.49 ug mL™" for JB270.

Table 2. Inhibition index (Im%) and competitive interaction
between the 40 endophytic fungal isolates and the phytopatho-
gen F. oxysporum (FO).

Fungal isolates

Mycelial growth of FO (cm)* Im% Interaction**

JB252.g1 13.42° +0.23 68.19 B

JB270 16.10% +£7.95 61.84 Car
JB224.91 19.32° +373 54.21 A
JB09 19.50° + 1.94 53.76 Car
JBO7 20.94° + 538 50.35 B

JB176 21.07°+ 120 50.05 B

JB22 2161+ 045 4877 B

JB200 21.84° + 2.04 48.22 Car
JB202 2193+ 1.18 48.01 Car
JB123.g1 2215+ 029 47.49 A
JB35 2235+ 0.19 47.01 B

JB44.91 22.62°+ 417 4638 A
JB72 22.70° + 1.97 46.19 A
JB185 22.82°+2.10 4591 A
JB196 22.82°+ 4.86 45.90 A
JB57 2333+ 139 44.70 Car
JB261 2348+ 2.85 4434 A
JB89 23.65° £ 1.15 43.94 A
JB55 23.76° + 1.11 43.67 Car
JB27. g1 23.92°+ 121 4329 A
JB162 2541+ 0.95 39.77 A
JB76 25.64° + 229 39.22 A
JB100 26.14° + 1.41 38.02 A
JB10 26.15 + 3.82 38.01 A
JB90 26.16° + 1.34 37.99 A
JB101 26.54° + 0.78 37.09 A
JB122 26.56° + 0.79 37.04 A
JB73 26.70° + 1.22 36.70 A
JB118 26.93° + 0.27 36.15 A
JB207.91 27.08 + 2.62 35.81 A
JB175 28389+ 136 32.71 A
JB99 29299 + 252 30.56 A
JB301.g1 29.609 + 3.42 29.82 A
JB107 30.14% + 1.60 28.55 A
JB268 30239+ 2.16 28.33 A
JB150 30.24% + 1.48 28.32 A
JB25 30299 + 3.74 28.20 A
JB206 31379+ 1.99 25.63 A
JB173 35.47° + 0.49 15.92 A
FO (control) 4218+ 1.99 - -

*Mean of triplicates followed by different letters indicates that the
values are significantly different according to the Scott-Knott test
(p < 0.05). **Badalyan rating scale (Badalyan et al. 2002) where
A = deadlock with mycelial contact, B = deadlock at a distance, and
CA1 = partial replacement after initial deadlock with mycelial contact.

Growth-promoting effects of endophytes on tomato
plants and wilt suppression

An overview of plant fitness is shown in Figure 3, and
the values and two-way ANOVA F-values are detailed
in the Supplementary Material (Table S7). The RSD of
plants inoculated with JB270 was greater than that of
uninoculated plants, with mean heights of 27.21 and
21.95 cm, respectively, indicating an interaction
between the inoculated endophytic fungus and nutri-
ent seeking by plants.



Table 3. In vitro antifungal activity of the CEAEs produced by the
three selected fungal endophytes (identified as JB224.g1, JB252.
g1, and JB270) against F. oxysporum (FO).

Trataments Mycelial growth of FO (cm)* Im%
CEAE 82241 39.65% + 1.48 9.1
CEAE 5355 1 40.68" + 1.65 6.7
CEAE 570 37.61° + 1.40 13.8
Methanol (negative control) 43.61°+2.28 -
Benlate (positive control)

31.87% +2.19 269
QV (%) 442 -

*Mean of triplicates followed by the same letters did not differ according to
the Tukey test (p < 0.05). CV is the coefficient of variation.

The NL in plants inoculated with JB252.g1 differed
statistically from the treatments with these endophyte +
F. oxysporum (Figure 3C). To SPAD index all treatments
with endophytes showed statistically significant results
with higher values (Figure 3D). These results of SPAD
index demonstrate that the presence of endophytes
could stimulate the photosynthetic rate of plants,
regardless of the presence of the phytopathogen.

Regarding DM (Figures 3F and 3 H), a difference
between the treatments with plants inoculated with
the endophytes was observed to the tree strains. To
DMgp values were observed differences between treat-
ments with endophytes + F. oxysporum and plants only
inoculated with endophytic strains, showing that the
phytopatogenic strain held their negative influence in
apical biomass even with the presence of endophytes.
In the DMg analysis, the results indicating that the
endophyte-plant interaction could influence the accu-
mulation of roots dry biomass. However, the FMpp and
FMg of endophyte-inoculated tomato plants presented
different results. To FMpp (Figure 3E) the endophytes
JB252.91 and JB270 showed higher values compared
to plants inoculated with these strains and the phyto-
pathogen. To FMg the endophyte JB224.g1 demon-
strated a better result compared with the treatment
with co-inoculation with phytopathogen. So, these
results to DM and FM demonstrated that the endo-
phytes present plant growth promoting activity to
these features, but, do not showed the same efficacy
when the plant is contaminated with F. oxysporum.

The endophytes JB252.g1 and JB270 showed posi-
tive results for seedling emergence speed (Figure 4A).
No visible disease symptoms were observed during the
in vivo tests, indicating that the endophytes did not
cause any apparent deleterious effects on tomato
plants. Therefore, the effectiveness of endophytes in
suppressing Fusarium infection can be evaluated. In the
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control plants, the pathogen did not show dramatic
virulence, causing only slight wilting in the plants.
Analysis of the in vivo endophyte-pathogen interaction
showed that slight wilt was not observed (Figure ST,
Supplementary Material). These results confirmed that
the plant-endophyte interaction promoted a decrease
in the damage caused by F. oxysporum on tomato
plants (Figure 4B).

Moreover, considering the evaluation of soil pH of
the tomato plant before and after inoculation with
the pathogen, no statistically significant differences
were observed between the treatments and the con-
trol. This suggests that the interaction between the
pathogen and endophytic fungi did not alter the pH
of the tomato rhizosphere (Figure 4C).

Discussion

Research concerning plant-microorganism interac-
tions has progressed significantly in recent years.
This is highlighted in the investigation of the plant
microbiome linking microbial ecology and biological
functioning of host plants, in addition to viewing
microorganisms as a reservoir of additional genes
and functions for their hosts (Vandenkoornhuyse
et al. 2015). Nevertheless, even if this interaction initi-
ally appears to be symptomless, the additive ecologi-
cal functions supported by the plant microbiome are
acknowledged as a major trait extender of the ability
of plants to adapt to many environmental conditions
and changes (Bulgarelli et al. 2013).

Endophytism, defined as being asymptomati-
cally established inside living plant tissue (Kusari
and Spiteller 2012), is a unique cost-benefit asso-
ciation. Furthermore, fungal endophytes can be
considered protective and/or growth-promoting
agents, with some endophytes from traditional
rice varieties having the capacity to significantly
increase plant growth (Aly et al. 2011; Atugala and
Deshappriya 2015).

In the present study, inoculation of the endophytic
fungi C. siamense (strains JB224.g1 and JB252.g1) and
D. masirevicii (JB270) in tomato plants increased the
plant biomass. Previous research reports an increase in
the biomass of tomato plants inoculated with
Trichoderma harzianum and arbuscular mycorrhizal
fungi (Mwangi et al. 2011). Furthermore, it has been
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Figure 3. Graphs of plant fitness when inoculated with endophytes and phytopathogens: A) shoot height, B) radicular system depth,
C) number of leaves, D) SPAD index: chlorophyll content, E) FMAP: fresh mass of aerial part, F) DMAP: dry mass of aerial part, G) FMR:
fresh mass of roots, H) DMR: dry mass of roots. Endophytes = C. siamense (codes JB224.g1 and JB252.91) and D. masirevicii (JB270).
Asterisks (*) onto bars shows significant differences by two-way ANOVA (p < 0.05) between plants with or without F. oxysporum
grouped by endophyte. Asterisks in horizontal legend shows that the endophyte group is more effective that plants without

endophytes.

shown previously that among the 28 Trichoderma iso-
lates tested, 12 acted as growth promoters in tomato
plants by allowing an increase in plant dry matter
above 100% (Fontanelle et al. 2011).

Previously, the percentage of germination and vig-
our of seedlings when either the seeds of sunflowers
were inoculated with T. harzianum or the soil was

treated with Penicillium chrysogenum before sowing
was investigated (Nagaraju et al. 2012; Murali et al.
2013). In both studies, the germination and vigour of
the seedlings was higher than that of the control. It was
also apparent that the endophyte D. masirevicii JB270
had the best germination speed index. However, these
treated seeds did not achieve 100% germination.
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Figure 4. A) Columns represent the emergence speed index (ESI) and the lines represent germination percentage of tomato seedlings
after treatment with fungal endophytes. B) Mean of ordinal grades attributed to the visible wilt symptoms caused by F. oxysporum
(FO) in tomato plants. C) Mean of soil pH for each treatment after collection of plants. The bars indicate the standard deviation.
Endophytes = C. siamense (codes JB224.g1 and JB252.g1) and D. masirevicii (JB270).

Similarly, in this study, when endophytes (JB224.1,
JB252.g1, and JB270) and F. oxysporum were inocu-
lated together in tomato plants and kept under
greenhouse conditions, wilt symptoms were not
detected. In this study, plants inoculated with the
pathogen F. oxysporum showed signs of wilt, which
was not observed in control plants or plants inocu-
lated with pathogen-endophyte combinations. This
could indicate a positive plant-endophyte interaction
that protected the plant against the pathogen. To
understand this result, the photosynthetic capacity
of the tomato plants was indirectly measured using
a chlorophyll metre. Chlorophyll analysis showed that
plants grown in soil inoculated with endophytes had
higher SPAD indices than the control plants. This
result is similar to previous research that investigated
the effects of Glomus versiforme inoculum on water-
melon grown under water stress and found that
mycorrhizal colonisation enhanced the photosyn-
thetic capacity and drought tolerance of plants (Mo
et al. 2016).

In the current study, the three tested J. brandegeana
endophytes (JB224.g1, JB252.g1, and JB270) were posi-
tive in the phosphate solubilisation assay on solid

medium. Similarly, Hernandez-Leal et al. (2011)
reported that Paecilomyces lilacinus was efficient for
the in vitro solubilisation of phosphate and favoured
the availability of phosphorus in soil. Additionally,
Marra et al. (2012) demonstrated that microorganisms
can use mechanisms such as the production and
release of low molecular weight organic acids to solu-
bilise precipitated forms of phosphorus, such as iron
and aluminium phosphates in acidic soils and calcium
phosphate in basic soils.

Conclusions

In an attempt to minimise the use of chemical pesti-
cides, biological control agents have emerged as an
important tool in agricultural biotechnology (Gazis and
Chaverri 2015; Suryanarayanan et al. 2018). Thus,
in vitro tests (Rocha et al. 2011; Kumar and Kaushik
2013) and in vivo tests (Alwathnani and Perveen
2012) investigating the use of a fungal antagonist to
suppress or eradicate pathogens should be performed
in the future, especially in the search for novel species
that can promote these protective effects. In this study,
the endophytes tested showed in vitro inhibition of
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F. oxysporum. Furthermore, in vivo results showed
a decrease in the symptoms of wilt disease in tomato
plants. There could be several reasons, including the
inhibition of F. oxysporum, reduction of the phyto-
pathogen population by competition, or induction of
plant resistance. Therefore, this study suggests that an
increased photosynthetic capacity of endophyte-
inoculated plants may have a possible connection
with an increased plant resistance to pathogens such
as F. oxysporum.

Acknowledgements

We thank the Coordenacao de Aperfeicoamento de Pessoal de
Nivel Superior (CAPES) (Financial code 001), CNPq (307603/
2017-2) and SETI/UGF (TC n. 65/18) for scholarships and finan-
cial support.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

This work was supported by the CAPES [Financial code: 001];
CNPQ [307603/2017-2]; Secretaria de Ciéncia, Tecnologia
e Ensino Superior, Governo do Estado de Parana [TC n. 65/18].

ORCID

Angela Aparecida da da Silva
6437-5125

Julio Cesar Polonio (1) http://orcid.org/0000-0001-5451-4320
Ravely Casarotti Orlandelli http://orcid.org/0000-0002-
1359-4210

Jodo Lucio Azevedo
Jodo Alencar Pamphile
5937

http://orcid.org/0000-0001-

http://orcid.org/0000-0003-0503-3525
http://orcid.org/0000-0002-6139-

References

Abdel-Monaim MF, Ismail ME, Morsy KM. 2011. Induction of
systemic resistance of benzothiadiazole and humic acid in
soybean plants against Fusarium wilt disease. Mycobiology.
39(4):290-298. doi:10.5941/MYC0.2011.39.4.290.

Aldana BRV, Arellano JB, Cuesta MJ, Mellado-Ortega E,
Gonzalez V, Zabalgogeazcoa I. 2021. Screening fungal endo-
phytes from a wild grass for growth promotion in tritordeum,
an agricultural cereal. Plant Sci. 303:110762. doi:10.1016/j.
plantsci.2020.110762.

Alwathnani HA, Perveen K. 2012. Biological control of Fusarium
wilt of tomato by antagonist fungi and cyanobacteria.
African J Biotechnol. 11:1100-1105.

Aly AH, Debbab A, Proksch P. 2011. Fungal endophytes: unique
plant inhabitants with grat promises. Appl Microbiol
Biotechnol. 90:1829. doi:10.1007/500253-011-3270-y.

Atugala D, Deshappriya N. 2015. Effect of endophytic fungi on
plant growth and blast disease incidence of two traditional
rice varieties. J Natl Sci Found. 43:173-187.

Badalyan SM, Innocenti G, Garibyan NG. 2002. Antagonistic
activity of xylotrophic mushrooms against pathogenic fungi
of cereals in dual culture. Phytopathol Mediterr. 41:220-225.

Bilal L, Asaf S, Hamayun M, Gul H, Igbal A, Ullah |, Lee I-J, Hussain A.
2018. Plant growth promoting endophytic fungi Aspergillus
fumigatus TS1 and Fusarium proliferatum BRL1 produce gibber-
ellins and regulates plant endogenous hormones. Symbiosis.
76:117-127. doi:10.1007/513199-018-0545-4.

Bouzouina M, Kouadria R, Lotmani B. 2021. Fungal endophytes
alleviate salt stress in wheat in terms of growth, ion home-
ostasis and osmoregulation. J Appl Microbiol. 130(3):913-925.
doi:10.1111/jam.14804.

Brazil. 2009. Ministério da Agricultura, Pecudria e Abastecimento.
Regras para andlise de sementes. Brasilia: Mapa/ACS; p. 399.
[Accessed 2017 Jul 25]. http://www.agricultura.gov.br/assun
tos/insumos-agropecuarios/arquivos-publicacoes-insumos
/2946_regras_analise__sementes.pdf

Bulgarelli D, Schlaeppi K, Spaepen S, Van Themaat EVL,
Schulze-Lefert P. 2013. Structure and functions of the bac-
terial microbiota of plants. Annu Rev Plant Biol. 64
(1):807-838. doi:10.1146/annurev-arplant-050312-120106.

Campanile G, Ruscelli A, Luisi N. 2007. Antagonistic activity of
endophytic fungi towards Diplodia corticola assessed by
in vitro and in plant tests. Eur J Plant Pathol. 117:237-246.
doi:10.1007/510658-006-9089-1.

Diaz-Gonzalez S, Marin P, Sénchez R, Arribas C, Kruse J, Gonzalez-
Melendi P, Brunner F, Sacristdn S. 2020. Mutualistic fungal
endophyte Colletotrichum tofieldiae Ct0861 colonizes and
increases growth and yield of maize and tomato plants.
Agronomy. 10(10):1493. doi:10.3390/agronomy10101493.

EMBRAPA (Empresa Brasileira de Pesquisa Agropecudria).
1997. Manual de métodos de analise de solo. Centro
Nacional de Pesquisa de Solos. 2.ed.rev.atual. Rio de
Janeiro, 212p. [Accessed 2017 Jul 25]. https://www.agen
cia.cnptia.embrapa.br/Repositorio/Manualtde+Metodos_
000fzvhotgk02wx50k0g43a0ram31wtr.pdf.

FAO (Food and Agriculture Organization of the United
Nations). 2020. [Accessed 2021 Mar 20]. http://www.fao.
org/faostat/en/#data/QC/visualize.

Ferreira DF. 2011. Sisvar: a computer statistical analysis system.
Ciénc Agrotec. 35(6):1039-1042. doi:10.1590/51413-705420
11000600001.

Fontanelle ADB, Guzzo SD, Lucon CMM, Harakava R. 2011.
Growth promotion and inducion of resistance in tomato
plant against Xanthomonas euvesicatoria and Alternaria
solani by Trichoderma spp. Crop Protection. 30:1492-1500.
doi:10.1016/j.cropro.2011.07.019.


https://doi.org/10.5941/MYCO.2011.39.4.290
https://doi.org/10.1016/j.plantsci.2020.110762
https://doi.org/10.1016/j.plantsci.2020.110762
https://doi.org/10.1007/s00253-011-3270-y
https://doi.org/10.1007/s13199-018-0545-4
https://doi.org/10.1111/jam.14804
http://www.agricultura.gov.br/assuntos/insumos-agropecuarios/arquivos-publicacoes-insumos/2946_regras_analise__sementes.pdf
http://www.agricultura.gov.br/assuntos/insumos-agropecuarios/arquivos-publicacoes-insumos/2946_regras_analise__sementes.pdf
http://www.agricultura.gov.br/assuntos/insumos-agropecuarios/arquivos-publicacoes-insumos/2946_regras_analise__sementes.pdf
https://doi.org/10.1146/annurev-arplant-050312-120106
https://doi.org/10.1007/s10658-006-9089-1
https://doi.org/10.3390/agronomy10101493
https://www.agencia.cnptia.embrapa.br%2FRepositorio%2FManual%B1de%B1Metodos%5F000fzvhotqk02wx5ok0q43a0ram31wtr.pdf
https://www.agencia.cnptia.embrapa.br%2FRepositorio%2FManual%B1de%B1Metodos%5F000fzvhotqk02wx5ok0q43a0ram31wtr.pdf
https://www.agencia.cnptia.embrapa.br%2FRepositorio%2FManual%B1de%B1Metodos%5F000fzvhotqk02wx5ok0q43a0ram31wtr.pdf
http://www.fao.org/faostat/en/#data/QC/visualize
http://www.fao.org/faostat/en/#data/QC/visualize
https://doi.org/10.1590/S1413-70542011000600001
https://doi.org/10.1590/S1413-70542011000600001
https://doi.org/10.1016/j.cropro.2011.07.019

Gazis R, Chaverri P. 2015. Wild trees in the Amazon basin
harbor a great diversity of beneficial endosymbiotic fungi:
is this evidence of protective mutualism? Fungal Ecol.
17:18-29. doi:10.1016/j.funeco.2015.04.001.

Hamayun M, Hussain A, Khan SA, Kim HY, Khan AL, Waqas M,
Irshad M, Igbal A, Rehman G, Jan S, et al. 2017. Gibberellins
producing endophytic fungus Porostereum spadiceum
AGH786 rescues growth of salt affected soybean. Front
Microbiol. 8:686. doi:10.3389/fmicb.2017.00686.

Hernandez-Leal Tl, Carrion G, Heredia G. 2011. Solubilizacién
in vitro de fosfatos por una cepa de Paecilomyces lilacinus
(Thom) Samson. Agrociencia. 45:881-892.

Hiruma K, Gerlach N, Sacristan S, Nakano RT, Hacquard S,
Kracher B, Neumann U, Ramirez D, Bucher M, O'Connell RJ,
et al. 2016. Root endophyte Colletotrichum tofieldiae confers
plant fitness benefits that are phosphate status dependent.
Cell. 165(2):464-474. doi:10.1016/j.cell.2016.02.028.

Katoh K, Rozewicki J and Yamada K D. (2019). MAFFT online
service: multiple sequence alignment, interactive sequence
choice and visualization. Briefings in Bioinformatics, 20(4),
1160-1166. 10.1093/bib/bbx108

Khalil AMA, Hassan SE-D, Alsharif SM, Eid AM, Ewais EE-D, Azab E,
Gobouri AA, Elkelish A, Fouda A. 2021. Isolation and character-
ization of fungal endophytes isolated from medicinal plant
Ephedra pachyclada as plant growth-promoting. Biomolecules.
11(2):140. doi:10.3390/biom11020140.

Khan AL, Hamayun M, Kang SM, Kim YH, Jung HY, Lee JH, Lee 1J.
2012. Endophytic fungal association via gibberellins and
indole acetic acid can improve plant growth under abiotic
stress: an example of Paecilomyces formosus LHL10. BMC
Microbiol. 12:1-14. doi:10.1186/1471-2180-12-3.

Khan AL, Lee IJ. 2013. Endophytic Penicillium funiculosum
LHLO6 secretes gibberellin that reprograms Glycine max
L. growth during copper stress. BMC Plant Biol. 13:86.
doi:10.1186/1471-2229-13-86.

Kumar S, Kaushik N. 2013. Endophytic fungi isolated from
oil-seed crop Jatropha curcas produces oil and exhibit anti-
fungal activity. Plos One. 8:56202. doi:10.1371/journal.
pone.0056202.

Kusari S, Spiteller M. 2012. Metabolomics of endophytic fungi
producing associated plant secondary metabolites: pro-
gress, challenges and opportunities. In: Roessner U, editor.
Metabolomics (p. 241-266). London, United Kingdom:
IntechOpen

Maguire JD. 1962. Speeds of germination-aid selection and eva-
luation for seedling emergence and vigor. Crop Sci. 2:176-177.
doi:10.2135/cropsci1962.0011183X000200020033x.

Marra LM, Crfs S, Oliveira SM, Ferreira PAA, Soares BL,
Carvalho RF, Lima JM, Moreira FMS. 2012. Biological nitrogen
fixation and phosphate solubilization by bactéria isolated
from tropicals soils. Plant Soil. 357:289. doi:10.1007/s11104-
012-1157-z.

McGovern RJ. 2015. Management of tomato diseases caused
by Fusarium oxysporum. Crop Prot. 73:78-92. doi:10.1016/j.
cropro.2015.02.021.

MYCOLOGY (&) 269

Mercado-Blanco J, Lugtenberg B. 2014. Biotechnological appli-
cations of bacterial endophytes. Current Biotechnol. 3:60-75.
doi:10.2174/22115501113026660038.

Mo Y, Wang Y, Yang R, Zheng J, Liu C, Li H, Ma J, Zhang Y, Wie C,
Zhang X. 2016. Regulation of plant growth, photosynthesis,
antioxidation and osmosis by an arbuscular mycorrhizal
fungus in watermelon seedlings under well-watered and
drought conditions. Front Plant Sci. 7:644. doi:10.3389/
fpls.2016.00644.

Murali M, Sudisha J, Amruthesh KN, Ito SI, Shekar SH. 2013.
Rhizosphere fungus Penicillium chrysogenum promotes
growth and induces defence-related genes and downy mil-
dew disease resistance in pearl millet. Plant Biol. 15:111-118.
doi:10.1111/j.1438-8677.2012.00617 x.

Mwangi MW, Monda EO, Okoth SA, Jefwa JM. 2011. Inoculation
of tomato seedlings with Trichoderma harzianum and arbus-
cular mycorrhizal fungi and their effect on growth and con-
trol of wilt in tomato seedlings. Braz J Microbiol.
42:508-5013. doi:10.1590/51517-83822011000200015.

Nagaraju A, Sudisha J, Murthy MS, Ito SI. 2012. Seed priming
with Trichoderma harzianum isolates enhances plant growth
and induces resistance against Plasmopara halstedii, an inci-
tant of sunflower downy mildew disease. Australas J Plant
Pathol. 41:609-620. doi:10.1007/s13313-012-0165-z.

Nopparat C, Jatupornpipat M, Rittiboon A. 2009. Optimization
of the phosphate-solubilizing fungus, Aspergillus japonicus
sa22p3406, in solid-state cultivation by response surface
methodology. Kasetsart J (Nat Sci). 43:172-181.

Nylander JAA. 2004. MrModeltest v2. Program distributed by
the author. Vigo, Spain: Uppsala University, Evolutionary
Biology Centre.

Oliveira JAS, Polli AD, Polonio JC, Orlandelli RC, Conte H,
Azevedo JL, Pamphile JA. 2020. Bioprospection and mole-
cular phylogeny of culturable endophytic fungi associated
with yellow passion fruit. Acta Sci Biol Sci. 42(1):e48321.
doi:10.4025/actascibiolsci.v42i1.48321.

Orlandelli RC, Alberto RN, Almeida TT, Azevedo JL, Pamphile JA.
2012. In vitro antibacterial activity of crude extracts pro-
duced by endophytic fungi isolated from Piper hispidum
Sw. J App Pharm Sci. 2:137.

Pamphile JA, Azevedo JL. 2002. Molecular characterization of
endophytic strains of Fusarium verticillioides (= Fusarium
moniliforme) from maize (Zea mays. L). World J Microbiol
Biotechnol. 18:391-396. doi:10.1023/A:1015507008786.

Rambaut A 2009. FigTree v1. 3.1: tree figure drawing tool.
[Accessed 2021 Mar 20]. http://tree.bio.ed.ac.uk/software/
figtree

Rashid S, Charles TC, Glick BR. 2012. Isolation and characteriza-
tion of new plant growth promoting bacterial endophytes.
Appl Soil Ecol. 61:217-224. doi:10.1016/j.aps0il.2011.09.011.

Ribeiro AS, Polli AD, Oliveira A, Oliveira JAS, Emmer A, Alves LH,
Pereira OCN, Pamphile (In Memorian) JA. 2021. Ornamental
plant Pachystachys lutea as a source of promising endophytes
for plant growth and phytoprotective activity. Acta Sci Biol
Sci. 43(1):e51737. doi:10.4025/actascibiolsci.v43i1.51737.


https://doi.org/10.1016/j.funeco.2015.04.001
https://doi.org/10.3389/fmicb.2017.00686
https://doi.org/10.1016/j.cell.2016.02.028
https://doi.org/10.1093/bib/bbx108
https://doi.org/10.3390/biom11020140
https://doi.org/10.1186/1471-2180-12-3
https://doi.org/10.1186/1471-2229-13-86
https://doi.org/10.1371/journal.pone.0056202
https://doi.org/10.1371/journal.pone.0056202
https://doi.org/10.2135/cropsci1962.0011183X000200020033x
https://doi.org/10.1007/s11104-012-1157-z
https://doi.org/10.1007/s11104-012-1157-z
https://doi.org/10.1016/j.cropro.2015.02.021
https://doi.org/10.1016/j.cropro.2015.02.021
https://doi.org/10.2174/22115501113026660038
https://doi.org/10.3389/fpls.2016.00644
https://doi.org/10.3389/fpls.2016.00644
https://doi.org/10.1111/j.1438-8677.2012.00617.x
https://doi.org/10.1590/S1517-83822011000200015
https://doi.org/10.1007/s13313-012-0165-z
https://doi.org/10.4025/actascibiolsci.v42i1.48321
https://doi.org/10.1023/A:1015507008786
http://tree.bio.ed.ac.uk/software/figtree
http://tree.bio.ed.ac.uk/software/figtree
https://doi.org/10.1016/j.apsoil.2011.09.011
https://doi.org/10.4025/actascibiolsci.v43i1.51737

270 e S. D.S. SANTOS ET AL.

Ripa FA, W-d C, Tong S, J-g S. 2019. Assessment of plant growth
promoting and abiotic stress tolerance properties of wheat
endophytic fungi. 2019. BioMed Res Int. 3:1-12. doi:10.1155/
2019/6105865.

Rocha ACS, Garcia D, Uetanabaro APT, Carneiro RTO, Araujo IS,
Mattos CRR, Goes-Neto A. 2011. Foliar endophytic fungi from
Hevea brasiliensis and their antagonism on Microcyclus ulei.
Fungal Divers. 47:75-84. doi:10.1007/513225-010-0044-2.

Ronquist F, Teslenko M, Van Der Mark P, Ayres DL, Darling A,
Hohna S, Huelsenbeck JP, Liu L, Suchard MA, Huelsenbeck JP.
2012. MrBayes 3.2: efficient Bayesian phylogenetic inference
and model choice across a large model space. Syst Biol. 61
(3):539-542. doi:10.1093/sysbio/sys029.

Santos JRM. 1997. Methodology for screening tomato for
Fusarium wilt, Verticillium wilt, gray leaf spot, early blight
and Septoria leaf blight Maciel, GA, Lopes, GMB, Hayward, C,
Mariano, RRL, Maranhao, EA de A eds . In: International
symposium on tropical tomato disease. Recife (ASHS): IPA;
p. 164-166.

(2020). Multilocus sequence analysis of endophytic fungi from
Justicia brandegeana with the culture-dependent method
and their bioprospection for health field. South African
Journal of Botany, 134:359-368. doi:10.1016/j.5ajb.2020.05.007.

Suryanarayanan TS, Rajulu GMB, Vidal S. 2018. Biological con-
trol through fungal endophytes: gaps in knowledge hinder-
ing success. Current Biotechnol. 7:185-198. doi:10.2174/
2211550105666160504130322.

Syamsia S, Idhan A, Firmansyah AP, Noerfitryani N, Rahim |,
Kesaulya H, Armus R. 2021. Combination on endophytic
fungal as the plant growth-promoting fungi (PGPF) on
cucumber (Cucumis sativus). Biodiversitas. 22(3):1194-1202.
doi:10.13057/biodiv/d220315.

Vandenkoornhuyse P, Quaiser A, Duhamel M, Van AL, Dufresne A.
2015. The importance of the microbiome of the plant holobiont.
New Phytol. 206:1196-1206. doi:10.1111/nph.13312.

Yadav J, Verma JP, Tiwari KN. 2011. Plant growth promoting
activities of fungi and their effect on chickpea plant growth.
Asian J Biol Life Sci. 4:2291-299. d0i:10.3923/ajbs.2011.291.299.


https://doi.org/10.1155/2019/6105865
https://doi.org/10.1155/2019/6105865
https://doi.org/10.1007/s13225-010-0044-2
https://doi.org/10.1093/sysbio/sys029
https://doi.org/10.1016/j.sajb.2020.05.007
https://doi.org/10.2174/2211550105666160504130322
https://doi.org/10.2174/2211550105666160504130322
https://doi.org/10.13057/biodiv/d220315
https://doi.org/10.1111/nph.13312
https://doi.org/10.3923/ajbs.2011.291.299

	Abstract
	Introduction
	Materials and methods
	Fungal strains
	Screening of endophytic fungi with F. oxysporum inhibitory activity in dual culture
	Taxonomic identification of endophytes based on multilocus sequence analysis (MLSA)
	In vitro F. oxysporum inhibitory activity of crude metabolic extracts produced by endophytes
	Evaluation of phosphate solubilisation capacity
	Evaluation of effects of pH on mycelial growth
	IAA production by endophytes
	Evaluation of growth-promoting effects and Fusarium inhibitory activity of endophytes on tomato plants
	Assessment of germination percentage, speed of seedling emergence, and final pH
	Measurement of disease severity of the tomato plants infected with F. oxysporum
	Evaluation of biometric parameters
	Statistical analyses

	Results
	Multigene molecular identification of endophytes selected in dual culture test
	In vitro anti-Fusarium activity of endophytes and their crude metabolic extracts
	Phosphate solubilisation, growth under different pH values, and IAA production
	Growth-promoting effects of endophytes on tomato plants and wilt suppression

	Discussion
	Conclusions
	Acknowledgements
	Disclosure statement
	Funding
	ORCID
	References

