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Fungal endophytes were isolated from the leaves of soybean
cultivars in Brazil using two different isolation techniques —
fragment plating and the innovative dilution-to-extinction
culturing - to increase the species richness, frequency of
isolates and diversity. A total of 241 morphospecies were
obtained corresponding to 62 taxa that were identified by
analysis of the internal transcribed spacer (ITS) of the ribo-
somal DNA (rDNA). The Phylum Ascomycota predomi-
nated, representing 99% and 95.2% of isolates in the Monsoy
and Conquista cultivars, respectively, whereas the Phylum
Basidiomycota represented 1% and 4.8% of isolates, respecti-
vely. The genera Ampelomyces, Annulohypoxylon, Guignardia,
Leptospora, Magnaporthe, Ophiognomonia, Paraconiothyrium,
Phaeosphaeriopsis, Rhodotorula, Sporobolomyces, and Xylaria
for the first time were isolated from soybean; this suggests
that soybean harbours novel and highly diverse fungi. The
yeasts genera Rhodotorula and Sporobolomyces (subphylum
Pucciniomycotina) represent the Phylum Basidiomycota.
The species richness was greater when both isolation tech-
niques were used. The diversity of fungal endophytes was
similar in both cultivars when the same isolation technique
was used except for Hill’s index, N;. The use of ITS region
sequences allowed the isolates to be grouped according to
Order, Class and Phylum. Ampelomyces, Chaetomium, and
Phoma glomerata are endophytic species that may play po-
tential roles in the biological control of soybean pathogens.
This study is one of the first to apply extinction-culturing to
isolate fungal endophytes in plant leaves, thus contributing
to the development and improvement of this technique for
future studies.
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Introduction

The term “endophyte” was first introduced by De Bary (1866).
However, the notion of fungal endophytes as it is most
widely used at present was formulated by Petrini (1991),
who defined these fungi as microorganisms that at some
phase of their lifecycle colonize the internal part of a plant
and do not cause disease symptoms. More definitions of
the term “endophyte” have been commented by Hyde and
Soytong (2008).

Fungal endophytes are ubiquitous organisms and, thus,
may be found in a wide range of plant species inhabiting the
leaves, petioles, reproductive structures, branches, barks and
roots (Faeth and Fagan, 2002; Rodriguez et al., 2009). Among
the plant species inhabited by fungal endophytes, some are of
economic interest, including corn (Fisher et al., 1992; Orole
and Adejumo, 2011), coffee (Santamaria and Bayman, 2005;
Vega et al., 2010), wheat (Larran et al., 2002a, 2007), and
soybean (Pimentel et al., 2006). In addition to plants that
are valuable in agriculture, arboreal plant species (Arnold
et al., 2003; Arnold and Lutzoni, 2007), the palm family
(Frohlich et al., 2000; Pinruan et al., 2010) and grasses
(Tanaka et al., 2012), as well as pteridophytes (Fisher, 1996;
Zubek et al., 2010), algae (Zhang et al., 2009b), mosses
(U'Ren et al., 2010), and lichens (Li et al, 2007) have all
been reported to harbor fungal endophytes. Most of the fun-
gal endophytes that have been characterized belong to the
Phylum Ascomycota and its anamorphs, whereas very few
studies identified members of the Phylum Basidiomycota as
endophytic (Arnold, 2008; Hyde and Soytong, 2008; Run-
gjindamai et al., 2008; Pinruan et al., 2010; Rivera-Orduna
etal., 2011).

The soybean (Glycine max (L.) Merril) is one of the most
widely grown leguminous crops worldwide due to the high
oil and protein content of its grain. It is used in human and
animal nutrition and in the production of biodiesel, disin-
fectants, lubricants, soap, and cosmetics, among other uses
(Sediyama, 2009). Periodically, the CONAB - Companhia
Nacional de Abastecimento [National Company of Food
and Supply], conducts surveys of agricultural crops in or-
der to quantify and monitor the Brazilian production. In
the 2010/2011 harvest, Brazil was the second-largest pro-
ducer of soybeans in the world with 75 million tons corre-
sponding to 28% of the world production and resulting in
net exports of 17.1 billion dollars. However, soybean pro-
duction is threatened by several diseases that cause im-
portant losses to farmers (Embrapa, 2011). One strategy to
increase sustainability in the production of various agriculture
crops is to employ alternative measures for disease control,
mainly biological control and the induction of resistance in



hosts against pathogens (El-Ghaouth, 1997; Guetsky et al.,
2001; Martin, 2003; Nunes, 2012). In this regard, the role of
tungal endophytes has proven to be significant, prompting
increasing interest in the study of these organisms in recent
years as an alternative means of disease control (Arnold et
al., 2003; Dingle and Mcgee, 2003; Bailey et al., 2008; Cao
et al., 2009; Ownley et al., 2010).

From this perspective several studies have pointed to the
potential use of fungal endophytes in the biological control
of diseases (Almeida et al., 2007; Vazquez-Garciduenas et al.,
1998; Hanada et al., 2008; Cao et al., 2009) and pests (Carrol,
1988; Azevedo et al., 2000; Zhang et al., 2009a), in the in-
duction of resistance in the host plant (Arnold et al., 2003;
Dingle and Mcgee, 2003) and in the promotion of plant
growth (Maccheroni Jr and Azevedo, 1998; Sirrenberg et al.,
2007; Hamayun et al., 2009). In addition to these uses, ad-
ditional studies have demonstrated the importance of fungal
endophytes in increasing the tolerance to drought-induced
stress (Elbersen and West, 1996; Bayat et al., 2009) and to
heat in grasses (Redman et al., 2002; Marquez et al., 2007),
in the production of antioxidant compounds (Schulz and
Boyle, 2005; White Jr and Torres, 2010) and, mainly, as ex-
cellent producers of secondary metabolites of interest to
the pharmaceutical industry (Stierle et al., 1993; Strobel,
2003; Zhang et al., 2006; Suryanarayanan et al., 2009).

The diversity of fungal endophytes species isolated from
the leaves of the same host varies significantly, and most of
this variation is due to the different isolation techniques
employed by each study (Hyde and Soytong, 2008). One of
the most common techniques used to study the diversity of
fungal endophytes is isolation using fragmented host tis-
sues (Hata et al., 2002; Wang et al., 2007; Rakotoniriana et
al., 2008; Joshee et al., 2009). However, the species richness
obtained with this technique is affected by the size of the
leaf fragments and the continuous surface of Petri dishes
because both are factors that simultaneously facilitate the
superposition of colonies and favor the isolation of the
dominant and fast-growing species (Gamboa et al., 2002;
Rakotoniriana et al., 2008).

Extinction culturing technique exploits the fact that cul-
turable species diversity increases as inoculum density de-
creases (Collado et al., 2007). The use of particle filtration
associated with extinction culturing technique was adapted
by Unterseher and Schnittler (2009) to isolate endophytic
fungi. This technique employs multiwell plates with divided
surfaces for cultivation that thereby decrease the interaction
among colonies and consequently favor the isolation of slow-
growing and rare (low occurrence) fungal species based on
the extinction principle, while, at the same time, allows the
isolation of ubiquitous and dominant taxa (Stone et al.,
2004).

In the specific instance of soybean fungal endophytes, some
studies have sought to identify and study the diversity of
these microorganisms in the main soybean producing coun-
tries. One of the first studies that attempted to isolate and
identify fungal endophytes in soybean leaves was performed
in the United States (Miller and Roy, 1982), followed by
similar studies in Argentina (Larran et al., 2002b) and Brazil
(Pimentel et al., 2006). However, in all such studies were
used exclusively fragment plating and quantified diversity
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in only one soybean cultivar or at only one developmental
stage.

Among soybean cultivars, Conquista (MG/BR-46) is the
most widely grown in Brazil due to its capacity to adapt to
conditions that are unfavorable for other crops; it grows in
low, medium or even high fertility soils (Sediyama, 2009;
Embrapa, 2011). Cultivar Monsoy (M-SOY 6101), on the
other hand, has a long sowing period and an excellent ability
to adapt to climatic variations (Sediyama, 2009; Embrapa,
2011). To date, no study has been performed on the effect
of soybean cultivars on the diversity of fungal endophytes.

Therefore, the aim of the present study was to isolate and
identify fungal endophytes in the leaves of the soybean cul-
tivars Conquista and Monsoy using two different isolation
techniques, namely, fragment plating and the innovative
extinction culturing technique, to establish the species rich-
ness and the frequency of isolates and to compare the diver-
sity of fungal endophytes between the two cultivars using
the same isolation technique.

Materials and Methods

Place of collection and processing of the plant material

Healthy leaf samples of the cultivars Conquista and Monsoy
(M-SOY 6101) were collected from plants under field con-
ditions between April and May 2010. The collection was
performed at the Agronomy Experimental Field (20°45'59.8"
South and 42°52'10.2” West, altitude above sea level: 631 m)
located at the Federal University of Vigosa, Vigosa, Minas
Gerais, Brazil.

A total of 40 plants from each cultivar that were randomly
distributed in an experimental field were sampled (Arnold
et al., 2003). These plants were at the reproductive stage R2
(full bloom) and were under the same edaphoclimatic con-
ditions. The number, age and size of these plants leaves were
considered in the sampling process to ensure a reliable rep-
resentation of the results (Lodge et al., 1996; Gamboa et al.,
2002). Next, the samples were stored in plastic bags, im-
mersed in ice (Stone et al., 2004) and transported for im-
mediate processing at the Laboratory of Microorganism
Molecular Genetics located at the Institute of Microbiology
Applied to Agriculture and Livestock Raising (BIOAGRO),
Federal University of Vicosa, Vi¢osa, Minas Gerais, Brazil.

The samples were rinsed with tap water for 10 min to re-
move soil residues and dust. Next, they were immersed in a
70% ethanol solution containing two drops of Tween 80/100
ml. The leaves were then placed in a sodium hypochlorite
(NaOCl) solution containing 2-2.5% active chlorine (com-
mercial bleach brand Q-Boa) for 3.5 min and washed three
times in sterile saline (NaCl 0.85% w/v) for 2 min per wash-
ing to remove the chlorine residue (Petrini, 1991).

After disinfection, the leaves were cut into approximately
0.25 cm” fragments. The resulting leaf fragments were used
to test the efficiency of surface disinfection by pressing the
adaxial side of leaves against the isolation medium (Schulz
et al., 1998). The Petri dishes were kept for 10 days at 22°C+
2°C and a 12 h photoperiod, upon which no growth of fun-
gal colonies was observed during the period assessed. The
time of exposure to and concentration of the sodium hypo-
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chlorite in contact with the leaves were tested to determine
the optimal conditions for kill saprophytic and epiphytic,
but keep alive the endophytic fungi (Pereira, 1993; Suryan-
arayanan et al., 2005). In addition, aliquots of the final rinse
water of the leaf fragments were also plated as a comple-
mentary test of surface disinfection (Pereira, 1993).

The remaining leaves were placed in 90 mm diameter Petri
dishes for isolation purposes. Half of each cultivar’s leaves
were used for isolation by fragment plating and the other half
were used for particle filtration and extinction culturing.

Isolation by fragment plating

For the isolation by fragment plating, approximately 20 leaves
previously subjected to surface disinfection were cut into
approximately 0.25 cm’ fragments. Next, approximately 240
leaf fragments were added to five multiwell plates (Greiner
Bio-One) instead of Petri dishes to reduce possible antago-
nistic effects. Each plate comprised 48 wells filled with 1 ml
YMC medium (10 g malt extract, 2 g yeast extract, 3 g agar,
and distilled water to reach 1 L) with a pH adjusted to 6.0
(Bills et al., 2004; Stone et al., 2004; Collado et al., 2007),
and the antibiotics tetracycline (50 mg/L) and streptomycin
(50 mg/L) were added to inhibit bacterial growth. Next, the
multiwell plates were kept for 16 days at 22°C+2°C and a
12 h photoperiod.

Particle filtration and extinction culturing

Twenty disinfected leaves were processed according to the
extinction culturing technique following the protocol de-
scribed by Paulus et al. (2003) and Collado et al. (2007) and
later adapted by Unterseher and Schnittler (2009, 2010) for
the isolation of fungal endophytes. The leaves were immersed
in 300 ml of a 0.85% (w/v) NaCl sterile solution and homo-
genized in a blender for approximately 60 sec at high speed.
The resulting particles were separated with three sieves of
500 um, 212 um, and 106 um in mesh size; the particles in
the size range of 107-211 um were retained and resuspended
in 20 ml of 0.85% (w/v) NaCl solution. The suspension was
centrifuged at 2200xg for 5 min at room temperature.

The supernatant was discarded, 15 ml of 0.1% (w/v) car-
boxymethyl cellulose (CMC) were added and the suspen-
sion was centrifuged again at 2200xg for 15 min at room
temperature. The supernatant was discarded and an addi-
tional 20 ml of 0.1% (w/v) CMC was added. The final sus-
pension served as a 1x concentration of leaf particles and
was the base for dilution in 0.1% (w/v) CMC to achieve a
concentration of 1:2x. Thus, the concentrations of leaf par-
ticles used were 1x and 1:2x.

The concentrations of leaf particles used were previously
determined by plating analysis with several particles con-
centrations (1x, 1:2x, 1:4x, 1:8%, 1:16X, and 1:64x) accord-
ing to Collado et al. (2007).

The 40 pl volume of each 1x and 1:2x concentration was
inoculated into the wells of 10 plates (five multiwell plates
for each concentration), which were kept opens in a lami-
nar-flow for 60 min before closing the lid to allow the evap-
oration of excess water from the wells. Next, the plates were
closed and kept for four weeks at 22°C+2°C with a 12 h
photoperiod.

Morphologic characterization of fungal endophytes

After the initial morphologic assessment of the fungal col-
onies inside the multiwell plates, the colonies were trans-
ferred to Petri dishes containing YMC medium supplemented
with antibiotics and subjected to monosporic purification.
Determination of the morphological species (morphospecies)
of the colonies was performed based of fungal growth rate,
colony shape, coloration and the effects on the culture me-
dium (Lacap et al., 2003). Then, the fungal colonies were al-
lowed to grow in YMC medium without added antibiotics.
As soon as the fungus has grown over the whole plate were
added circles of filter papers and milk (10% w/v). Using a
sterile forceps, mycelium and conidia were removed togeth-
er with the filter papers and stored in sterile glass bottles
containing silica gel. The glass bottles were kept at 4°C+2°C
in the Laboratory of Microorganism Molecular Genetics.

DNA extraction, amplification, and sequencing of the rDNA
ITS region

The fungal isolates were re-inoculated in YMC medium
without added antibiotics and allowed to grow for seven
days at 22°C+2°C with a 12 h photoperiod; next, approx-
imately 200 mg of mycelia was collected, and the DNA was
extracted using the UltraClean DNA Microbial Isolation
Kit (MO BIO Laboratories).

For the molecular identification of fungal endophytes iso-
lates, the primers ITSIF (5-CTTGGTCATTTAGAGGAA
GTAA-3") (Gardes and Bruns, 1993) and ITS4 (5'-TCCTC
CGCTTATTGATATGC-3") (White et al., 1990) were used,
and the fragment corresponding to rDNA ITS region (ITS1-
5,8s-1TS2) was amplified by PCR using the thermocycler
Eppendorf Mastercycler (Eppendorf, Germany) programmed
to perform the initial denaturation at 95°C for 2 min fol-
lowed by 39 cycles at 95°C for 1 min, 50°C for 1 min and
72°C for 1 min, and a final elongation at 72°C for 7 min.
Amplification was performed for a 25 pl final volume con-
taining 5.0 ul of Colorless Go Taq® Flexi Buffer (5x) (Pro-
mega, USA); 2.5 pl of MgCl, (25 mM) (Promega); 1.0 ul of
dNTPs (2.5 mM of each ANTP); 1.0 ul of the primer ITS1F
(5 uM); 1.0 pl of the primer ITS4 (5 pM); 0.25 pl of the Go
Taq® DNA Polymerase (5 U/pl) (Promega), 5.0 pl of ge-
nomic DNA (1.75 ng/pl) and 9.25 pl of autoclaved ultrapure
water. After amplification, the PCR products were ana-
lyzed by electrophoresis in a 1.2% agarose gel.

The product of each PCR reaction (approximately 15 pl)
was purified using the Kit Wizard® SV Gel and PCR Clean-
Up System (Promega) and eluted to a final volume of 20 pl.
The purified products were sent for sequencing at the Bioa-
gro Genomic Laboratory. Samples were read in the automatic
96-capillary sequencer MegaBACETM 1000 (GE Healthcare);
each strand of the amplification products was sequenced
with the primers employed in the initial amplification. The
products of the sequencing of both DNA strands were con-
tiguously grouped, aligned and manually corrected using the
software Sequencher version 4.7 (Genecodes Corporation,
USA).

The nucleotide sequences obtained from the fungal iso-
lates were identified by comparison against the GenBank
database using a local alignment algorithm for nucleotide
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Table 1. Number of fungal isolates from two soybean cultivars using two isolation techniques and the total isolates using both techniques

Monsoy Conquista
Fragment Extinction Fragment Extinction

Species or Genera Monsoy Total Conquista Total

1 0
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Alternaria alternata
Alternaria arborescens
Alternaria dauci
Alternaria macrospora
Alternaria solani
Alternaria sp.
Ampelomyces sp.
Annulohypoxylon stygium
Arthrinium phaeospermum
Cercospora zebrinae
Chaetomium sp.
Cladosporium cladosporioides
Cladosporium colocasiae
Cochliobolus bicolor
Cochliobolus sp.
Cochliobolus lunatus
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Cochliobolus sativus
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Colletotrichum boninense
Colletotrichum capsici
Colletotrichum fragariae
Colletotrichum gloeosporioides 1
Colletotrichum gloeosporioides 2
Colletotrichum gloeosporioides 3
Colletotrichum lupini
Colletotrichum truncatum
Curvularia oryzae

Davidiella tassiana
Diaporthe helianthi
Diaporthe phaseolorum
Didymella bryoniae
Epicoccum nigrum

Eutypella scoparia

Fungal endophyte

Fusarium equiseti

Fusarium proliferatum
Gibberella moniliformes
Guignardia mangiferae
Guignardia vaccinii
Leptospora rubella
Magnaporthe grisea
Myrothecium gramineum
Myrothecium inundatum
Myrothecium sp.

Nectria mauritiicola
Neofusicoccum sp.
Nigrospora sphaerica
Ophiognomonia sp.
Paraconiothyrium brasiliense
Paraconiothyrium variabile
Phaeosphaeriopsis sp. 1
Phaeosphaeriopsis sp. 2
Phoma glomerata

Phoma herbarum 1
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Phoma herbarum 2
Phoma sp.

Phomopsis sp.
Rhodotorula sp.
Sporobolomyces oryzicola
Stemphylium solani
Xylaria berteri

Xylaria ianthinovelutina
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sequences (BlastN) (Altschul et al., 1990). The database se-
quences that exhibited the highest identity, query and score
and the lowest e-values relative to the sequences obtained
in the present study allowed us to identify the fungi as be-
longing to a particular genus or species. The ITS region se-
quences obtained in the present study were deposited in
GenBank and the name of isolates and respective accession
numbers are listed in tables (Supplementary data Tables S1A
to S2B).

Fungal isolates were considered as belonging to a partic-
ular species after a comparison of their nucleotide sequences
(using BlastN algorithm) revealed an ITS region identity
above 95%. The cut-off value of 95% was selected on the
grounds of the studies by Nilsson et al. (2008), who reported
intraspecific variations in the ITS region of 1.96% (SD=3.73)
and 3.3% (SD=5.62) in the phyla Ascomycota and Basidio-
mycota, respectively. Other studies have also used the value
of 95% identity as cut-off in the ITS region for the identi-
fication of isolated species (Arnold and Lutzoni, 2007). How-
ever, same species isolates that exhibited sequence homology
below 95% were considered as different isolates (in calcu-
lating the diversity indexes) and were thus termed isolates
1, 2, 3, etc. while keeping the same name as that of the species
in the GenBank database with the highest scoring sequence.
This nomenclature was necessary because only the ITS re-
gion was used as a molecular parameter to identify isolates.

Phylogenetic analysis

Manual alignment of the nucleotide sequences of the rDNA
ITS region of fungal isolates of the cultivars Conquista and
Monsoy and of the reference sequences obtained from the
GenBank database was performed using the software Mega
5.0 (Kumar et al., 2008; Tamura et al., 2011). The sequences
were grouped by cultivar in performing the phylogenetic
analysis.

The phylogenetic trees were constructed by Neighbor
Joining (NJ) (Saitou and Nei, 1987), Maximum Parsimony
(MP) (Huelsenbeck and Crandall, 1997) and Maximum
Likelihood (ML) (Cavalli-Sforza and Edwards, 1967; Rogers
and Swofford, 1998; Goldman et al., 2000) methods. With
the exception of NJ, which was performed with the soft-
ware Mega 5.0, the phylogenetic trees were inferred with
the software Paup 4b10 (Swofford et al., 2001).

The software Modeltest 3.7 (Huelsenbeck and Crandall,
1997; Posada and Crandall, 1998) was used to establish the
model of DNA evolution that best fit the data for the ML
analysis. Next, a heuristic search using a tree bisection and
reconnection algorithm (TBR) was performed, which was
initialized with a NJ tree. This NJ tree was constructed using
Kimura’s two-parameter substitution and gamma distribu-
tion correction according to the ML model.

The MP tree was generated by a heuristic search initialized
by stepwise addition of the sequences. The TBR algorithm
was also employed to optimize this tree.

A nonparametric bootstrap test (Felsenstein, 1985) with
1,000 replications for each above mentioned method (NJ, MP,
and ML) was performed to estimate the robustness of each
internal branch of the trees because it provides statistical
support indicating the reliability of the data. The heuristic
algorithm NNI (nearest neighbor interchange) was used to

optimize the replications in MP and ML, and the bootstrap
values were included using the TBR algorithm.

A phylogenetic reconstruction using Bayesian Inference
(BI) (Yang and Rannala, 1997) was performed with the soft-
ware MrBayes 3.1 (Huelsenbeck and Ronquist, 2001) by
applying the same model used to find the tree in ML, but in
this case, it was selected using the software MrModeltest v2
(Nylander, 2004). Two independent runs with four Monte
Carlo Markov chains (MCMC) were performed for 10,000,000
generatlons, and the trees were sampled and retained at every
1,000™ generation. The first tree samples in this case, namely,
1,000,000 generation, were discarded in the burn-in phase,
and the remaining trees were summarized to generate a
majority rule consensus tree.

A tree was built using BI for each studied cultivar, and the
bootstrap values of the NJ, MP, and ML methods were added
to the corresponding trees in addition to a posteriori BI
probability values.

The tree branches with bootstrap or a posteriori proba-
bility values below 80% were omitted. The reason for this
approach is that values below 80% denote a low reliability
of data with poor statistical support (Harada et al., 1995).

Diversity indexes

The diversity of the fungal endophytes species was measured
using diversity indexes that use species richness and rela-
tive species abundance as parameters.

The diversity indexes used were the Shannon-Wiener in-
dex {H’= - ¥ [(ni/n) In (ni/n)]} and Slmpson s diversity in-
dex {1- [D = (ni/n)?]}, Hill’s index N = e'”, where ni is the
number of different species (i), (n) is the abundance of each
species in the community and H’ is the Shannon-Wiener
index (Hill, 1973). The equitability of the Shannon-Wiener
index was calculated by ’= H’/H’max, where H’ is the Shan-
non-Wiener index and H’max is the maximum diversity
value for the number of species resulting from the In of the
ni value.

The Shannon-Wiener index assesses species richness and
relative species abundance. It varies from 0 in communities
with only one species to high values in communities with
many species, which comprise a few individuals each. Hill’s
index (N;) is an equity index, and it expresses the diversity
of a community on a uniform scale (Hill, 1973).

Simpson’s diversity index estimates the probability that two
randomly selected individuals in a community belong to
different species (Simpson, 1949).

Species equitability varies between 0 and 1 and reflects the
contribution of individuals to the community, with 1 rep-
resenting maximum equitability, i.e., when the proportion
of all species is similar.

The frequency of isolation (FI) of the fungal endophytes
was also calculated (FI=Ni/N; X 100), where N; is the num-
ber of wells in the multiwell plates containing leaf frag-
ments or particles colonized by fungal endophytes and N is
the total number of assessed wells containing leaf fragments
or particles.

A 95% confidence interval of the diversity indexes found
was calculated using the lower and upper limits (Lm=di-
versity index value+1.96 X standard error); the standard
error was calculated after 1,000 bootstrap replications. The



analysis of diversity indexes and calculations of the standard
error were performed with the software R, version 2.14.1
(R Development Core Team, 2011).

Results

Fungal diversity

From 432 colony-forming units (CFUs) obtained by frag-
ment plating and 110 CFUs with concentrations 1x and
1:2x of extinction culturing, 241 different morphospecies
were analyzed and identified at the level of the genus or
specie (taxa) using the GenBank BlastN tool; 146 individual
morphospecies corresponded to the cultivar Conquista and
95 to Monsoy.

The FI of the fungal endophytes using fragment plating
was 90% for both cultivars. Using extinction culturing, the
FI was 22.8% in the cultivar Monsoy and 25% in Conquista.

Among the identified isolates, 48 different taxa were iden-
tified that were associated with the cultivar Conquista and
33 with Monsoy. Considering both cultivars together, a total
of 62 different taxa were distinguished (Table 1).

The Phylum Ascomycota was represented in this study by
the Class Dothideomycetes (Orders: Botryosphaeriales, Cap-
nodiales, and Pleosporales) and by the Class Sordariomycetes
(Orders: Diaporthales, Hypocreales, Magnaporthales, Sor-
dariales, Trichosphaeriales, and Xylariales). Dothideomycetes
and Sordariomycetes comprised to 31.5% and 67.3%, res-
pectively, of the isolates obtained in the cultivar Monsoy
and 29.4% and 65% in the cultivar Conquista, respectively.
The Phylum Basidiomycota, represented by isolates of the
subphylum Pucciniomycotina (Class: Uredioniomycetes
and Order: Sporidiales), comprised 1% and 4.8% of the iso-
lates from the cultivars Monsoy and Conquista, respectively
(Supplementary data Table S3A).

The three most frequent genera isolated from the cultivar
Monsoy were Colletotrichum (46.3%), Cochliobolus (9.5%),
and Fusarium (6.3%). In the cultivar Conquista, the genus
Colletotrichum was also the most abundant (42%), followed
by Xylaria (8.2%) and Cochliobolus (7.5%). The remaining
genera were rarely isolated, with frequencies varying between
0% and 6% according to the investigated cultivar. With re-
gard to the 62 identified taxa, the distribution of isolates re-
vealed that both common and rare taxa occur (Fig. 1).

There was no difference in the lower (left side) and upper
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Fig. 1. Number of isolates and their respective taxa from the soybean
cultivars Monsoy and Conquista. Only taxa exhibiting three or more iso-
lates in any of the investigated cultivars were included. Numbers 1 and 2
added to species Colletotrichum gloeosporioides allude to the distinction
between isolates that demonstrated less than 95% identity upon sequence
comparison; nevertheless, the species name was kept based on the data-
base sequence exhibiting the highest identity and score.

(right side) limits of the data (Lm;-Lm,) corresponding to
the Shannon-Wiener diversity index between the cultivars
Monsoy (2.64-3.08) and Conquista (3.03-3.43) using frag-
ment plating and the 95% confidence interval (Table 2). A
similar result was found between the cultivars Monsoy (1.73-
2.47) and Conquista (1.23-2.17) using extinction culturing,
thus demonstrating that the analyses were quite homoge-
neous with regard to the sampling and isolation procedures
in the two investigated cultivars.

The lower and upper limits of Hill’s index (N;) were higher
for the cultivar Conquista (20.94-29.84) compared to Monsoy
(14.37-20.57) using fragment plating. However, no differ-
ence was observed between the cultivars Conquista (3.31-
7.67) and Monsoy (5.83-10.61) when the extinction culture
and 95% confidence intervals were used (Table 2).

There was also no difference in the Simpson’s diversity
index between the investigated cultivars using either the
fragment plating (Monsoy = 0.06 - 0.10 and Conquista =
0.05 - 0.09) or the extinction culture (Monsoy = 0.06 - 0.26

Table 2. Number of morphospecies, equitability and lower and upper limits of diversity indexes using different isolation techniques for the cultivars

Monsoy and Conquista

Isolation technique Morpl(lrc:ip ccies Spec1es(ir)ichness (J}iqll}]l,t/ﬁ}lnigx) Shar(lIr}cy))n(-Iffr\;i le_rie;liur)ldex Hill's N, (Lmj-Lm,) (SIITDF;S&I;::II?;S
Fragment plating (M) 74 26 0.87 (2.64-3.08) (14.37-20.57)* (0.06-0.10)
Fragment plating (C) 116 42 0.86 (3.03-3.43) (20.94-29.84)* (0.05-0.10)
Extinction culturing (M) 21 11 0.87 (1.73-2.47) (5.83-10.61) (0.06-0.26)
Extinction culturing (C) 30 12 0.68 (1.23-2.17) (3.31-7.67) (0.16-0.52)
Monsoy Total 95 33 0.86 (2.82-3.22) (16.95-24.61) (0.05-0.09)
Congquista Total 146 48 0.81 (2.93-3.37) (19.05-27.83) (0.07-0.11)

The lower (left side) and upper limits (right side) of the diversity indexes (Lm-Lm,) exhibit 95% confidence intervals (Lm=index+1.96X standard error) with 1,000 bootstrap

replications for the standard error.
* Significant variation of data.
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and Conquista = 0.16 - 0.52) (Table 2).

The species equitability values for the cultivars Monsoy
(fragment plating = 0.87 and extinction culturing = 0.87) and

Congquista (fragment plating = 0.86) us

the Shannon-Wiener index were relatively high, i.e., close
to one. The one exception was the equitability value of the
cultivar Conquista when extinction culturing was used (0.68)

(Table 2).
The species richness (i) using fragment

cultivar Monsoy and 42 in Conquista. When the extinction

100/D00/100100.

culture was used, the i values for the cultivars Monsoy and

ing a fixed value for

Conquista were 11 and 12, respectively. The species rich-
ness was higher when both isolation techniques were used
(Monsoy = 33 and Conquista = 48).

Singleton fungal isolates were the main contributors to the
values for species richness in both investigated cultivars.
When the fragment technique was used, singletons com-

prised 12 out of the 26 species in the cultivar Monsoy and

plating was 26 in the
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21 out of the 42 in Conquista.
When the extinction culturing was used, singletons repre-

Fig. 2. Phylogenetic tree obtained
by Bayesian Inference (BI) using the
nucleotide sequence of the rDNA
ITS region of 53 isolates from the
cultivar Conquista and 45 fungi of
GenBank. Left to right, the numbers
next to each ancestral node represent
the bootstrap values using the NJ,
MP, and ML methods and the a pos-
teriori probability values (converted
to 100) using BI. Symbols represent
different Orders present in the tree:
(®) Sordariales, (W) Magnaporthales,
and (e) Indefinite Order. Bootstrap
and probability values below 80 as
represented by an interrupted line (-)
were not included in the tree. Tree-
Base accession number: 12687.



sented 7 out of the 11 species in the cultivar Monsoy and 9

out of the 12 in Conquista.

Phylogenetic analysis

In all phylogenetic trees that were constructed, the out-groups
used were the isolates belonging to the Phylum Basidiomycota
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because most isolates from the cultivars Monsoy (99%) and
Conquista (95.2%) belonged to the Phylum Ascomycota.
The number of informative sites in the nucleotide sequence
of the rDNA ITS region for the cultivar Monsoy in Maximum
Parsimony (MP) was 316.0, with a tree length = 1506, con-
sistency index = 0.4894, retention index = 0.8757, redimen-
sioned consistency index = 0.4758 and homoplasy index =

Phylum Fig. 3. Phylogenetic tree obtained
Basidiomycota by Bayesian Inference (BI) using the
— nucleotide sequence of the rDNA ITS

region of 38 isolates from the cultivar
Monsoy and 29 fungi of GenBank.
Left to right, the numbers next to each
ancestral node represent the bootstrap
values using the NJ, MP, and ML
methods and the a posteriori proba-
bility values (converted to 100) using
BI. Symbols represent different Orders
present in the tree: (3) Trichosphae-
riales and (W) Xylariales. Bootstrap
and probability values below 80 as
represented by an interrupted line

Dothideomycetes ~ (-) were not included in the tree.
— Phylum Ascomycota ~ TreeBase accession number: 12687.

Sordariomycetes
— Phylum Ascomycota

Order
Hypocreales
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0.5106. For the cultivar Conquista, the number of informa-
tive sites in MP was 320, with a tree length = 1977, consis-
tency index = 0.3940, retention index = 0.8640, redimen-
sioned consistency index = 0.3786 and homoplasy index =
0.6060.

The model selected for the Maximum Likelihood (ML)
for both of the investigated cultivars was SYM+I+G. The
proportion of invariable sites was 0.1586 in the cultivar
Monsoy and 0.1519 in the cultivar Conquista, and the
gamma distribution was 0.9362 and 0.8288, respectively.
The NJ tree was built by correcting its gamma distribution
based on the ML model.

The phylogenetic relationship of the endophytic isolates is
represented by the majority consensus tree produced by
Bayesian Inference (BI) for the cultivar Conquista (Fig. 2)
and Monsoy (Fig. 3). The values listed from left to right
next to each ancestral node respectively correspond to the
bootstrap values obtained with the NJ, MP, and ML methods
and of a posteriori probability (converted to 100) of most
trees in BI. Most of the fungal endophytes isolates found in
both of the investigated cultivars were grouped according
to their Order (when defined), Class and Phylum.

Figs. 2 and 3 show that, after separation of the out-groups
(species of the Phylum Basidiomycota), the species belong-
ing to the Phylum Ascomycota diverge with regard to Order
and Class. In Fig. 2, a first tree branch exhibiting robust sup-
port groups together fungal species belonging to the Order
Pleosporales from the Class Dothideomycetes. A second
tree branch with less support splits the fungal species be-
longing to the Class Dothideomycetes, represented by the
Order Capnodiales, from the species belonging to the Class
Sordariomycetes, represented by the Orders Diaporthales,
Hypocreales 1 and 2, Magnaporthales, Sordariales and Xyla-
riales. The organisms corresponding to the Order Hypocreales
1 and 2 were not grouped within the same Order, which
might be due to the fact that the ITS region was the only
region analyzed.

In Fig. 3, a first tree branch with robust support groups
together the species from the Order Pleosporales, which
belong to the Class Dothideomycetes. A second branch with
less support splits the fungal species from the Class Dothi-
deomycetes, represented by the Orders Capnodiales and
Botryosphaeriales, from the species belonging to the Class
Sordariomycetes, represented by the Orders Hypocreales,
Trichosphaeriales, and Xylariales. Some branches are not
statistically well supported (based on bootstrap or a poste-
riori probability values); however, the most recent common
ancestor of the species belonging to a same Order is well
supported (with some exceptions).

Discussion

The combination of the fragment plating and extinction
culturing isolation techniques seems to be the most appro-
priate in order to isolate fungal species with a greater rich-
ness as demonstrated by the present study. Alone, none of
these techniques were able to recover the total species rich-
ness realized in the cultivars Monsoy (33 species) and Con-
quista (48 species) (Table 2).

The isolation frequency of fungal endophytes using frag-
ment plating was 90% for both of the investigated cultivars.
This value indicates a density of endophytic colonization
corresponding to the values of 90-95% reported by Lodge
et al. (1996). However, values above 100% might sometimes
be found due, for instance, to multiple fungal infections of
the same leaf fragment.

However, the isolation frequency of fungal endophytes
using extinction culturing was 22.83% in the cultivar Monsoy
and 25% in Conquista, where singletons were the main con-
tributors to the values found. These values correspond to
the 20-30% range of total colonized wells proposed by
Collado et al. (2007) as the optimal frequency because this
range tends to favor the isolation of a more diverse com-
munity of fungal endophytes.

The present study represents one of the first to use ex-
tinction culturing to achieve fungal endophytes diversity.
However, although extinction culturing is the best technique
to derive most saprophytic fungi from Elaeocarpus dentatus
soil litter (Collado et al., 2007), further studies are clearly
needed to standardize this technique. According to Unter-
seher and Schnittler (2009), such studies should focus on the
modification of the culture medium (primary vs. selective
and rich vs. low nutrient media) because species richness
and relative species abundance are influenced by the type
of culture medium and, thus, also by the interpretation of
fungal endophytes biodiversity.

The use of multiwell plates associated with the extinction
culture technique is considered to be advantageous for sev-
eral reasons: 1) it requires only one single inspection to obtain
colonies at the end of the incubation period; 2) it allows for
the retention of colonies in small wells, thus extending the
incubation time and, consequently, revealing slow-growing
species; 3) it is time-saving because one single plate with
several colonies permits rapid observation and facilitates
the selection of morphospecies; and 4) it is more affordable
because 1.0 L of culture medium is sufficient to fill approx-
imately 20 multiwell plates (Unterseher and Schnittler, 2009).

A further advantage of using multiwell plates is the preven-
tion of cross-contamination by fast-growing fungi. However,
to avoid cross-contamination, the incubation time should
be shorter or compounds such as cyclosporine A, dicloran
or Rose Bengal must be used to retard the growth of fungi
(Bills et al., 2004; Collado et al., 2007). The use of multiwell
plates instead of conventional Petri dishes also reduces the
expense of culture media in the fragment plating technique,
whereas the retention of colonies in wells avoids cross-
contamination.

The use of substances that retard fungal growth repre-
sents an alternative way to optimize the extinction culturing
technique. However, the use of inhibitors might not only
retard fungal growth but also select rare species and omit
the dominant ones (Arnold and Lutzoni, 2007; Arnold, 2008).

Among the genera isolated, Ampelomyces, Annulohypoxy-
lon, Guignardia, Leptospora, Magnaporthe, Ophiognomonia,
Paraconiothyrium, Phaeosphaeriopsis, Rhodotorula, Sporo-
bolomyces, and Xylaria have never before been reported to
occur endophytically in soybean leaves, stalks or seeds. The
remaining isolated genera, however, were previously re-
ported by studies that exclusively used the fragment plating



technique for isolation (Miller and Roy, 1982; Sinclair, 1991;
Roy et al., 2001; Larran et al., 2002b; Pimentel et al., 2006).

An interesting feature is the relative isolation of the same
taxa in both cultivars. This finding confirms that preferential
host colonization is much more common than is exclusivity
or specificity in the fungal colonization of hosts (Lodge et
al., 1996; Zhou and Hyde, 2001).

The findings of the present study corroborate those of
Arnold and Lutzoni (2007) because the Classes Dothideo-
mycetes and Sordariomycetes from the Phylum Ascomycota
were the most abundant. According to those authors, such
Classes comprise more than 75% of the fungal endophytes
found in environments ranging from the arctic to the tropics,
although the relative abundance compared to other Classes
varies as a function of the latitude.

Fungal endophytes isolated in this study may also include
epiphytic components because the endophytic community
may include species classified as epiphytic such as Alternaria
alternata, Cladosporium cladosporioides, and Epicoccum pur-
purascens, among others, that enter the foliar tissue facul-
tatively during senescence (Petrini, 1991; Larran, 2002b).

In both investigated cultivars, the dominant endophytic
genus was Colletotrichum, followed by Cochliobolus and
Fusarium in Monsoy and Xylaria and Cochliobolus in
Congquista. The dominance of such genera is well supported
by many studies in which the genera of fungal endophytes
found in tropical plants were Colletotrichum, Xylaria, and
Fusarium (Arnold and Lutzoni, 2007), which typically grow
rapidly and competitively in non-selective or plant-based
media as was the case with the YMC used in our study.

The genera Rhodothorula and Sporobolomyces from the
subphylum Pucciniomycotina (Phylum Basidiomycota) were
isolated for the first time as endophytic in the soybean.
Although not frequent, some members of the Phylum Basi-
diomycota belonging to the subphyla Agaricomycotina,
Puccioniomycotina and Ustilaginomycotina have also been
reported to be endophytic (Arnold, 2008; Hyde and Soy-
tong, 2008; Rungjindamai et al., 2008; Pinruan et al., 2010;
Sakayaroj et al., 2010; Rivera-Orduna et al., 2011).

The diversity of fungal endophytes community isolated
from leaves of the cultivars Monsoy and Conquista did not
vary according to the Shannon-Wiener index (H’) regard-
less of whether fragment plating or extinction culturing was
used (Table 2). These results were unexpected because our
working hypothesis anticipated that the use of two different
soybean cultivars would be the main factor affecting the di-
versity of fungal endophytes, particularly as measured by
the Shannon-Wiener index. Thus, it may be stated that the
use of different soybean cultivars does not affect the diver-
sity of fungal endophytes community when they are isolated
from plants grown under the same edaphoclimatic condi-
tions.

According to Gazis and Chaverri (2010), the values of the
Shannon-Wiener index usually range between 1.5 and 3.5,
where 1.5 represents low and 3.5 represents high diversity.
The values in the present study ranged from low (Conquista
in extinction culture: 1.23-2.17) to high diversity (Conquista
in fragment plating: 3.03-3.43).

The Simpson’s diversity index estimates the probability
that two randomly selected individuals from a community
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belong to different species (Simpson, 1949). However, the
values found for Simpson’s index in the present study (Table
2) clearly demonstrate no variation in the probability that
the obtained isolates belong to different species using either
fragment plating or extinction culture upon comparison of
the investigated cultivars.

Hill’s index (N;) expresses the community diversity on a
uniform scale (Hill, 1973). It tends to favor the presence of
rare species for which the values directly affect the species
richness. Therefore, the higher value found in the cultivar
Congquista using the fragment plating allowed us to docu-
ment a significant difference in Hill’s index (N;) compared
to the cultivar Monsoy (Conquista = 25.39+4.45 vs. Monsoy
= 17.47%3.1) when considering the 95% confidence interval
data. This fact may be explained by the greater number of
morphospecies found in the cultivar Conquista (146) com-
pared to Monsoy (95), which might be related to the genetic
and culture characteristics of each cultivar or even a random
presence of singleton morphospecies. Nevertheless, this dif-
ference in Hill’s index (N;) documented using the fragment
plating technique was not observed when the extinction
culturing was used instead to compare the two cultivars.

The equitability was relatively high for both cultivars,
with values close to 1.0 (Table 2), with the exception of the
cultivar Conquista when the extinction culturing was used
(0.68). This lower value can be explained by the presence of
the dominant species C. gloeosporioides 2. Equitability values
close to 1.0 are not very usual, whereas low equitability in
the distribution of species is a common phenomenon across
several biological systems and also observed in plant-mi-
croorganism interactions (Magurran, 1988; Frohlich et al.,
2000).

Alone, neither of the isolation techniques was able to reco-
ver the total species richness present in the cultivars Monsoy
(33 species) and Conquista (48 species) (Table 2). This fact
may be explained by the random presence of singletons in-
dependent of the isolation technique employed in this study.

Nucleotides corresponding to the fungal endophytes rDNA
ITS region were used to identify the isolates found and to
perform phylogenetic analysis. For both of the phylogenetic
trees generated in this study, a majority of the ancestors
nodes are robust and are supported by higher bootstrap
and a posteriori probability values. Most isolates of the fungal
endophytes from both cultivars were grouped according to
Order (when defined), Class and Phylum, thus concurring
with other studies that used the ITS region for phylogenetic
analysis (Arnold and Lutzoni, 2007; Huang et al., 2009; Gazis
and Chaverri, 2010).

The ITS region has been extensively used in studies on
fungal endophytes because it provides excellent resolution
of fungal isolates below the level of species for some of the
most common endophytic taxa (Arnold, 2007; Nilsson et
al., 2008). In addition, the ease of obtaining the sequence of
the ITS region and the presence of a large database avail-
able regarding the ITS region of endophytic isolates from
the arctic to the tropics reinforces the utility of the ITS re-
gion in providing an initial approximation to the genotypic
difference among endophytic isolates taken from the most
divergent families of plant species worldwide (Arnold, 2007;
Arnold and Lutzoni, 2007; Nilsson et al., 2008).
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Most of the fungal endophytes species identified in the
present study are either known plant pathogens, saprophytes
or “potentially” mutualistic species. Independent of the eco-
logical relationship, all may be tested in the future as bio-
logical control agents in the induction of systemic resistance
in plants (Arnold et al., 2003; Dingle and Mcgee, 2003) and
in the promotion of plant growth (Sirrenberg et al., 2007;
Hamayun et al., 2009).

As demonstrated by this and other studies (Miller and Roy,
1982; Larran et al., 2002b; Pimentel et al., 2006), the soy-
bean exhibits high morphological and genotypic diversity
of fungal endophytes, thus denoting the presence of quite
complex ecologic interactions.

The species of the genus Colletotrichum are usually con-
sidered to be common pathogens, although different species
of this genus may express a mutualistic lifestyle with a wide
scope of hosts in tropical areas (Guo et al., 2000; Damm et
al., 2010; Phoulivong et al., 2010). For hosts, the benefits of
mutualistic association include the induction of systemic
resistance to pathogens, the promotion of plant growth and
a greater tolerance to drought (Redman et al., 1999, 2001).

Xylaria is a common genus of wood-decomposing fungi
distributed worldwide and is also commonly documented
to be endophytic (Lodge et al., 1996; Frohlich et al., 2000;
Gamboa et al., 2002; Santamaria and Bayman, 2005; Silva
et al., 2010).

Ampelomyces, Chaetomium, and Phoma glomerata are
some of the endophytic fungi isolated in the present study
that may play potential roles in the biological control of
soybean pathogens.

The genus Ampelomyces contains species held to be my-
coparasites of powdery mildew and already described as
endophytic in plants (Aly et al., 2008). The most common
species is Ampelomyces quisqualis, for which an isolate
known as M-10 has been commercially prepared as a myco-
fungicide that is predominantly used in the control of pow-
dery mildew in cucumbers, carrots and mangoes (Sundheim,
1982; Paulitz and Bélanger, 2001; Kiss, 2003; Kaewchai et al.,
2009). Because the species Microsphaera diffusa (anamorph:
Oidium sp.) of powdery mildew is an important soybean
pathogen in Brazil (Kimati et al., 1997; Embrapa, 2011), the
genus Ampelomyces isolated in this study may be used as
an excellent alternative as biological control agent.

The species of the genus Chaetomium are normally found
in the soil and in organic compounds (Soytong et al., 2001)
and have been described as antagonist toward several plant
pathogens, in particular those harbored in the soil and seeds
(Dhingra et al., 2003; Park et al., 2005). Although they nor-
mally appear as free-living fungi, some species of the genus
Chaetomium were isolated as endophytic of wheat (Syed et
al., 2009) and Ginkgo biloba (Qin et al., 2009). In Brazil, the
species Chaetomium globosum has been tested in the con-
trol of the soybean phytopathogen Diaporthe phaseolorum
f. sp. meriodionalis (the etiologic agent of stem canker) and
demonstrated excellent results (Dhingra et al., 2003).

Similar to the species of the genus Ampelomyces, the species
Phoma glomerata was also identified as a mycoparasite of
powdery mildew in oak (Sullivan and White, 2000). In ad-
dition, Phoma glomerata produces epoxydon, which is a
substance capable of controlling the soil pathogen Plasmo-

diophora brassicae, the etiologic agent of clubroot in species
of the family Brassicaceae (Arie et al., 1998).

All of the fungal isolates found in this study will be tested
in the future with regard to their potential to serve as bio-
logical control agents of disease, as well as to produce sec-
ondary metabolites with potential interest for the pharma-
ceutical industry.

The present study isolated 62 taxa of fungal endophytes
from soybean leaves. The genera Colletotrichum, Cochliobolus,
and Fusarium were the most frequently isolated in the cul-
tivar Monsoy, and Colletotrichum, Xylaria, and Cochliobolus
were the more frequent in the cultivar Conquista. The spe-
cies richness was higher when both isolation techniques
were used. However, the fungal community diversity was
similar in both cultivars using the same isolation technique
with the exception of Hill’s index (N;), which was higher in
the cultivar Conquista when the fragment plating was used.
Singletons were the main contributors to the species rich-
ness independent of the isolation technique and sampling
used.

The fragment plating technique tends to favor dominant
and rapidly-growing species. The extinction culturing tech-
nique, which uses multiwell plates, allows for all rare and
slow-growing as well as dominant and fast-growing species
to grow; however, the latter technique exhibits a lower prob-
ability of isolation compared to the former. Thus, extinction
culturing may be recommended as the better technique to
isolate fungal endophytes. Nevertheless, caution is required,
and the technique still needs to be improved in future studies.
Therefore, we suggest that both techniques be used to obtain
greater species richness, as demonstrated by the present
study and also by that of Unterseher and Schnittler (2009).

This study is one of the first to use extinction culturing to
isolate fungal endophytes in plant leaves, and thus it con-
tributes to the development and optimization of this tech-
nique to be applied in future studies on the isolation of these
microorganisms.
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