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Abstract

In this study, we firstly reported the large-scale screening and isolation of endophytic fungi from nine wild and six cultivated
soybeans in the cold regions of China. We totally isolated 302 endophytic fungal strains, of which 215 strains are isolated from
the wild soybeans and 87 are identified from cultivated soybeans. Among these endophytic fungal strains, in the roots, stems, and
leaves, 24.17% were isolated from roots, 28.8% were isolated from stems, and 47.01% were isolated from leaves, respectively.
Most endophytic fungal strains isolated from the wild soybean roots were the species of Fusarium genus, and the fungal strains in
the stems were the species of ascomycetes and Fusarium fungi, whereas most strains in the leaves were Alternaria fungi. To
analyze the taxonomy of the obtained samples, we sequenced and compared their rDNA internal transcribed spacer (ITS)
sequences. The data showed that 6 strains are putatively novel strains exhibiting <97% homology with the known strains. We
next measured the secondary metabolites produced by the different strains and we found 11 strains exhibited high-performance
synthesis of triterpenoids, phenols, and polysaccharides. Furthermore, we characterized their tolerance to abiotic stresses. The
results indicated that 4 strains exhibited high tolerance to cadmium, and some strains exhibited resistance to acid, and alkali. The
results of the study could facilitate the further exploration of the diversity of plant endophytic fungi and the potential applications
of the fungi to practical agriculture and medicine industries.

Key points
* 302 endophytic fungal strains isolated from wild soybean and cultivated soybean
o 11 strains had high contents of triterpenoids, phenols, and polysaccharides

* 4 strains exhibited high Cd tolerance, and a few strains with strong tolerance to acid and alkali solution

Keywords Wild soybean - Endophytic fungi - Diversity - Identification - Biological functions

Introduction

Endophytic fungi have been of great interest during the last
two decades as potential producers of biologically active prod-
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producing substances that cause an infection to the host cell.
Their coevolution means that the endophytes produce the
same or similar compounds to those originating from the plant
(Hyde 2010). These endophytic fungi reside within living tis-
sues of the hosts and establish relationships ranging from
symbiotic to pathogenic. The colonization of plants by these
fungi varies considerably, and some medicinal plants and ag-
ricultural crops are reported to harbor more endophytes (Sun
et al. 2010; Maulana et al. 2018).

When endophytes reside in plant hosts, their continuous
metabolic interactions occur between the fungi and hosts.
Consequently, genetic recombination between the host plants
and the endophytic fungi can happen so that the endophytic
fungi can produce metabolic products similar to those pro-
duced by the host plants (Amal et al. 2010; Jalgaonwala
et al. 2011). The endophytes associated with the plants are
known to acquire the potential to produce the active principles
for which the host is known. There is mounting evidence that
many bioactive compounds isolated from various endophytic
fungi which are also the potential sources in the discovery of
novel products. Fungi represent the core group of eukaryotic
organisms that demonstrate a high capacity to produce numer-
ous metabolites with antimicrobial activities and that have
potential applications as drugs (Gunatilaka and AAL 2006).

Several bioactive compounds demonstrating antibacterial
and antiviral activities have been isolated from fungi
(Suryanarayanan et al. 2009; Khan et al. 2016). Mesalazine
A, pestalamide A, and asparagine were extracted from the
fermentation broth of Pestalotiopsis LN560 isolated from tea
tree (Camellia sinensis), and these compounds could efficient-
ly inhibit the replication of HIV-1 (Li et al. 2008a).
Furthermore, Phomopsis euphorbiae, isolated from the petiole
of Trewia nudiflora, exhibits a strong inhibitory effect against
the replication of HIV-1 in cells, which is attributed to the
phomoeuphorbin A and phomoeuphorbin C in the fermenta-
tion products of Phomopsis euphorbiae (Yu et al. 2008).
Some studies have reported endophytic fungi that produce
anticancer agents (Cheng et al. 2019a, b). Wang et al. (2008)
reported four out of six compounds from Penicillium sp. ex-
hibited high cytotoxicity against human oral epidermoid car-
cinoma cells (KB) and HepG2. Song et al. (2010) isolated two
endophytic fungi strains of Tripterygium wilfordii and found
their secondary metabolites generated significant inhibitory
effects against the human breast cancer cells MCF-7 and
U937. In addition, a polyketide, pestalotiopsones A—F, isolat-
ed from Pestalotiopsis sp. JICM2AA4 is specifically cytotoxic to
the tumor cell line L5178Y-R of mouse DBA/2 lymphoma
(Davis et al. 2010).

Besides, endophytic microbes and the host plants have
symbiotic relationship and benefit to each other. Endophytic
microbes are often functional in carrying nutrients from the
soil into plants, modulate plant development, and increase
plant tolerances to abiotic and biotic stresses, such as salt,
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drought, and diseases (White et al. 2019). The loss of endo-
phytic microbes from crop plants during domestication and
long-term cultivation could be remedied by transfer of endo-
phytes from wild relatives of crops to crop species. Study of
the diversity of endophytic fungi is important with respect to
their characterization, species diversity, and also bioactive
molecules. Using traditional taxonomic tools and also molec-
ular taxonomy, many endophytic fungi isolated from diverse
group of plants have been identified. Molecular tools used to
study endophytic fungi are sequences of the 5.8S gene and
flanking internal transcribed spacers (ITS1 and ITS2) of the
rDNA, 18S, and 28S rRNA genes.

Soybeans are an important resource for edible oils and
proteins. However, in comparison with other crops, studies
on endophytes in soybean, especially in wild soybean plants,
are still limited. Impullitti and Malvick (2013) obtained 12
endophyte genera using culture-dependent (CD) colony isola-
tion method and isolated 6 endophyte genera using culture-
independent (CI) colony isolation method. Many of the fungal
endophytes identified in the above studies are known to be
soybean pathogens, e.g., Fusarium and Alternaria; however,
they were not able to cause symptoms of disease. It remains to
be determined whether those endophytes are latent pathogens
or non-pathogenic forms that benefit the host plants. Wild
soybean (Glycine soja) originated in China and is the original
ancestor of cultivated soybean. Under complex natural habi-
tats, wild soybeans have abundantly genetic and ecological
diversities (Dong 2008; Hu et al. 2011). Therefore, endophytic
fungi in wild soybeans may be more diverse than those in
other soybean species and we speculate that wild soybeans
may harbor diverse endophytic fungi which produce special
secondary metabolites that we need.

In the present study, we isolated endophytic fungi strains
from wild soybeans in different habitats in Heilongjiang
Province where it is the coldest region in China in winter.
The diversities of endophytic fungi from wild soybeans and
cultivated soybean were determined and compared by ITS
sequence analysis. The phylogenetic relationship of the select-
ed strains and their secondary metabolites and their biological
functions in plant resistance to abiotic stresses were investi-
gated. The findings of the present study could facilitate the
isolation of novel functional endophytic strains which gener-
ate secondary metabolites from wild soybeans for potential
medicinal and industrial applications.

Materials and methods
Isolation of endophytic fungi
Fifteen plant strains, including nine wild soybeans and six

cultivated soybeans, were collected from different regions
(Additional File 1 and Additional File 2) in Heilongjiang
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Province (in mid-July), China. The selected healthy roots,
stems, and leaves of different soybean plants were washed
under running water to remove dirt, and then were subject to
surface-sterilized sequentially in 75% ethanol for 1 min and
1% NaOCl for 7 min, and were rinsed in sterile water for three
times. The roots and stems were cut into 0.5-cm pieces and the
leaves were cut into 0.5-cm? discs. The roots and stem pieces
and leaf discs were plated on 2% malt extract agar (MEA,
Difco Inc.) supplied with 50 mg/l chloramphenicol to inhibit
bacterial growth. The cultures were incubated at 25 °C in the
dark. After 5 days, the fungal colonies were transferred into
fresh potato dextrose agar (PDA) for growth and isolation.

Observation of colonization of endophytic fungi from
different plants

The mycelium and sporulation structures of endophytic fungi
can be stained to be bright blue by gossypol blue dye. The
color made it relatively easy for us to determine the fungi
colonization sites. To observe the endophytic fungi in plant
tissues, we immersed the surface-sterilized soybean leaves,
stems, and root tissues in 5% KOH solution (50 °C), decolor-
ized for 2 days, washed with sterile water, and then bleached
lightly with 3% H,0O, for 1 min, and then washed with 2%
HCI for two times. Afterward, the plant samples were stained
in 0.05% cotton blue (dissolved in lactic acid) for 2 h and were
rinsed with sterile water. The tissues were cut into 0.5-cm?
slices and were observed under an Olympus BX51 optical
microscope (Olympus, Germany).

Morphological identification of endophytic fungi

The morphological characteristics including the colony size,
color, transparency, surface state, and edge (neat, irregular,
radial, etc.) were recored by a Canon 60D camera (18—
200 mm; Japan). The microstructures of endophyte mycelium
including the surface state and the microstructure of mycelium
were observed by the optical microscope. Colony microscop-
ical observation was carried out by using axioskop2plus FL
(Zeiss, Germany) and Axioplan 2 imaging MOT software.

Taxonomic analyses of endophytic fungi

The genomic DNA samples of the isolated endophytic fungi
were extracted using the CTAB method. Primers, ITS1 (5'-
CTTGGTCATTTAGACGAAGTAA-3') and ITS4 (5'-GCAT
ATCAATAAGCGGAGGA-3'), were used to amplify the ITS
(internal transcribed spacer) sequences. PCR reactions were
performed in a 50-ul reaction volume. The thermal cycling
program was as follows: 3-min initial denaturation at 94 °C,
followed by 35 cycles of 40-s denaturation at 94 °C, 50-s primer
annealing at 55 °C, and 1-min extension at 72 °C. The PCR
products were analyzed by gel electrophoresis, and the

appropriate PCR products were purified and sequenced
(Sangon Biotech, Shanghai, China). Each sequence was used
as a query sequence to search for similar sequences using Blast
(https://blast.ncbi.nlm.nih.gov/Blast.cgi) from GenBank.

Analysis of secondary metabolites produced by the
endophytic fungi

The endophytic fungi of interest were cultured and fermented to
analyze accumulation of the flavonoid, triterpenoid, total phe-
nol, and polysaccharide in endophytic fungal hyphae and fer-
mentation broth, and to screen endophytic strains with high
yields of secondary metabolites. Three 0.8-cm endophytic fungi
colonies in diameter on agar medium were picked to inoculate
150-ml potato dextrose broth (PDB) media in 250-ml flasks for
fermentation. All fermentation flasks were shaken at 160 rpm
for 10 days. After fermentation, the culture broths were sepa-
rated from the mycelia by filtration. The culture filtrates were
dried at 60 °C. The filtered culture broths were concentrated 10-
fold using a rotary evaporator. The dried filtrates and concen-
trated broths were used for secondary metabolite analyses.

The polysaccharides in the dried filtrates and concentrated
broths were determined using the anthrone-sulfuric acid meth-
od. The dried filtrates (0.20 g) were boiled in 5 ml distilled
water for 30 min twice. The filtered solution was combined
and diluted to 25 ml. Two milliliters of water and 6.5 ml of
anthrone-sulfuric acid (1.0 g anthrone in 500 ml concentrated
sulfuric acid) were added into 0.5 ml of extracted solution.
After incubation at room temperature for 10 min, the absorp-
tion values of the solutions were measured at a wavelength of
625 nm in a fluorenscence spectrometer.

Total flavonoids in the dried filtrates and concentrated
broths were analyzed using the previous method (Chen et al.
2011). To determine the flavonoids in solid hyphae, the dried
hyphae were ground into powder using a mortar, and 0.20 g of
the sample was resuspended in 10 ml of 50% ethanol in a 50-
ml flask. The suspensions were sonicated for 90 min and then
were filtered. The filtrates were diluted to 25 ml. To determine
the concentration of flavonoids in the fermentation broth, 5 ml
of the concentrated fermentation broth was diluted to 10 ml
with absolute ethanol. The absorbance values of the solutions
were measured at a wavelength of 550 nm.

Determination of total triterpenoids, oleanolic acid,
and betulinic acid of endophytic fungi

Fifty milligrams of dried hyphae were suspended in 4 ml of
95% ethanol for 24 h. The extraction and detection methods
for total triterpenoids were performed according to our previ-
ous method (Yin et al. 2012), and the concentrations of
triterpenoids, oleanolic, and betulinic acids were determined
using high-performance liquid chromatography (HPLC) ac-
cording to the previous method (Yin et al. 2017).
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Extraction and determination of polyphenols in
endophytic fungi

To determine the concentrations of polyphenols in solid hy-
phae, 0.20 g of dried hyphae powder was transferred in 7 ml of
60% ethanol in 50-ml flasks. The suspension was sonicated
for 45 min and centrifugated, and then, the supernatant was
transferred into a fresh tube. The process was repeated for
three times. Afterward, the supernatant was evaporated to
dry at 70 °C. The solid material was resuspended in 15 ml
of ddH,0. The extraction and determination of total phenolic
substances in endophytic fungi were performed according to
the method of Li et al. 2008b.

Abiotic resistance of endophytic fungi
Tolerance to cadmium and salt

To determine resistance of endophytic fungi to heavy metal
stress, we inoculated two fungi colonies (0.8 cm in diameter)
into 50 ml of PDB media containing 0 mg/l, 50 mg/l, 100 mg/
1,200 mg/l, and 400 mg/l CdCl, or 5% NaCl in 100-ml flasks.
The flasks were incubated at 160 rpm at 25 °C for 10 days.
Then, the broths were filtered, and the mycelia dried at 60 °C.

Resistance to acidic and alkaline conditions

Two fungal colonies (0.8 cm in diameter) were inoculated into
50 ml PDB media with pH 3, 7, or 9 (adjusted using NaOH or
HCI). The flasks were incubated at 160 rpm at 25 °C for
10 days. Then, the broths were filtered, and the mycelia dried
at 60 °C.

Strain resistance to acidic and alkaline conditions

The experiments were conducted in triplicate: 50 ml PDB
media in pH 3, 7, or 9 (adjusted using NaOH or HCIl) were
inoculated with two 0.8-cm-diameter agar of grown fungi.
The methods of growing and weighing are similar to the ones
applied above. Three biological repeats per treatment.

Results

Isolation and identification of endophytic fungi from
wild and cultivated soybeans

We totally isolated 302 endophytic fungal strains from the
roots (1), stems (s), and leaves (1) of 15 soybean materials
including 9 wild soybean (Y1~Y6, BYS, SYS, WD) and 6
cultivated soybean (Z1~Z6) (Additional File 3 and Fig. 1A, B).
Of these strains, 215 were from wild soybeans and 87 were
from cultivated soybeans. Averagely, we isolated 26.9
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endophytic fungal strains per wild soybean line and 14.5 endo-
phytic fungal strains per soybean line, indicating that wild soy-
bean hosted more diverse endophytic fungi. In addition, 43 and
40 strains of endophytic fungi were isolated from Y5 and Y6,
respectively. Y5 with small brown grain was obtained from
Ningan County (annual accumulated temperature: 2500 °C/
year); Y6 with large brown grain was obtained from Xunke
County (annual accumulated temperature: 2100 °C/year) (Fig.
1B). In the two regions, the climate is relatively cold, and the
plants are more resistant to temperature stress, which may be
the primary reason for the more diverse endophytic fungi. The
analysis also revealed that 24.17%, 28.8%, and 47.01% of the
endophytic fungi were isolated from the roots, stems, and
leaves of the soybean materials, respectively, indicating that
the leaves contained more endophytic fungi (Additional File 3).

Microstructural characteristics of different endophytic
fungi

The morphology and the identified microstructural character-
istics of different endophytic fungi were observed, and found
that the characteristics of endophytic fungi from different ma-
terials were significantly different (Additional file 4 and
Additional file 5). Their colonies showed different colors in
the medium, including red (SYS2), pink (WDSS5, Y6R1), yel-
low (Y5L13), brown (Y6S3), gray (YSYS1), and white
(YSL1) (Fig. 2). Some colonies grow to 7-10 days and have
obvious metabolite synthesis, showing water drop or oil drop.
In addition, it was found that the microstructure of different
endophytic fungi was significantly different. Some strains
produced spores of different shapes, hyphae had septa, some
fungi did not produce spores, and hyphae did not have septa
and branches. Such as Y6L2, the conidiophore is solitary,
rarely branched, light brown, separated, straight, or curving,
53.4-96.7 x 3.8-6.2 um; the conidia are solitary, rarely short
chain (2-3 spores), brown, obovate or nearly elliptic, with 2—5
diaphragms, 14 longitudinal and oblique diaphragms, slight-
ly constricted at the separation, 35.26-55.5 (43.8) x 9.7-18.0
(13.3) wm; the beak is columnar, and the boundary between
the conidia and the body is unclear obviously, light brown,
undivided, 5.1-26.3 x 2.5-3.5 uM. According to this, it was
preliminarily identified as Alternaria (Fig. 3). Some endo-
phytic fungi hyphae are septate and branched. Conidiophore
branched or unbranched. There are two forms of conidia:
small conidia are oval to columnar with 1-2 septum, such as
73 and Y2R14; large conidia are sickle or long columnar, with
more diaphragms, such as Y5R4, they were preliminarily
identified as Fusarium sp. (Fig. 3). The microstructural char-
acteristics of other strains can be found in Additional file 5.
The results showed that endophytic fungi from wild and cul-
tivated soybeans were abundant and varied, which may have
the potential to synthesize active products and have good re-
search value.
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Fig. 1 (A) Grains of wild and cultivated soybean. Y1~Y6 indicate different types of wild soybean; Z1, cultivated soybean. (B) Wild soybean plants in
different collection areas of Heilongjiang. Y1, Y3, and Y6 indicate different types of wild soybean

Colonization of endophytic fungi in soybean plants

Gossypol blue staining revealed that the endophytic fungi in
wild soybean colonized mainly the veins, glandular hairs, and
leaf intercellular spaces (Fig. 4A, B). In addition, according to
the cross section staining results, the endophytic fungi were
rich in the stems of wild soybean and were distributed in the

WDS5 Y5113

intercellular spaces (Fig. 4C—F). Furthermore, according
to the results of the root epidermal staining, root epider-
mal cells were more conducive for fungal, bacterial, and
other microbial infections due to contact with soil.
Therefore, the internal sections of the root epidermal tis-
sue cells were blue, indicating that the epidermal cells
contained endophytic fungi (Fig. 4G, H).

Fig. 2 Morphological characteristics of some endophytic fungi isolated and purified
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Y2R14,Fusarium sp. WDL3, Septoria arundinacea

Fig. 3 Microstructural observation of some endophyte strains (x 20) observed by using axioskop2plus FL (Zeiss, Germany) and Axioplan 2 imaging
MOT software

Y2R13, Sordariomycetes sp.

ITS sequence analysis of endophytic fungi was constructed. The taxonomic units of the endophytic fungi

were diverse, implying that wild soybean contained a wide
Based on the results of the colony morphology analyses ofthe ~ range of endophytic fungal resources. The colonization sites
isolated strains, analysis of ITS sequences was performed on  of fungi with relatively close evolutionary distances were sim-
the 162 endophytic fungi of interest, and a phylogenetic tree  ilar, such as YSYSS5, YSYS6, and YSYS9, which were

b . ‘ . \ 1.
: ’ . -
) ) A9 / A o
Fig.4 Colonization of endophytic fungi in different tissues of wild soybean. (A) WD leaf epidermis (x 2.5); (B) WD leaf epidermis (x 10); (C) WD stem
cross section (x 2.5); (D) x 10; (E) x 10; (F) x 20; (G) WD root epidermis (x 20); (H) BYS root epidermal tissue (x 20)
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derived from the stems of the wild soybean YSY. Gibberella
sp. and Fusarium sp. had a large taxonomic distance between
them and endophytic fungal strains with relatively long evo-
lutionary distances, such as Y5L7 and Y5L9, were isolated
from similar parts of the same material, which suggested that
abundant endophytic fungi were not isolated from such parts.
Endophytic fungi, including WDS1, BYSS2, and Y5L7 from
WD (pea), Y (wild), and BY (semi-wild) materials, had sim-
ilar in taxonomic status, which further indicated that similar
species of endophytic fungi in different plants had similar
functions (Additional File 6).

The 162 fungi ITS sequence of wild soybeans obtained
using BLAST indicated that the strains were divided into 25
genera. Among them, 73 strains were assigned to Fusarium
sp. and accounted for 45.06% of all the isolated strains that
were distributed in the roots, stems, and leaves, including wild
soybean (Y), semi-wild soybean (BYS), wild pea (WD), and
cultivated soybean (Z). Therefore, the endophytic fungi of the
genus Fusarium were the dominant fungi based on their num-
ber. In addition, there were 20 and 24 Epichocum sp. and
Gibberella moniformis, respectively (Additional file 6).

According to the BLAST alignment results, strains with a
<97% similarity were potentially new strains. In the present
study, six new suspected strains were observed (Additional
File 3), which included WDL2 (Dothideomycetes sp., 95%
similarity), Z4 (Dothideomycetes sp., 92% similarity), Y2S1
(Gibberella monitors, 91% similarity), YSL13 (Pleosporales
sp., 95% similarity), Y5S9 (Fusarium sp., 97% similarity),
and BYSL3 (Gibberella moniformis, 97% similarity)
(Additional File 6). The discovery of these new endophytes
provides new microbial resources. They may have more im-
portant features or new functions. In this study, some of the
special strains are preserved in Culture Preservation Center
(Wuhan, China), including DEPOSIT No. of WDL2 of the
typical culture preservation center in China is CCTCC M
2014518. DEPOSIT No. of WDS2 (Phomopsis sp.) is
CCTCC M 2019394. The ITS sequences of five new strains
were submitted to GeneBank. Their accession numbers are as
follows:WDL2 (MT678832); Z4 (MT678833); Y2S1
(MT678834); Y5S9 (MT678835); BYSL3 (MT678836).

Screening of functional strains of endophytic fungi in
wild soybean

Mycelial growth in different endophytic fungi in wild soybean

The wild soybean endophytic fungal strains Y2R14, Y5R4,
and Y5R11 exhibited relatively low mycelial growth. The
Y6S8, Y2S9, and Y1S9 strains had the highest growth rates,
weighing 5.457 g, 4.655 g, and 4.487 g, respectively (Fig. 5).
The average weight of the three strains with high mycelial
growth was 4.632 g, nearly 20 times higher than the average
in the low growth rate strains, indicating that the growth rates

of different endophytic fungi in wild soybean were signifi-
cantly different. The three strains with the lowest growth rates
were all isolated from the roots of Y2 and Y5 wild soybean
strains, including Y2R14, Y5R4, and Y5RI11 strains. The
three strains with the highest growth rates were all isolated
from the stems of the wild soybean Y1 strain, Y2 strain, and
Y6 strain (Fig. 5). The results of the analysis indicated that
there were significant differences in the growth rates of endo-
phytic fungi colonized in different parts. In addition, the three
strains with low growth rates were all Fusarium oxysporum
strains.

The 42 strains of endophytic fungi from wild soybean were
isolated and purified, and the accumulation of secondary me-
tabolites in the endophytic fungal hyphae and the fermentation
broth was analyzed. The high-content polysaccharide strains
were Y2S9, WDL3, and WDL2, with a maximum concentra-
tion of 85.51 mg/g (Fig. 6A); high-content flavonoid strains
were Y 1S9 and Y6S8, respectively; high-content triterpenoid
strains were Y6S8, Y2R1, and Y6R2, respectively (Fig. 6B),
and WDS7 had the highest total phenolic amount, at
22.65 mg/g (Fig. 6C). Among the fermentation broths of en-
dophytic fungal, the strains with high flavonoid contents were
Y1S8 and SYS4, and their contents were 3.11 mg/l and
4.81 mg/l, respectively (Fig. 7A). The strains with high total
triterpenoid contents were YSYL2, Y1S8, and WDL3, at
17.46 mg/l, 35.00 mg/l, and 42.98 mg/l, respectively (Fig.
7B). Different habitats may be the main reason for the differ-
ences in rates of accumulation of secondary metabolites. In the
present study, 11 strains of high-yield secondary metabolites
were screened from wild soybeans, which laid a foundation
for the potential functions and the screening of novel drug
candidates of endophytic fungi from wild soybean.

Screening strains of endophytic fungi from wild
soybean against cadmium

Ten strains with high contents of secondary metabolites and
five common strains were selected for cadmium (Cd) toxicity
experiments. Different strains exhibited different responses to
the Cd, and similar strains also exhibited different responses to
different CdCl, concentrations (Fig. 8), and the performances
were divided into three groups. In the first group, the growth
mycelium growth rates first increased and then decreased with
an increase in CdCl, concentration, such as in ZY1S-8 (A),
S20-1 (B), YSL11 (C), SY2S2-1 (E), Y2RS5 (G), S20-2 (J),
SY6R-15 (K), Z3 (M), and YSYL3 (N). In the second group,
the growth mycelium growth rates decreased within a specific
range with an increase in CdCl, concentration, such as in
Y1S5 (F), YSYSI (L), and Y6L3 (O). In the third group, the
growth rates of hyphae increased gradually with an increase in
CdCl, concentrations (0400 mg/l), for example, in WDRS5
(D), Y2R14 (H), and Y5R11 (I) strains.
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Fig. 5 Growth of different endophytic fungi

There were significant differences in the tolerances of the
strains to CdCI2. YSYS1 (L) exhibited the least tolerance to
Cd (<50 mg/l) whileY2R14 (H), WDRS5 (D), Y1S5 (F), and
Y5R11 (C) still tolerated CdCl, at a concentration of 400 mg/
1. Notably, after the addition of CdCl,, hyphae growth in-
creased in some strains, and the amounts of dried mycelium
were significantly higher than in the control groups. Although
CdCl, inhibits the growth of hyphal balls, the number of hy-
phal balls increased after the addition of low concentrations of
CdCl,, resulting in an overall increase in mycelial growth in
the media (Fig. 8).

Four endophytic fungal strains highly resistant to Cd tox-
icity (which can survive <400 mg/l CdCl,) were screened.
Based on the Cd** concentrations in hyphae, the WDRS5 (D)
absorption rate was 81.527% while the Y2R14 (H) Cd** ab-
sorption rate was 82.789%. There were no Cd-tolerant strains
among the five strains with low concentrations of secondary
metabolites, with the YSYS1 (L) strain exhibiting the least
tolerance. These results suggested that high-level secondary
metabolite strains were more likely to survive under heavy
metal environments, and the tolerance of endophytic fungi to
heavy metal toxicity was potentially correlated with secondary
metabolite abundance.

Screening of salt-tolerant endophytic fungi from wild
soybean

The results of salt tolerance screening for endophytic fungi
revealed that strains A (ZY1S-8), C (Y5L11), L (YSYSI),
and O (Y6L3) could grow in PDB with 5% NaCl, with growth
in media increasing by 21.39~13.95%, while growth in other
strains decreased under similar conditions. The decreases in
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the growth of the D, E, F, H, K, M, N, and J strains, with
growth being lower than the growth in the control by
31.55~52.56%, were the most significant. The growth of
strains B, G, and L was relatively high, while the NaCl stress
had minimal effects on the growth (Table 1).

Screening of anti-acid and anti-alkali endophytic
fungi in wild soybean

There were considerable differences in mycelial growth
among different strains under similar acidic or basic environ-
ments, when compared with a control group cultured at pH 7.
Growth in seven strains increased under pH 3, with the most
significant increases observed in YSYS1 (L), SY2S2-1 (E),
and ZY1S-8 (A) strains, which grew 19.27, 2.36, and 1.64
times more, respectively, than the control. In the alkaline con-
dition (pH 9), the mycelial growth in Y6L3 (O) and Y2RS5 (G)
strains increased when compared with the control group, with
the growth in Y2RS (G) strain, which was 38.87% higher than
in the control, being the most significant. Under pH 3 and 9,
mycelium growth increased in YSYL3 (N), Y1S5 (F), Y2R14
(H), and Y5R11 (I) strains, with the most significant increase
observed in the Y5R11 (I) strain, which was 5.83 times higher
than that of the control at pH 7. In addition, under pH 3 and
pH 9, Z3 (M) strain growth rates decreased by 74.03% and
54.81% than that of the control, respectively (Table 2).

Discussion

Plant-associated habitats are dynamic environments in which
many factors influence the structure and species composition
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of microbial communities that colonize roots, stems, branches,
and leaves (Rubini et al. 2005). Endophytic microorganisms
may enhance plant fitness by reducing herbivory or coloniza-
tion by phytopathogens (Azevedo 2000), promoting plant
growth, or enhancing tolerance to heavy metals and drought
(Xiao etal. 2010; Sun et al. 2010; Sujit et al. 2019). The genus

@ Springer

Fusarium, which is described as an endophyte and/or a phy-
topathogen in many plant species, was the dominant group,
suggesting that the fungi has a key role in plant development.
Nine endophytic fungi were isolated from the roots of
Dendrobium moniliforme. Among the isolated fungi, the
dominant fungus was Fusarium sp., and R11 and R13 isolates
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Table 1 Dry weight of endophytic fungi from wild soybean under salt stress (g)

A B C D E F G H L K M N ¢} I J
ck 0.157* 0.387* 0.180° 0.179% 0.080* 0.109* 0.270* 0.038" 0.213* 0.057° 0.412* 0268* 0.130° 0.124* 0.199°
5%NaCl  0.184* 0.354° 0.219* 0.119° 0.038° 0.067° 0263* 0.023° 0.249* 0.024* 0.254° 0.152° 0.148° 0.108° 0.137°

The uppercase English letters are strain labels: A for ZY 1S-8, B for S20-1, C for Y5L11, D for WDRS, E for SY2S2-1, F for Y1S5, G for Y2RS, and H
for Y2R14, I for Y5R11, J for S20-2, K for SY6R-15, L for YSYS1, M for Z3, N for YSYL3, and O for Y6L3

Different superscript lowercase letters indicate significant differences between treatments (P < 0.05)

can synthesize IAA and promote plant growth (Sujit et al.
2019). Isolations from 204 root segments from 15 wild rice
plants yielded 58 isolates. Using a threshold of 90% similarity,
35 potentially different sequences (phylotypes) were found
among 186 positive clones. Phylogenetic analysis showed that
frequently detected clones were classified as Basidiomycota,
and 60.2% of total analyzed clones were affiliated with un-
known taxa. The findings indicate a complex and rich endo-
phytic fungal consortium in wild rice roots (Yuan et al. 2010).

In the present study, 302 endophytic fungi were isolated
from the 15 soybean materials, 215 isolates from wild soy-
bean, and 87 isolates from cultivated soybean, which indicat-
ed that wild soybeans contained more endophytic fungi. In
addition, 42 and 40 endophytic fungi were isolated from Y5
and Y6 strains, respectively, which were more than in other
wild-type soybeans. The reason for the higher numbers of
isolates could be the different habitats, with Y5 and Y6 orig-
inating from Ning’an County and Xunke County, respective-
ly. The annual cumulative temperature was more low and the
growth period was more short, which made the plants more
resistant to stress and increased the number of endophytic
fungi. The 162 fungal were divided into 25 genera. Among
them, 73 strains were assigned to Fusarium sp., and they
accounted for 45.06% of the isolated strains, which were dis-
tributed in the roots, stems, and leaves in wild soybean (Y) and
cultivated soybean (Z). Therefore, the endophytic fungi of the
genus Fusarium were the dominant fungi. Secondly, the num-
bers of Epichocum sp. and Gibberella moniformis were 20
and 24, respectively. The findings indicate a complex and rich
endophytic fungal consortium in wild soybean, thus offering a
potential bioresource for establishing a novel model of
soybean-fungal mutualistic interactions.

Endophytic fungi colonize their hosts without any external
disease symptoms, except when the host is under stress
(Rudgers et al. 2004; Rubini et al. 2005). In addition, they
can produce a variety of complex bioactive products (Davis
etal. 2010; Wellensiek et al. 2013). Over the past two decades,
numerous antibacterial, insecticidal, cytotoxic, and anticancer
compounds have been isolated from endophytic fungi (Amal
et al. 2010; Mitchell et al. 2010; Zhao et al. 2010; Shao et al.
2010; El-Sayed et al. 2019). The compositions of endophytic
fungi from wild soybeans from different habitats were consid-
erably different. Almost all the strains with high concentra-
tions of secondary metabolites were derived from wild soy-
beans, which grew in harsh environments. The numbers of
endophytic fungi and the levels of production of secondary
metabolites were relatively high. For example, Y6S8, which
had high levels of secondary metabolite production, was de-
rived from wild soybean roots in Xunke County forest area in
Heilongjiang. The annual accumulated temperature in the area
was 2000-2100 °C and the frost-free period was short, with
only 85-115 days. However, the Z3 endophytic fungus from
the cultivated soybean grew in the experimental area in
Acheng District, which had good cultivation conditions. The
annual accumulated temperature was above 2800 °C, the soil
was relatively fertile, and the water was adequate. The differ-
ences in the growth environments of the wild soybean and the
cultivated soybean could be the major reason for the differ-
ences in the concentrations of secondary products observed
among the endophytic fungi.

The endophytic fungi were highly diverse, and the types of
secondary metabolites produced were also diverse (Kumar
et al. 2017; El-Maali et al. 2018 Maulana et al. 2018;
Tawfike et al. 2018). Fractionation of the EtOAc-soluble

Table2 Dry weight of endophytic fungi from wild soybean under different acid and alkali treatment (g)

pH A B C D E F G J H K M N 0 I L
30276 0.190° 0.101° 0203 0.150° 0.119° 0.134° 0352% 0.018° 0.050° 0.123* 0.142° 0.076° 0.294* 0.201*
7 0.105° 0.174* 0.175° 0.198 0.044° 0.103* 0.233° 0.154° 0.007° 0.034° 0.472* 0.110° 0.130° 0.043° 0.010°
9 0.029° 0.147%° 0.083° 0.082° 0.040° 0.116* 0323 0.080° 0.013® 0.026° 0.213° 0.113° 0.139° 0.088° 0.016°

The uppercase English letters are strain labels: A for ZY 1S-8, B for S20-1, C for Y5L11, D for WDRS, E for SY2S2-1, F for Y1S5, G for Y2RS, and H
for Y2R14, 1 for Y5R11, J for S20-2, K for SY6R-15, L for YSYS1, M for Z3, N for YSYL3, and O for Y6L3

Different superscript lowercase letters indicate significant differences between treatments (P < 0.05)
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fraction of the liquid fermentation broth of an endophytic fun-
gus, Annulohypoxylon ilanense, led to the isolation of a novel
a-pyrone, ilanpyrone, along with three previously identified
compounds. Their cytotoxicity against cell lines was evaluat-
ed using a tetrazolium assay. Two compounds exhibited
moderate-to-weak cytotoxic effects against MCF-7, NCI-
H460, and SF-268 cell lines in vitro (Cheng et al. 2019a, b).

Analysis of the secondary metabolites from endophytic
fungi obtained wild soybean revealed that the 60 wild soybean
endophytic fungi contained numerous secondary metabolites,
including polysaccharides, triterpenoids, flavonoids, polyphe-
nols, and phenolic substances. The concentrations of second-
ary metabolites in different strains varied considerably in the
hyphae and fermentation broths of various endophytic fungi.
The results showed that nine endophytic fungal strains with
high concentrations of secondary metabolites were selected
for the functional assessments and the screening of subsequent
strains, and the endophytic fungi were also important sources
of novel bioactive and medicinal substances.

It was reported that endophytic fungus LSE10 was isolated
from the cadmium hyperaccumulator Solanum nigrum L. It
was used as a biosorbent for biosorption of cadmium from the
aqueous solution. The results showed that the maximum
biosorption capacity was 247.5 mg/g (2.2 mmol/g) which
was much higher than those of other adsorbents, including
biosorbents and activated carbon (Xiao et al. 2010). In our
present study, 15 strains exhibited different levels of resis-
tance to heavy metal (Cd) toxicity, salt stress, and acid and
alkali stress. Y2R14. RWDL4-1, Y1S5, and Y5R11 strains
were the most tolerant to Cd ions and could still grow at a
CdCl, concentration of 400 mg/l. The Cd-tolerant strains were
high-order metabolite strains, suggesting that the accumula-
tion of secondary metabolites enhances their Cd tolerance.
The salt tolerance of strain C (Y5L11) was significantly higher
than that of the control group, and the acid and alkali resis-
tance results showed that YSYS1 (L), SY2S2-1 (E), ZY1S-8
(A), and S20-2 (J) were acid-resistant strains, and strain Y2RS5
(G) had high alkali tolerance.

Terrestrial plants can harbor endophytic fungi, which
may alter plant physiology that would, in turn, influence
interactions with herbivorous insects and other microor-
ganisms (Clifton et al. 2018; Aboobaker et al. 2019). In
cucumber, non-pathogenic F. oxysporum may induce
host resistance against Pythium ultimum through a com-
bination of antibiosis and mycoparasitism, in addition to
inducing plant defense responses (Benhamou 2002). In
addition, the crude extracts from Penicillium skrjabinii
fungal isolates exhibit antimicrobial activity against
Streptococcus aureus and Escherichia coli at concentra-
tions of 0.03 and 0.09 mg/ml, respectively, with the
major active ingredient being dibutyl phthalate
(Aboobaker et al. 2019). Sclerotinia disease 15-2 for
soybean, Phytophthora 1 race for soybean, blast fungus

@ Springer

P-46-2 for rice, and corn leaf spot p51-2 are the major
pathogens of the crops in Heilongjiang province. Four
endophytic fungi exhibited strong inhibitory effects
against rice blast disease P-46-2 and soybean sclerotinia
15-2, and endophytic fungi could be used to develop
antibacterial agents (data not listed). In addition, we
isolated six novel strains in the present study whose
ITS sequences were <97% homologous to other strains
based on BLAST analysis. The five novel strains could
have novel molecular structures and could be sources of
novel bioactive compounds. We will further study the
characteristics and functions of these new strains in the
future.

Wild soybean is the ancestor of cultivated soybean. It
grows in poor, arid, even saline-alkali soil and other
harsh environment (Cao et al. 2016). At present, some
studies have been conducted to excavate and identify
the resistance genes of wild soybean, for example, the
important and special roles of Gshdz4, GsERF7, and
GsERF6 from wild soybean in enhancing bicarbonate
tolerance and responding to osmotic stress (Cao et al.
2016; Yu et al. 2016; Feng et al. 2020). However, few
studies have involved the isolation and utilization of
endophytic fungi of wild soybean in the cold region
of northeast China. At the same time, there are also
many reports on the mining and utilization of endophyt-
ic fungi in coastal plants or other medical plant, includ-
ing many endophytic fungi with the function of anti-
tumor drug synthesis, the endophytic fungi with heavy
metal adsorption capacity, and the endophytic fungi
with promoting plant growth and antibacterial function
(Xiao et al. 2010; Aboobaker et al. 2019). The main
purpose of this study is expected that these strains will
play an important role in the medicinal value, the en-
richment and treatment of heavy metal strains in indus-
trial wastewater, and the improvement of saline-alkali
soil in Northeast China. Therefore, the endophytic fungi
isolated in this study have important application
prospects.
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