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Abstract
The endophytic fungal communities of Polygonum acuminatum and Aeschynomene fluminensis were examined with respect to soil mercury (Hg) contamination. Plants were collected in places with and without Hg+2 for isolation and identification of their endophytic root
fungi. We evaluated frequency of colonization, number of isolates and richness, indices of
diversity and similarity, functional traits (hydrolytic enzymes, siderophores, indoleacetic
acid, antibiosis and metal tolerance) and growth promotion of Aeschynomene fluminensis
inoculated with endophytic fungi on soil with mercury. The frequency of colonization, structure and community function, as well as the abundant distribution of taxa of endophytic fungi
were influenced by mercury contamination, with higher endophytic fungi in hosts in soil with
mercury. The presence or absence of mercury in the soil changes the profile of the functional characteristics of the endophytic fungal community. On the other hand, tolerance of
lineages to multiple metals is not associated with contamination. A. fluminensis depends on
its endophytic fungi, since plants free of endophytic fungi grew less than expected due to
mercury toxicity. In contrast plants containing certain endophytic fungi showed good growth
in soil containing mercury, even exceeding growth of plants cultivated in soil without mercury. The data obtained confirm the hypothesis that soil contamination by mercury alters
community structure of root endophytic fungi in terms of composition, abundance and species richness. The inoculation of A. fluminensis with certain strains of stress tolerant endophytic fungi contribute to colonization and establishment of the host and may be used in
processes that aim to improve phytoremediation of soils with toxic concentrations of
mercury.
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Introduction
Mercury is a metal of natural occurrence where concentrations in the environment have
increased over the years since the beginning of the industrial period [1]. The use in the artisanal beneficiation of gold considerably contributed to this increase in environmental mercury. In Brazil, mercury contamination occurs mainly in areas located in the Amazon region
[2], but an increase in mercury concentrations in other biomes, as in the Pantanal, the worlds
largest humid freshwater area, has been reported in Brazil [3,4] mercury contamination in aligators [5], fish [6] and molluscs [7] is caused by the poor mining practices in gold mines in the
Pantanal.
The influence of mercury on the Pantanal microbiota is not yet known. However, it is
known that prolonged exposure to toxic agents, such as heavy metals, alters the structure and
function of microbial communities, selecting species capable of tolerating and, in certain cases,
metabolizing toxic agents, because of adaptive mechanisms of tolerance [8,9]. The high mercury concentrations, cadmium and zinc modified the composition and abundance of the soil
fungi community in the United States [10], Finland [11] and Belgium [12]. Meanwhile, the
influence of heavy metals, including mercury, on the endophytic fungi community is rare,
especially about the composition and function of resistant species able to help the hosts colonize contaminated soils.
Endophytic fungi colonize plant tissues internally without causing apparent symptoms of
colonization and disease [13,14]. Plants that colonize places contaminated with heavy metals,
especially Cd2+ Pb2+ and Zn2+, may harbor specific communities of contaminant tolerant
endophytic fungi and may reduce the adverse effect of contamination in several hosts, such as
Zea mays [15] Portuca oleraceae [16], Verbascum lychnitis [17], Clethra barbinervis [18], Brassica napus [19] and Solanum nigrum [20], consistent with the habitat-adapted symbiosis
hypothesis [21].
Endophytes often promote the growth of their host by several mechanisms, including phytohormone synthesis [22], macro and micro nutrient solubilization [23,24], enzyme production
[25,26], host protection against phytopathogens and herbivores [27,28] and in the mitigation of
effects caused by exposure to extreme abiotic factors, such as heavy metals [19], salinity [29] and
drought. This set of mechanisms represents different functional traits involved in promoting
host plant growth. The impact of the endophytic community is not limited only to hosts. The
endophytic community is also important in its influence on the structure and function of the
soil microbial community [30,31].
The microbial features that relate to phosphorus solubilization, iron sequestration and phytohormone production are important in plant growth processes and host resistance to heavy
metals [32]. In order to solubilize phosphate, the microorganisms produce and secrete organic
acids that modify the pH and influence on solubility of heavy metals. This mechanism of phosphate solubilization increases plant biomass and mobilizes heavy metals [33,34].
Siderophores molecules are involved in the iron chelation process and can interact with
heavy metals and influence mobility and absorption of heavy metals by the plant [35,36]. The
synthesis of phytohormone, such as indoleacetic acid (IAA), stimulates the radicular growth
providing the plant a greater acquisition to nutrient and heavy metals [37].
Endophytes have been associated with metal hyperaccumulating plants such as Phragmites
autralis [38]. In spite of this association, the mechanisms by which endophytes increase metal
removal are still unknown. Our hypothesis is based on the premise that mercury influences the
structure and function of the metal resistant endophytic fungi community and that this microbial community mitigates mercury toxicity by promoting host plant growth. Thus, in this
study we try to answer the following questions: 1) Does soil contamination with mercury
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cause changes in the community of endophytic fungi resistant to mercury? 2) Is the pattern of
mercury resistance of strains determined by the environment? 3) Do mercury resistant endophytic fungi present resistance to other heavy metals? Do mercury-resistant endophytic fungi
promote host plant growth on soil containing metal at toxic levels?

Material and methods
Characterization of the sampling site and selection of plant species
Plants were sampled in Poconé—Mato Grosso, Brazil, in areas characterized as wetland, with
the influence of the low amplitude flood pulse [39,40]. This is the main mining area for gold
(garimpos) in the Pantanal north, with a history of exploration since the 18th century and with
the highest gold production during the 1980s [41].
Our studies did not involve endangered or protected species. The collection authorization
(number 24237–3) was granted by the Chico Mendes Institute for Biodiversity Conservation
(ICMBio) of the Ministry of the Environment (MMA).
The soil samples were collected in 10 subsamples at depth 0–10 cm for physicochemical
analysis to define the areas with contamination (+Hg site—S"16˚15’42.7" W"056˚38’43.6")
and without contamination (-Hg site 1—S"16˚21’19.7"W"056˚20’13.9" and–Hg site 2 S"16˚
15’51.3"W"056˚38’54.3"). The area contaminated with mercury was used in the past to extract
the gold collected in the mines located in the city of Poconé.
The frequency of species was determined using the point plot method [42]. The species
Polygonum acuminatum Kunth. and Aeschynomene fluminensis Vell. were the most frequent
(43.3 and 11.34%, respectively) plants encountered and were selected for the isolation of root
endophytic fungi. These plants were collected in an area without mercury contamination to
compare the effect of the metal on the structuring of the endophytic community. We collected
five adult individuals with their root systems intact in each of the areas selected. The plant and
soil samples were transported to the laboratory under refrigeration.

Characterization of the cultivable community of endophytic fungi in roots
The healthy roots of P. acuminatum (P) and A. fluminensis (A) from were collected at sites
with (+PHg and +AHg) and without mercury (-PHg and -AHg). Subsequently the roots were
washed with neutral detergent (Ype1 Neutral Detergent), rinsed superficially disinfected
from standard protocol for isolation of endophytic fungi [13,16,20,29,43] with some modifications—immersion in ethanol 70% for 1min, and sodium hypochlorite 2.5% for 5min, followed
by rinsing in sterile distilled water (5 times).
Twelve root fragments (~5mm length) of each sample were transferred to Petri dishes containing PDA medium (potato dextrose agar) supplemented with 30 μg. mL-1 of Hg+2 as HgCl2
and 100 μg. mL-1 of antibiotics (chloramphenicol, streptomycin and tetracycline). 120 fragments of roots from each plant species were plated onto each of ten Petri dishes for each plant
species. The plates were maintained at 28˚C and analyzed daily. The fungal strains emerging
were purified and grouped into morphotypes [44].
The morphotypes were confirmed by microscopic characteristics observed on glass microscope slides obtained through microculture [45]. All the isolates were deposited and maintained under refrigeration in the collection of mercury resistant microorganisms from the
Laboratory of Biotechnology and Microbial Ecology (LABEM), Federal University of Mato
Grosso.
Total DNA from each monosporic isolate was extracted using DNA Purification Kit (Norgen
Biotek Corp, Canada). The amplification profile ISSR-PCR was used to assist in morphotyping
and species differentiation [46]. The morphotypes were submitted to molecular identification

PLOS ONE | https://doi.org/10.1371/journal.pone.0182017 July 25, 2017

3 / 24

Fungal communities are influenced by soil mercury contamination

by sequencing the ITS regions using the primers ITS1 and ITS4 [47]. The amplicons were enzymatically purified (ExoSap-it, GE Healthcare) and sequenced by the Sanger method (BigDye
Terminator Cycle Sequencing). The sequence consensus obtained from primers ITS1 and ITS4
was obtained on the MEGA 7 software [48] and compared with sequences obtained from the
GenBank database through the nBLAST tool (http://www.ncbi.nlm.nih.gov). The sequences
that shared 97% or more of similarities were identified as the same species [49]. The strains that
could not be identified using the ITS region were submitted to the amplification and sequencing
of the β-tubulin gene with the primers Bt2a and Bt2b [50] amplification program: denaturation
at 95˚C (2 min), 35 cycles of 94˚C (45s), 50˚C (45s) and 72˚C (1 min), followed by final extension at 72˚C for 10 min. The purification procedure, sequencing and analysis of the sequences
were performed as described above. The sequences obtained were compared to the GenBank
database through the nBLAST and xBLASTx tool. All sequences obtained in this work were
deposited in GenBank with codes KX381110 to KX381202 for ITS and KY987116 to KY987119
for beta tubulin.

Functional characterization of endophytic fungal strains and tolerance to
Cd2+, Zn2+ and Pb2+
A strain of each species of endophytic fungus present in the evaluated communities was used
to characterize functional traits: synthesis of indoleacetic acid (IAA) [22], siderophores production [51], hydrolytic enzymes secretion [52] and antibiosis against Staphylococcus Saprophyticus (ATCC 43867) and Escherichia coli (ATCC 25922) [53]. The tolerance of the strains
to Cd2+, Zn2+ and Pb2+ was defined using Sabouraud culture medium, supplemented with
CdSO4.8H2O (3mM), ZnSO4H20 (20 mM), Pb(NO3)2 (10 mM) and control (0mM of heavy
metal) [54].

Growth of strains in the presence of mercury
The microorganisms were cultured in Sabouraud culture medium, supplemented with mercury (0 and 30 μg mL-1 of Hg+2, as HgCl2). The radial growth of the mycelium was evaluated
every 24 hours until the stationary phase of growth. The mycelial growth rate (μ/day) was calculated during the exponential phase and its value was used to determine the tolerance index
(TI) of the strains [29]. The strains with TI higher than 0.9 were selected for evaluation of plant
growth promotion.

Plant growth promotion in the presence of mercury
Strains selected according to the TI value (n = 32) were activated in PDA. The seeds of A. fluminensis were mechanically scarified, disinfested (immersion in ethanol 70% for 1min, sodium
hypochlorite 2.5% for 5min and rinsed in sterile distilled water) and germinated in vases of 0.5
dm3 containing vermiculite and sand 1:1 (w:w).
After fifteen days, the seedlings were transferred to vases containing vermiculite and sand
1:1 (w:w). 1 mL of spore suspension (106 conidia, mL-1) was inoculated onto the soil near from
the roots. The root of seedling was engaged with two discs (1cm diameter) of medium containing mycelium for the not sporulating strains.
The plants were cultivated for 30 days in the absence of mercury (acclimation period),
maintained at 70% field capacity of the substrate and fertilized weekly with 100% Hoagland
solution [55].
After the acclimation period, the mercury doses were divided (60, 30 and 30 mg kg-1 of
Hg+2 as HgCl2) with a 24 h interval between the applications until reaching the concentration

PLOS ONE | https://doi.org/10.1371/journal.pone.0182017 July 25, 2017

4 / 24

Fungal communities are influenced by soil mercury contamination

of 120 mg kg-1 of Hg+2. Each treatment consisted of four plants. The control vases endophytefree with mercury (C+Hg) and without mercury (C-Hg) were used for comparison.
The plants were collected 52 days after the transplant. The chlorophyll level was evaluated
by portable chlorophyll gauge (SPAD-512, Minolta) at the time of collection. The plant height
was determined with the support of a millimeter ruler. The roots were rinsed and dipped in
EDTA (0.01M) for 30 minutes. The dry biomass of root and aerial part was determined after
drying in a stove at 65˚C until reaching a constant mass.
The percentage of growth promoter efficiency (GPE) was estimated to evaluate the effect of
strain inoculation on plant growth [56].

Data analysis
The relative frequency of root colonization by endophytic fungi was calculated [57]. ShannonWeaver diversity index and the Hill series were estimated for each community [58,59]. The
Venn diagram was constructed from species composition data (http://bioinformatics.psb.
ugent.be/webtools/Venn).
The functional characterization of the strains was qualitatively evaluated and the results
expressed in positive (+), for the strains that exhibited the functional traits, and negative (-),
for those that did not exhibit the traits. The metal tolerance index (TI) was determined for the
strains in media supplemented with heavy metals and calculated according to the following
formula: Diameter mycelium treatment/Diameter of control mycelium with 7 days of inoculation. TI = 0 and TI.< 0 respectively indicate inhibition and sensitivity of the strains in the presence of heavy metals, values of TI  1 indicate resistance to metals [29].
The data were submitted to analysis of parametric variance (ANOVA), non-parametric
(Kruskal Wallis) and Duncan test when pertinent. The Cluster analysis was performed using
the Bray-Curtis distance based dissimilarity matrix using composite data of the four endophytic fungal communities (+PHg, -PHg, +AHg and -PHg). Taxa most abundant, which represented by 4 or more isolates, were used in non-metric multidimensional scaling (NMDS)
using the Jaccard and Bray—Curtis.
All statistical analyses were performed by software R (version 3.2.2). For PERMANOVA we
used the Adonis function of the Vegan package. Indicator species analysis was performed
based on the IndVal index to identify microbial species that were significantly correlated to
host or contamination using the “indval” function in the “labdsv” package.

Results
Physicochemical analysis of the soil and composition of the endophytic
fungi community
The concentration of mercury at +Hg site (3.24 mg.kg-1) is above the limit of prevention (0.5
mg.kg-1) established by the National Council of the Environment of Brazil [60]. This place is
contaminated by mercury (+Hg) at a concentration 1905 times greater than the areas not contaminated with mercury–Hg sites 1 and 2 (S1 Table).
In total, we measured 480 root fragments to determine the frequency of colonization (FC)
(Table 1). The roots of P. acuminatum and A. fluminense growing in contaminated areas
(+PHg and +AHg) had the highest mean values of FC and statistics different from the values
of FC obtained from the roots of hosts collected in areas without contamination. The number
of isolates, richness and diversity of endophytic fungi differ between contaminated environments (+PHg and +AHg) and uncontaminated environments (-PHg and -AHg) (Table 1).
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Table 1. Frequency of colonization (FC), isolates, richness and Shannon-Wiener index (H’) of endophytic fungi in plants. Strains obtained from
Polygonum acuminatum and Aeschynomene fluminensis from contaminated (+PHg and +AHg) and uncontaminated areas (-PHg and -AHg).
Parameters
Isolates
Richness
H’
FC (%)

+PHg

+AHg

-PHg

-AHg

Total

72

46

38

34

Average*

6,1 ± 3,5a

3,8 ± 2,5ab

3,2 ± 2,0b

2,8 ± 2,4b

Total

31

27

18

18

Average *

4,7 ± 2,4a

3,2 ± 1,8ab

2,7 ± 1,7b

2,3 ± 1,7b

Total

3,03

3,10

2,47

2,77

Average*

1,4 ± 0,5a

1,0 ± 0,6ab

0,8 ± 0,7b

0,6 ± 0,6b

Average **

54,1 ± 16,0a

48,3 ± 14,8a

26,5 ± 18,3b

30,8 ± 20,2b

Equal letters in the same row do not differ statistically by Duncan’s test (* p = 0.01 and ** p = 0.001). The means are shown with ± SD
https://doi.org/10.1371/journal.pone.0182017.t001

The mercury level has a statistically significant effect on richness (F: 8.054, P <0.01), diversity of the Simpson Index (F: 6.238, P <0.05) and abundance (F: 6.587; P <0.05). In contrast,
the vegetation type had no effect on the richness (3.008; P = 0.09) diversity (F: 2,677, P = 0.10)
and abundance (F: 2,866, P = 0.10).
The Hill series indicated higher values of richness, Shannon and Simpson indices for endophytic fungal communities colonizing hosts in the area impacted by mercury (+PHg and
+AHg) (Fig 1). The equability was higher in these environments, represented by the slope of
the curve of the diversity profiles.
We obtained 190 fungal isolates from root fragments that were distributed in two phyla,
four classes, fifteen orders, twenty-seven families and thirty-five genera (S1 and S2 Figs; S2
Table). The phylum Ascomycota (96.84%), the class Sordariomycetes (51.05%), the order Pleoporales (37.89%), the family Glomerellaceae (11.58%) and the genre Colletotrichum (10.53%)
were more abundant.
There is a predominance of Sordariomycetes for hosts collected in contaminated areas.
Dothideomycetes are abundant in uncontaminated areas. The order of Pleosporales is proportional and larger in all analyzed communities (S1 and S2 Figs).
In relation with the families and genera, Glomerallaceae (19.70%) and Colletotrichum
(18.31%) are abundant in +PHg, Lindgomycetaceae is the family most represented in -PHg
(38.23%) and +AHg (13,79%). In -PHg, Fusarium was the most abundant genus (28.00%) and
Massariosphaeria in +AHg (17.65%). The families Aspergiliaceae, Glomerallaceae and Trematosphaeriaceae correspond to 50.01% of the isolates obtained in -AHg roots, being in this community, Colletotrichum and Falciformispora (18,52% each) were the most abundant genera (S1
and S2 Figs).
In the case of the taxa, Colletotrichum sp. represented 7.37% of the isolates of the total isolates. The community of +PHg is represented mainly by Trichoderma brevicompactum, Colletotrichum sp. and Diaporthe phaseolorum, and together they represent 37.5% of the isolates. In
-PHg, 28.5% of the isolates correspond to a single taxon, Lindgomycetaceae 1 (S2 Table).
For endophytic fungi of A. fluminensis, the abundant species are Massariosphaeria sp.
(more abundant on root’s A. fluminensis from environment with mercury (+AHg, 13%)), and
Colletotrichum sp. (more abundant on the host collected in areas without contamination
(-AHg, 14.7%, S2 Table).
The molecular identification through sequencing of the ITS region was not possible for
some strains (A11, A17, A18, A23, A24, A43, A59, A65, A73, P40, P74 and P87). The sequencing of the β-tubulin gene aided in taxonomic elucidation. It was possible to identify the P40
strain that belongs to the species Microsphaeropsis arundinis (S2 Table).
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Fig 1. Endophytic diversity profiles. Aeschynomene fluminensis (red line) and Polygonum acuminatum
(black line) of environments with (+PHg and +AHg) (●) and without (-PHg and -AHg) (▲) mercury, using the
Hill Series. For the parameter a = 0, the diversity value is equal to the number of species in the sample. For
the a tending to 1, the diversity value is equivalent to the Shannon index. For a = 2, the value equals the
Simpson index.
https://doi.org/10.1371/journal.pone.0182017.g001

The species Colletotrichum gloeosporioides, D. phaseolorum, Lasiodiplodia pseudotheobromae and Phomopsis sp.1 are typical taxons of P acuminatum independent of the environment,
because they occur in the host independent of the mercury contamination (Fig 2, S2 Table).
Scedosporium apiospermum, Ceratobasidium sp.2 and Aspergillus sp.2 are specific species to A.
fluminensis independent of the type of environment (Fig 2, S2 Table).
Several species are host/environment specific, that is seventeen taxa only occur in P. acuminatum growing in areas with mercury and seven taxa were exclusive to hosts without contamination (Fig 2, S2 Table).
This pattern is also observed for A. fluminensis. There are fourteen species exclusive of
+AHg and eight are restricted to the -AHg areas (Fig 2, S2 Table).
Fusarium oxysporum, Lindgomycetaceae 1 and Falciformispora sp.1 did not show specificity
per host, colonizing roots of both plants, however, the species were only detected in uncontaminated environments. The opposite was verified for Ceratobasidium sp.2, Ascochyta medicaginicola, Falciformispora sp.2, Trichoderma brevicompactum, Pestalotiopsis sp., Microsphaeropsis
arundinis, its species restricted to contaminated environments, independent of the host (Fig 2;
S2 Table).
D. phaseolorum is the indicator species for P. acuminatum considering the type of host
(indicator value: 0.2917, P = 0.011). Lindgomycetaceae 1 (indicator value: 0.3750, P = 0.004)
and F. oxysporum (indicator value: 0.2500, P = 0.023) are indicators of uncontaminated areas,
while Massariosphaeria sp (indicator value: 0.3053, P = 0.021) and T. brevicompactum (indicator value: 0.2500, P = 0.022) are species indicative of areas contaminated by mercury.

PLOS ONE | https://doi.org/10.1371/journal.pone.0182017 July 25, 2017

7 / 24

Fungal communities are influenced by soil mercury contamination

Fig 2. Venn diagram of endophytic fungi isolated. Strains obtained from Polygonum acuminatum and
Aeschynomene fluminensis from contaminated (+PHg and +AHg) and uncontaminated areas (-PHg and
-AHg).
https://doi.org/10.1371/journal.pone.0182017.g002

The communities of endophytic fungi from plants from places without mercury (-PHg and
-AHg) are similar in relation to species composition, according to the grouping analysis constructed from the Jaccard index (S3 Fig).
The most abundant taxa in terms of isolate number are influenced by mercury. The results
were obtained from not metric multidimensional scaling (NMDS), where the grouping of species as a function of presence (green line) and absence of mercury (red line) was observed,

Fig 3. Non Metric Scheduling (NMDS) calculated from the Jaccard (A) and Bray-Curtis (B) distances
for host isolates from mercury contaminated and uncontaminated areas. The green and red polygons
show the grouping between isolates from the contaminated and uncontaminated areas.
https://doi.org/10.1371/journal.pone.0182017.g003
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both for the composition distance of Jaccard (Fig 3A) as for abundance Bray-Curtis (Fig 3B).
The two groups formed are statistically different for both distances according to PERMANOVA (R2 = 0.16, P = 000.1). There was not statistically significant grouping according to the
type of host (PERMANOVA, R2 = 0.04 and P = 0.18).

Functional characterization of endophytic fungal communities and
tolerance to Cd2+, Zn2+ and Pb2+
The functional profile of the endophytic fungal community was determined by the qualitative
analysis of important traits in the promoter of plant growth.
The percentage of strains from contaminated and functional trait producing areas is bigger
than those isolated strains from hosts growing in uncontaminated areas, except for lipase synthesis and indoleacetic acid (IAA) (Table 2).
The number of siderophore-producing strains was higher in isolates from +AHg and +PHg
(46.1 and 35.5% of isolates) compared to -AHg and -PHg (33.3 and 22.2%). The production of
IAA was higher in isolated strains of -PHg (72.2% of the isolates, Table 2).
The number of isolate-producers of hydrolytic enzymes was higher for communities in the
contaminated area: amylase and protease (96.8% and 38.7%) in +PHg. and lignase and cellulase in +AHg (73.0 and 38.5%). Only for lipase that were observed a higher strain number for
-AHg isolates (33.3%) (Table 2). Two strains isolated from the contaminated area, Aspergillus
japonicus A32 and Emericellopsis sp P54 were positive for the five enzymes evaluated (S3
Table).
Table 2. Functional traits and metal tolerance (Cd2+, Zn2+ and Pb2+) expressed in percentages of endophytic fungi isolated. Strains obtained from
Polygonum acuminatum and Aeschynomene fluminensis from contaminated (+PHg and +AHg) and uncontaminated areas (-PHg and -AHg).
Functional traits (%)
Enzymes

Antibiosis
Pb+2

Zn+2

Cd+2

+PHg

+AHg

-PHg

-AHg

Protease

26.9

38.7

22.2

27.8

Amylase

73.1

96.8

83.3

66.7

Cellulase

38.5

29.0

33.3

33.3

Ligninase

73.0

48.4

38.9

61.1

Lipase

23.1

29.0

27.8

33.3

S. saprophyticus

7.7

16.1

16.7

5.6

E. coli

15.4

3.2

11.1

0.0

TI > 1

19.2

3.2

16.7

5.6

TI = 1

11.5

6.4

16.7

11.1

TI < 1

69.2

83.9

61.1

83.3

TI = 0

0.0

6.4

5.6

0.0

TI > 1

0.0

3.2

0.0

0.0

TI = 1

0.0

3.2

0.0

5.6

TI < 1

73.1

48.4

72.2

72.2

TI = 0

26.9

45.2

27.0

22.2

TI > 1

0.0

0.0

0.0

5.6

TI = 1

0.0

3.2

0.0

0.0

TI < 1

38.5

38.7

50.0

33.3

TI = 0

61.5

58.1

50.0

61.1

Siderophore

35.5

46.1

22.2

33.3

Indoleacetic acid (IAA)

71.0

50.0

72.2

55.6

31

26

18

18

Total of isolates
TI = Tolerance index
https://doi.org/10.1371/journal.pone.0182017.t002
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The strains obtained from the four communities were able to inhibit the growth of Gramnegative and Gram-positive strains of bacteria (S3 Table). Of these strains, Clonostachys rhizophaga P89, Aspergillus sp.1 A25, Glomeralleceae A43, Westerdykella sp.1 P71 showed activity
for both pathogenic bacterias (S3 Table).
All isolates of A. fluminensis from both environments were resistant (TI > 1) or sensitive
(TI < 1) to Pb2+ (Table 2, S3 Table). Interesting, about 19.2% of the +AHg isolates were stimulated by the addition of Pb2+ in the culture medium (TI > 1). Aspergillus sp.1 A25 is tolerant to
this metal (TI = 2.69). The majority of the strains were sensitive or inhibited by Zn2+. Only
Bipolaris setariae P4 and Phomopsis sp. P49 were resistant to Zn2+ (TI = 1.06 and 1.00 respectively, S3 Table).
The Cd2+ was the most toxic metal to endophytic fungal strains, especially those obtained
from -PHg. This metal was able to reduce or inhibit mycelial growth, except for the fungi Falciformispora sp.3 A76 (TI = 1.20) and Trichoderma harzianum P39 (TI = 1) which were shown
to be stimulated or resistant to cadmium, respectively (Table 2; S3 Table).

Growth of strains in the presence of mercury
Mercury tolerance was determined by the mycelial growth rate in 0 and 30μg mL-1 of Hg2+.
According to the tolerance index, 80% of the evaluated strains were sensitive to Hg2+ (TI < 1)
and only Chaetosphaeriales A24 was completely inhibited by metal (TI = 0) (S2 Table). In addition, different resistant strains were observed in all analyzed communities (15.71%), especially
in non-mercury contaminated hosts (S2 Table). Among the resistant strains, Cochliobolus sp.
P86 (TI = 2.1), Massariosphaeria sp. A19 and Fungal A17 (TI = 1.5 each), Lindgomycetaceae 1
P87 (TI = 1.3) and Cladosporium uredinicola A72 (TI = 1.2) were the most resistant strains to
the metal (Table 3, S2 Table). The strains with TI higher than 0.9 represented about 42% of the
endophytic fungi evaluated, that is equivalent to 32 species. These strains were selected for inoculation with A. fluminensis in a condition of contamination with Hg+2 (Table 3).

Host growth promotion tests in the presence of mercury
A. fluminensis is a sensitive species to 120 mg kg-1 of mercury. The addition of mercury
resulted in a reduction in the dry mass and height of non-inoculated plants by approximately
40% and 24%, respectively (Table 3). The use of mercury tolerant fungal strains positively
influenced the growth of A. fluminensis in mercury contamination conditions (Table 3).
According to growth promotion efficiency (GPE), twenty-four strains provided an increase
in the host’s dry biomass, with GPE values ranging from 363.30 to 3.90% (Table 3). Despite
increasing dry biomass (GPE between 1.16 and 133.91%), five of these strains reduced total
length in relation to non-inoculated plants (GPE ranging from -0.29 to -8.00). Surprisingly,
nine strains promoted the growth of A. fluminensis with parameters of GPE (dry biomass and
length) greater than those obtained for non-inoculated plants and those without addition
of mercury to the substrate (C-Hg). These microbes may be promising microorganisms to
enhance plant growth in bioremediation programs (Table 3). Most of the promising strains
were isolated from A. fluminensis (7) from the contaminated site (6). Only Lindgomycetaceae
1 P87 and Colletotrichum sp. P42 were isolated from P. acuminatum (Table 3).
Eight strains (five of A. fluminensis and three of P.acuminatum) inhibited the accumulation
of dry biomass in A. fluminensis (GPE ranging from -0.69 to -35.89%), causing reduction
(GPE between -4.34 and -33.53) or increase in total length of plants (GPE between 1.83 and
23.12). Plant inoculation with T. brevicompactum P35 resulted in the lowest GPE values of
dry biomass (-35.89) and length (-33.53) inhibiting the growth of A. fluminensis (Table 3).
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Table 3. Growth promotion of Aeschynomene fluminensis inoculated with endophytic fungal strains cultivated under mercury contamination.
Strains obtained from Polygonum acuminatum and Aeschynomene fluminensis from contaminated (+PHg and +AHg) and uncontaminated area (-PHg and
-AHg).
Sample

TI (Hg+2)

Strains

Dry biomass (1)
-1

(g. plant )
-AHg
+AHg

Aspergillus sp.1 A51

0.9

Massariosphaeria sp. A19

1.5

GEF

0.505 ± 0.108 a

18.65 ± 2.63

79.67

24.60 ± 4.10 a-d

18.95 ± 3.43

a-e

82.56

25.50 ± 3.68 a-c

17.40 ± 1.13

b-g

67.63

30.76 ± 5.98 ab

11.73 ± 4.93

g-k

13.01

14.83 ± 2.32 a-d

15.83 ± 4.33

b-h

52.5

21.75 ± 4.01 a-d

11.88 ± 3.49

g-k

14.45

20.70 ± 0.33 a-d

h-k

-0.29

16.50 ± 1.53 a-d

0.382 ± 0.070
0.366 ± 0.047

bc

+PHg
-AHg

0.9

Colletotrichum sp. P42

1

Phlebiopsis sp. A75

1

-AHg

Westerdykella sp.2 A47

+PHg

Colletotrichum gloeosporioides P24

+PHg
+PHg
+PHg
+PHg
-PHg
+PHg

Curvularia geniculata P1
Clonostachys rogersoniana P62
Penicillium oxalicum P32
Phoma sp 2 P67
Westerdykella sp.1 P71
Cochliobolus geniculatus P59

-PHg

Diaporthe miriciae P96

-AHg

Falciformispora sp.1 A49

-PHg
-PHg
-PHg
+AHg
+AHg
-AHg

Hongkongmyces pedis P107
Dokmaia sp. P113
Cochliobolus sp. P86
Ascomycota A17
Microsphaeropsis arundinis A36
Fusarium oxysporum A64

-AHg

Penicillium janthinellum A56

-PHg

Acrocalymma vagum P18

+AHg
-PHg
-PHg
+AHg

Scedosporium apiospermum A42
Clonostachys rhizophaga P89
Trichoderma brevicompactum P35
Aspergillus japonicus A32
C—Hg
C + Hg

1.1
1
0.9
1
1.1
0.9
1
1
0.9
1

0.300 ± 0.032
0.193 ± 0.041
0.189 ± 0.07

c

de

d

0.153 ± 0.036

d-f

40.37

10.35 ± 1.61

0.152 ± 0.047 d-f

39.68

13.38 ± 2.44 e-k

28.9

20.85 ± 4.86 a-d

39.45

h-k

0.152 ± 0.055

d-f

0.142 ± 0.036

d-f

0.139 ± 0.024

d-f

0.136 ± 0.041

d-f

0.131 ± 0.033

d-f

0.131 ± 0.065

d-f

0.129 ± 0.024

d-f

0.129 ± 0.050 d-f
0.119 ± 0.014
0.119 ± 0.065

d-f

0.113 ± 0.008

d-f

0.108 ± 0.032

d-f

0.107 ± 0.050

d-f

0.105 ± 0.037

d-f

0.9

0.105 ± 0.070 d-f

0.9

0.086 ± 0.064

d-f

0.078 ± 0.020

d-f

1.5
1
1
1

1
1
1
-

77.06

24.28 ± 2.13

0.161 ± 0.030

d-f

2.1

175.23
73.39

0.127 ± 0.057

0.9

235.32

21.68 ± 1.85

de

d-f

0.9

20.23 ± 0.90 a-d

250.00

1.2

Scedosporium boydii A38

133.91

26.93 ± 3.14 ab

bc

+AHg

31.63 ± 4.80 a

104.05

0.422± 0.087 ab

0.9

108.86

a

a-f

1.3

Aspergillus sp.2 A31

317.66

21.18 ± 1.86 a-c

Lindgomycetaceae 1 P87

+AHg

28.30 ± 2.99 ab

286.70

-PHg

0.9

90.08

ab

309.86

0.447 ± 0.091

Ascochyta medicaginicola A9

GPE

19.73 ± 3.94 a-d

ab

0.9

+AHg

cm

363.30

0.455 ± 0.063

Sardoriomycetes A18
Cladosporium uredinicola A72

Chlorophyll (3) (SPAD)
(2)

ab

+AHg
-AHg

Plant height (1)
(2)

0.074 ± 0.03

ef

0.070 ± 0.020

f

0.179 ± 0.071

de

0.109 ± 0.034

d-f

47.71

29.82
27.29
24.31
20.18

3.37

12.76 ± 1.98 a-d

h-k

-3.85

20.33 ± 4.13 a-d

12.48 ± 3.19

f-k

20.23

20.70 ± 0.99 a-d

10.63 ± 1.11

h-k

2.41

17.03 ± 2.86 a-d

10.55 ± 2.25

h-k

1.64

16.03 ± 4.70 a-d

10.73 ± 3.16
9.98 ± 2.50

-8

7.66 ± 0.17 a-d

18.58

10.50 ± 2.97

h-k

1.16

21.33 ± 2.31 a-d

18.58

12.85 ± 4.65 e-k

23.8

21.73 ± 4.99 a-d

16.06

g-k

12.04

19.76 ± 3.41 a-d

19.72

9.40
9.40
3.90

9.55 ± 3.95

h-k

11.63 ± 3.16

-6.26

8.56 ± 1.86 a-d

10.05 ± 1.05

h-k

-3.18

21.35 ± 2.27 a-d

11.90 ± 0.62

g-k

14.64

12.05 ± 2.57 a-d

9.73 ± 0.71

h-k

-4.34

7.65 ± 2.21 a-d

11.78 ± 1.79

g-k

13.49

3.46 ± 0.84 d

-3.44

12.78 ± 2.40

e-k

23.12

7.10 ± 0.83 a-d

-4.13

11.38 ± 3.88 g-k

9.63

7.26 ± 0.77 a-d

-28.42

16.70 ± 2.14 a-d

-0.69
-1.83

-20.87
-28.13
-32.11
-35.89
64.22
-

9.93 ± 2.22

h-k

jk

7.43 ± 2.16

h-k

1.83

6.20 ± 0.67 b-d

k

-12.81

13.35 ± 2.82 a-d

i-k

10.57 ± 2.13
6.9 ± 0.95

-33.53

4.15 ± 0.78 b-d

13.78 ± 5.05

d-j

32.76

20.47 ± 5.99 a-d

10.38 ± 3.37

h-k

-

6.13 ± 2.99 b-d

9.05 ± 5.07

C-Hg No-inoculated plants without Hg and C+Hg No-inoculated plants with Hg. Letters in the same column do not differ statistically (1 Duncan test, 2 Growth
promotion efficacy (%) and 3 Kruskal Wallis)
https://doi.org/10.1371/journal.pone.0182017.t003

Mercury contamination affects chlorophyll synthesis in A. fluminensis verified by the
chlorophyll index (SPAD). The addition of heavy metal resulted in a lower SPAD index
(6.13 ± 2.99) compared to the measurements obtained from plants growing on a substrate
without mercury (20.47 ± 5.99) (Table 3). There was a positive correlation (with significance at
0.01) between the SPAD indices and the values of dry biomass (Pearson Correlation 0.721)
and the plant length (Pearson Correlation 0.659) indicating that fungi that promoted plant
growth provided higher SPAD indices in the leaves of the host. The inoculation of the host
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with endophytic fungi contains the effect of mercury on chlorophyll synthesis, 93.75% of the
strains improved chlorophyll index in relation to the uninoculated plants (C + Hg). Of this
amount, 42.33% showed chlorophyll values higher than those recorded in non-inoculated
plants and without mercury (C-Hg).
The highest SPAD index was obtained in plants inoculated with Massariosphaeria sp. A19
(31.63 ± 4.80) (Table 3). Only inoculation with F. oxysporum P80 (isolated of P. acuminatum)
and A. japonicus A32 (isolated of A.fluminensis) showed a deleterious effect on the concentration of chlorophyll in the host (Table 3).

Discussion
The history of gold mining in the city of Poconé began with large scale exploration in the
1980s, resulting in one of the biggest anthropogenic impacts on the Pantanal: mercury contamination in bodies of water [4], sediments [3] and fauna [5–7].
Plants have different strategies to colonize soils containing high concentrations of heavy
metals and only resistant species can occupy this niche [61]. These strategies include the activation of genes that encode multiple enzymatic pathways and are related to the process of
metal exclusion of the plant/root or mechanisms of tolerances that allow the accumulation of
the metal inside the plant [62].
Fungi tolerant to heavy metals may influence plant occupation in old mining areas. The
inoculation of the host with resistant strains may result in the promotion of plant growth in
metal contaminated environments.
In this work, we observed that A. fluminensis and P. acuminatum are abundant in soils of
wetland areas contaminated by mercury. Our results demonstrate that the fungal community
structure of the roots of these hosts have important functions for the colonization of contaminated environments.

Influence of mercury contamination on the structuring of endophytic
fungi communities
The community of endophytic fungi in areas contaminated by heavy metals has been evaluated
to obtain tolerant strains for use in bioremediation programs [15,16,20,63,64]. However, the
effects of toxic metals on the structure and function of the endophytic fungal communities
have been poorly investigated. Therefore, our approach intends to develop an understanding
of the effects of mercury on the root endophytic fungal communities of plants and the potential to affect host adaptability under conditions of environmental contamination.
The measurements of colonization of endophytes in fragments of plant tissues may indicate
the dynamics and extent of colonization of the host [57]. It was verified that environmental
contamination with mercury is accompanied by higher colonization frequencies in the evaluated hosts (Table 1). These values have a direct relationship with the number of isolates, richness and diversity of root endophytic fungi obtained in hosts collected in contaminated areas
by mercury (Table 1). Possibly, the existence of adaptive mechanisms in response to the period
of exposure to mercury allows the survival and selection of endophytic fungi in stressed
environments.
Several factors affect the composition and structure of endophytic fungi, such as salinity
[29], soil management [65], climate [66] and host [67]. In the same way, the presence of contaminants, such as heavy metals, are important parameters in structuring the fungal community [12,17,68].
Endophytic fungi tolerant to heavy metals are often obtained from hosts of contaminated
areas [16,20,63,69], and few researches have evaluated the pattern of fungal endophytic
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diversity on the effect of these metals, especially mercury. The contamination with zinc and
cadmium does not influence the diversity of endophytic fungi [12]. In contrast, soil contamination with cadmium, lead and zinc increased the diversity of endophytic fungi [17], while the
diversity of mycorrhizal fungi was reduced in the presence of heavy metals [70,71].
In our study, the composition and structure of the most abundant taxa of endophytic fungi
were influenced by contamination with mercury and not by host identity (Fig 3). Although the
host genotype is an important factor for structuring fungal communities [72], changes in the
communities of endomycorrhizal [68] and ectomycorrhizal fungi [11,12] have been attributed
to the concentrations of heavy metals.
The Ascomycota phylum and the Pleosporales order were dominant in the composition of
the evaluated communities (S1 and S3 Figs). Ascomycotas are frequent and represent a good
portion of isolated strains of different hosts [17,29,57,73,74]. The most abundant order in this
research Pleosporales is represented by functionally versatile species, with a broad phenotypic
plasticity and capable of adaptation in a variety of environments [75].
Specific strains of a plant and environment (Fig 2) reveal a specificity of the endophytic
fungi with its host, as observed for endophytic fungi of arboreal species [74], ectomycorrhizal
[76] and arbuscular mycorrhizal fungi [77]. Some fungal species were identified only in host
roots growing in the presence (Ceratobasidium sp.2, Phoma sp.1, Falciformispora sp.2, T. brevicompactum, Pestalotiopsis sp.) or in absence (F. oxysporum, Lindgomycetaceae 1 and Falciformispora sp. 1) of mercury. Other species showed specificity with the type of host analyzed,
such as C. gloesporioides, D. phaseolorum, L. pseudotheobromae and Phomopsis sp. in P. acuminatum and S. apiospermum, Ceratobasidium sp.2 and Aspergillus sp.1 in A. fluminensis.
In our research, Colletotrichum was the most abundant genus and together with Phoma,
Fusarium, Diaporthes, Phomopsis, Aspergillus and Trichoderma represented more than 30% of
the total isolates. These genera are frequent for endophytic fungi from areas contaminated with
heavy metals [17,19,20,57]. Although usually considered a plant pathogen [78], species of genus
Colletotrichum are frequently endophytic in foilar tissues [20,65,73,79] and less frequently in
root tissues [79]. However, in our study isolates of Colletotrichum were abundant, possibly
because these strains are important to alleviate the stress caused by mercury. An abundant strain
of Colletotrichum (P42) promoted the growth of A. fluminensis grown in the presence of mercury. In addition, isolates of Massariosphaeria, Falciformispora and Hongkongmyces were abundant genera in A. fluminensis in the contaminated area, and as endophytes of plants in heavy
metal contaminated areas. The isolation of these fungi from these less examined plants may be
an indication these fungi may be used as an environmental biotechnological tool, expanding the
spectrum of microbes with potential for use in bioremediation processes.
Although many endophytic Fusarium isolates are representative of host communities of
areas contaminated with heavy metals [17,20,57,64], the species F. oxysporum colonizes only
plants from places that are free from contamination with heavy metals [29,45,73,80,81]. Our
results confirm this observation, since isolates of F. oxysporum were indicative of Hg+2 free
areas. In contrast, Massariosphaeria sp and T. brevicompactum were indicative of contaminated areas. Massariosphaeria has not yet been reported as endophytic, however the genus has
been reported for humid environments, being isolated from samples of wood [82], herbaceous
substrate [83] and decomposing Phragmites australis tissues [84,85], suggesting that the genus
possesses an important role in nutrient cycling in humid areas. Our work corroborates this,
because in addition to mercury resistance (S2 Table), Massariophaeria strains secrete amylase
and lignase (S3 Table). In contrast, Trichoderma is consistantly associated with contaminated
environments with heavy metals and can neutralize the effects of heavy metals on hosts
[16,22]. T. brevicompactum is a rare new species that was first isolated in 2004 [86]. In addition
to Hg+2 tolerance, the species is known for its antifungal properties [87].
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Species of the genus Hongkongmyces were isolated in both environments and plants. The
occurrence of endophytic fungi in both areas suggests a greater adaptive plasticity whose
mechanisms of resistance to mercury are yet to be evaluated. Hongkongmyces has been
described as a human pathogen, but the genus is embedded in the Lindgomycetaceae family,
in which the isolates are unique to submerged plant stems from moist environments, as in our
study [88]. The taxon most abundant in–PHg was classified as Lindgomycetaceae 1. Species of
Lindgomycetaceae have hyper-diverse ITS regions [88], with some phylogenetic problems
leading to polyphyletic species [89]. These characteristics make it difficult to identify them
exclusively by homology from ITS sequences.

Functional characterization of the endophytic fungal community
Endophyte-plant interactions contribute to the functioning of terrestrial ecosystems, modulating various plant ecological features such as productivity, colonization and plant diversity with
direct influence on the nutrient cycle [27,80]. The species specificity demonstrated by some
endophytic fungal strains suggests the existence of distinct functional roles.
The functional traits evaluated in the present research comprise three main functions performed by the plant microbiome: 1) participation of microorganisms in processes that relieve
the stress of their hosts; 2) host defense against biotic aggressions; and 3) increased plant nutrition through the supply of nutrients [90].
The proportion of fungal strains that produce siderophores, amylases, proteases, ligninases,
cellulases and exhibit antibiosis against bacteria was greater for the plant isolates from the contaminated areas (Table 2). This suggests that these traits are important in the multitrophic
interactions between plants and microorganisms, which are mainly driven by environmental
conditions and evolutionary selection processes [91,92].
Two strains (A. japonicus A32 and Emericelopsis sp P54) synthesized all the evaluated
hydrolytic enzymes (S3 Table). The synthesis of hydrolytic enzymes by the endophytes enable
the successful colonization of host tissues [26], as well as participating in nutrient cycling [25]
and antagonism processes [93].
Aspergillus sp.2 A25, C. Rhizophaga P89, Glomerallaceae A43 and Westerdykella sp.1 P71
can protect plants against phytopathogenic bacteria (S3 Table), given antibiosis activity against
Gram+ and Gram- strains [72].
The endophytic Westerdykella sp.1 P71 produced siderophores and IAA. These two functional traits are important for host growth in environments impacted by heavy metals, because
siderophores support iron acquisition and chelation of harmful compounds [35] and IAA regulates plant growth and development [19,22].
Heavy metal tolerance indices vary among 93 endophytic fungal strains, including the
strains of the same species, such as Falciformispora sp.1 isolated from an uncontaminated area.
While the P92 strain is resistant to Pb+2 and sensitive to other metals (Zn+2 and Cd+2), A49
showed sensitivity only for Pb+2 and did not grow in the presence of Zn+2 and Pb+2 (S3 Table).
Results obtained by Li [57] Shen [15], An [64] and Li [94] show that heavy metal tolerance
often varies between strains of the same species. This plasticity seems to equate with multigenic
control of metal resistance [95]. Additionally, differences in tolerance between strains reflect
different strategies or adaptation mechanisms developed by the fungi, such as permeability
barriers, metal and intracellular sequestration, efflux pumps, enzymatic detoxification and
metal speciation [96].
Heavy metal tolerant strains were found both in the community obtained in contaminated
environments and those isolated from hosts collected in mercury free environments (S3
Table). Among the tolerant strains, Aspergillus sp.2 A25, B. setariae P4 and Falciformispora
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sp.3 A76 were stimulated by metals and presented the highest tolerance index for Pb+2 (2.69),
Zn+2 (1.06) and Cd+2 (1.2) as well as Peyronellae (J934 and J97) presented higher growth in the
culture media supplemented with Pb+2 and Zn+2 [15]. Efficient physiological and molecular
mechanisms allow organisms to carry out extracellular or intracellular detoxification processes
[69] and thus ensures resistance to the metal.
At the concentrations tested, the cadmium was the most toxic metal, likely because of its
ability to kill spores and cause DNA damage [97,98].
We found 33 endophytic strains that grew in all evaluated heavy metals (S3 Table). The
occurrence endophytic fungal strains tolerant to heavy metals may be an important attribute
for plant survival in areas impacted by heavy metals [99]. Therefore, endophytic fungi are
reported to increase plant biomass in systems contaminated with toxic metals [15,54,57,
63,64,69].

Growth of strains in the presence of mercury
There are no records of endophytic fungi with the capacity to promote the mercury remediation. However, strains from both environments (-Hg and +Hg) were tolerant to Hg+2 and
other metals evaluated (Pb+2, Zn+2 and Cd+2), thus tolerance capacity did not depend on the
origin of the endophytic fungus [15].
It was found that 11 strains distributed in eight genera, from both hosts of contaminated
area (6) and non-contaminated area (5) are stimulated (TI > 1) by Hg+2 (Table 3, S2 Table).
Endophytes with mercury tolerance can be used to facilitate phytoremediation. Mercury is a
non-essential metal [100], but it serves in Cochliobolus sp. P86 some unknown physiological
function, which influenced mycelial growth. The strain P86 is stimulated by Hg+2 and its growth
was twice as rapid in the presence of the metal (TI = 2.1). The tolerance of Cochliobolus to heavy
metals has been poorly investigated, but it is known that the genus often has tolerance to xenobiotics, such as octyltin [101]. Resistant or heavy metal tolerant fungi have different physiological and biochemical mechanisms controlled by different resistance genes that act intracellularly
and extracellularly to neutralize their toxicity or even compartmentalize the heavy metal [69].
The mercury resistance mechanisms of fungi have not yet been fully elucidated. Unlike bacteria that are able to transform and detoxify certain forms of mercury, using processes that
evolve the production of enzymes, mediated by mer operon [102]. For soil fungi, such as
strains of Aspergillus niger and Cladosporium cladosporioides, biovolatilization seems to be the
main mechanism of resistance to Hg+2. In T. harzianum the expression of genes for the coding
of hydrophobins is related to the process of fixation of mercury inside the fungal cell [103]. A.
niger strains KRP2 and A. flavus KRP1 demonstrated growth capacity in mercury, but with
lower TI (0.807 and 0.793, respectively) compared to the values we obtained for most of our
strains [100].
Massariosphaeria sp and Lindgomycetaceae 1 were dominant and certain strains (A19 and
P87) exhibited high TI values (1.5 and 1.3, respectively). There seems to be a relationship that
the dominant endophytic fungi in heavy metal contaminated areas are those that present better
tolerance to the contaminant [94]. These endophytes, thus, may be important for the establishment of the host in contaminated sites [94]. Furthermore, the strains A19 and P87 have dark
pigmented mycelium, probably due to the concentration of melanin in the cell wall of the
fungi. Melanized fungi are generally more resistant to stress conditions, and their survival
being increased by melanin’s neutralizing effect of oxidants generated by environmental stress;
also, the melanin prevents the entry of heavy metal into the fungal cell interior [104].
The endophytic fungi with increased growth in the presence of mercury (TI > 1), as the
strains P86, A19, A17, P87, A72, A47 and P32, have the potential to improve phytoremediation
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of the soils contaminated with mercury. However, in order to evaluate the highest possible
number of strains for the ability to promote host growth under Hg+2 contamination conditions, we adopted TI  0.9 as a criterion for selecting strains (Table 3; S2 Table). This tolerance
value is above the values recorded for mercury tolerant soil strains such as A. niger KRP2 and
A. flavus KRP1 [100].

Effect of endophytic fungi on plant growth in contaminated substrates
It is documented that plant species success in areas with biotic and abiotic stresses is often
modulated by symbiotic associations with endophytes, a phenomenon referred to as “habitat
adapted symbiosis” [21,105]. For this reason, isolates of endophytic fungi with growth capacity
in Hg+2 were selected for growth promotion tests in the presence of the metal using A. fluminensis as host (Table 3).
All communities presented mercury resistant strains, including those that came from the
uncontaminated area (Table 3), confirming the theory that isolates from contaminated and
uncontaminated areas had metal tolerance [15,106]. In this way, other mechanisms may be
involved in the tolerance process and not only the environment/habitat.
A. fluminensis has been shown to be sensitive to mercury and dependent on the mutualistic
association to grow in contaminated soils, as well as reported for C. barbinervis [18].
In this research, several strains promoted host growth under mercury contamination. Nine
endophytes (A51, A19, A18, P87, A72, A9, A31, A38 and P42) stimulated host growth above
uninoculated and non-mercury treatments and were therefore promising microorganisms for
studies of endophyte-facilitated phytoremediation (Table 3). IAA production by Aspergillus
strains (A51 and A31) and Massariosphaeria sp A19 may be beneficial to host plants in providing defense against the adverse effects of abiotic stressors [107,108]. A. fumigatus associated
with soybean plants mitigated adverse effects of saline stress; since the endophyte produced
gibberellin and regulated the effects of other phytohormones (abscisic acid, jasmonic and salicylic acid), demonstrating efficiency to promote the host growth [108].
In addition to synthesizing IAA, A19 and P42 strains produced siderophores (S3 Table).
Siderophores are heavy iron and metal chelating agents, which may decrease metal phytotoxicity and increase bioavailability [35]. The inoculation of Brassica napus with Fusarium sp.
CBRF44, producer of siderophores and IAA, provided an increase in the dry biomass of the
host, besides promoting the phytoextraction of Pb+2 and Cd+2 [19].
Massariosphaeria sp. was the taxon environment indicator with mercury and was the most
isolated endophytic species of A. fluminensis in this condition. In addition, the species together
with Colletotrichum sp. and Lindgomycetaceae 1 were the most abundant endophytes, disregarding the type of host and environment (S2 Table). The interaction between host and root
endophytes has been shown important for the maintenance of these partners in stressful environments, such as those contaminated with heavy metals, demonstrating the importance of
this mutual association [109].
In addition to siderophore and IAA production, the isolates demonstrated the ability to
produce hydrolytic enzymes (Table 3; S3 Table). These functional traits are capable of altering
the toxicity or bioavailability of the contaminants, contributing to plant growth [110–113].
Bioavailability is influenced by the absorption of metals by the mycelium of arbuscular mycorrhizal fungi, decreasing absorption by plant cells [114].
It should be mentioned that Massariosphaeria sp A19, Lindgomycetaceae 1 P87 and C. uredinicola A72 were stimulated by Hg+2 (TI > 1), demonstrating that metal tolerant strains protect their hosts against heavy metal toxicity [115,116]. Endophytic fungi alter physiological
functions of the host plant allowing it to resist stresses caused by heavy metals or other toxic
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agents, favoring the adaptation of the host to the environment and facilitating host establishment [19,20,29].
In plants, mercury ions can replace the magnesium of photosynthetic pigments and interfere with electron transport in chloroplasts, affecting photosynthesis and oxidative metabolism
[117,118], which may explain reduction of the growth of A. fluminensis under the effect of
mercury, especially in the reduction of the chlorophyll (approximately 70%) in non-inoculated
plants.
The endophytic fungi that resulted in higher GPE indices resulted in higher chlorophyll
content in the host, especially Massariosphaeria sp. A19, demonstrating that these microorganisms are beneficial under adverse conditions. This same correlation can be observed in Solanum nigrum inoculated with endophytic fungi growing in substrate contaminated by
cadmium [20].
Tolerant endophytic fungi have been shown to be important tools for optimizing phytoremediation in metal contaminated areas. These microorganisms act by different mechanisms to
moderate the toxic effects of the contaminan, resulting in plant growth promotion [54,64].
Some strains, although Hg+2 tolerant, significantly reduced the growth of A. fluminensis
(Table 3). Of these, F. oxisporum and C. rhizophaga, have been described as plant pathogens
[119,120].

Conclusion
The data obtained in this research confirm the hypothesis that soil contamination by mercury
alters the community structure of root endophytic fungi, whether in composition, abundance
or species richness. The presence or absence of mercury in the soil alters the functional traits
profile of the endophytic fungal community. Tolerance to multiple heavy metals was not associated with tolerance to mercury, rather tolerant strains of endophytes to Cd+2, Pb+2 and Zn+2
were found in both environments. A. fluminensis depends on its endophytic fungi for resistance to mercury,. Inoculation of A. fluminensis with sress tolerance endophytic communities
may be an important strategy for in situ phytoremediation. Future experiments will be necessary to understand the resistance mechanisms of endophytic fungi to the stresses caused by
heavy metals and to evaluate the effectiveness of endophyte-assisted phytoremediation.
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S1 Fig. Classes of endophytic fungi isolated. Strains obtained from Polygonum acuminatum
and Aeschynomene fluminensis from contaminated (+PHg and +AHg) and uncontaminated
areas (-PHg and -AHg).
(TIF)
S2 Fig. Composition of endophytic fungal community. Strains obtained from Polygonum
acuminatum (P) and Aeschynomene fluminensis (A) from contaminated (+Hg) and uncontaminated (-Hg) areas (Order: A: Family: B; Genera:C).
(TIF)
S3 Fig. Dissimilarity dendogram (Bray-Curtis) for the four isolated endophytic fungi community. Strains obtained from Polygonum acuminatum and Aeschynomene fluminensis from
contaminated (+PHg and +AHg) and uncontaminated areas (-PHg and -AHg).
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Writing – review & editing: William Pietro-Souza, Gilvan Ferreira da Silva, Cátia Nunes da
Cunha, James Francis White, Marcos Antônio Soares.
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Grosso, Brasil). Water, Air, & Soil Pollution. 2001; 125(1): 319–330. https://doi.org/10.1023/
A:1005230716898

8.

Cea M, Jorquera M, Rubilar O, Langer H, Tortella G, Diez MC. Bioremediation of soil contaminated
with pentachlorophenol by Anthracophyllum discolor and its effect on soil microbial community. J Hazard Mater. 2010; 181(1–3): 315–323. https://doi.org/10.1016/j.jhazmat.2010.05.013 PMID: 20605683

PLOS ONE | https://doi.org/10.1371/journal.pone.0182017 July 25, 2017

18 / 24

Fungal communities are influenced by soil mercury contamination

9.

Haferburg G, Kothe E. Microbes and metals: interactions in the environment. J Basic Microbiol. 2007;
47(6): 453–467. https://doi.org/10.1002/jobm.200700275 PMID: 18072246

10.

Jean-Philippe SR, Franklin JA, Buckley DS, Hughes K. The effect of mercury on trees and their mycorrhizal fungi. Environ Pollut. 2011; 159(10): 2733–2739. https://doi.org/10.1016/j.envpol.2011.05.017
PMID: 21737192

11.

Hui N, Jumpponen A, Niskanen T, Liimatainen K, Jones KL, Koivula T, et al. EcM fungal community
structure, but not diversity, altered in a Pb- contaminated shooting range in a boreal coniferous forest
site in Southern Finland. FEMS Microbiol Ecol. 2011; 76: 121–132. https://doi.org/10.1111/j.15746941.2010.01038.x PMID: 21223331

12.

De Beeck MO, Ruytinx J, Smits MM, Vangronsveld J, Colpaert JV, Rineau F. Belowground fungal
communities in pioneer Scots pine stands growing on heavy metal polluted and non-polluted soils.
Soil Biol Biochem. 2015; 86: 58–66. https://doi.org/10.1016/j.soilbio.2015.03.007

13.

Bacon CW, White J. Microbial Endophytes. New York: CRC Press; 2000.

14.

Rodriguez RJ, White FJ, Arnold AE, Redman RS. Fungal endophytes: diversity and functional roles.
New Phytol. 2009; 182: 314–330. https://doi.org/10.1111/j.1469-8137.2009.02773.x PMID: 19236579

15.

Shen M, Liu L, Li D, Zhou W, Zhou Z, Zhang C, et al. The effect of endophytic Peyronellaea from
heavy metal-contaminated and uncontaminated sites on maize growth, heavy metal absorption and
accumulation. Fungal Ecol. 2013; 6(6): 539–545. https://doi.org/10.1016/j.funeco.2013.08.001

16.

Deng Z, Zhang R, Shi Y, Tan H, Cao L. Characterization of Cd-, Pb-, Zn-resistant endophytic Lasiodiplodia sp. MXSF31 from metal accumulating Portulaca oleracea and its potential in promoting the
growth of rape in metal-contaminated soils. Env Sci Pollut Res. 2014; 21(3): 2346–2357. https://doi.
org/10.1007/s11356-013-2163-2 PMID: 24062066

17.

Wężowicz K, Rozpądek P, Turnau K. The diversity of endophytic fungi in Verbascum lychnitis from
industrial areas. Symbiosis. 2014; 64: 139–147. https://doi.org/10.1007/s13199-015-0312-8

18.

Yamaji K, Watanabe Y, Masuya H, Shigeto A, Yui H, Haruma T. Root fungal endophytes enhance
heavy- metal stress tolerance of Clethra barbinervis growing naturally at mining sites via growth
enhancement, promotion of nutrient uptake and decrease of heavy-metal concentration. PloS one.
2016; 11(12): e0169089. https://doi.org/10.1371/journal.pone.0169089 PMID: 28030648

19.

Shi Y, Xie H, Cao L, Zhang R, Xu Z, Wang Z, et al. Effects of Cd- and Pb-resistant endophytic fungi on
growth and phytoextraction of Brassica napus in metal-contaminated soils. Environ Sci Pollut Res.
2017; 24(1): 417–426. https://doi.org/10.1007/s11356-016-7693-y PMID: 27726080

20.

Khan AR, Waqas M, Ullah I, Khan AL, Khan MA, Lee IJ, et al. Culturable endophytic fungal diversity in
the cadmium hyperaccumulator Solanum nigrum L. and their role in enhancing phytoremediation.
Environ Exp Bot. 2017; 135: 126–135. https://doi.org/10.1016/j.envexpbot.2016.03.005

21.

Rodriguez RJ, Henson J, Volkenburgh EV, Hoy M, Wright L, Beckwith F, et al. Stress tolerance in
plants via habitat-adapted symbiosis. ISME J. 2008; 2(4): 404–416. https://doi.org/10.1038/ismej.
2007.106 PMID: 18256707

22.

Babu AG, Shim J, Bang KS, Shea PJ, Oh BT. Trichoderma virens PDR-28: a heavy metal-tolerant
and plant growth- promoting fungus for remediation and bioenergy crop production on mine tailing soil.
J Environ Manage. 2014; 132: 129–134. https://doi.org/10.1016/j.jenvman.2013.10.009 PMID:
24291586

23.

Radhakrishnan R, Khan AL, Kang SM, Lee IJ. A comparative study of phosphate solubilization and
the host plant growth promotion ability of Fusarium verticillioides RK01 and Humicola sp. KNU01
under salt stress. AnnMicrobiol. 2015; 65: 585–593. https://doi.org/10.1007/s13213-014-0894-z

24.

Aznar A, Dellagi A. New insights into the role of siderophores as triggers of plant immunity: what can
we learn from animals? J Exp Bot. 2015; 66(11): 3001–3010. https://doi.org/10.1093/jxb/erv155
PMID: 25934986

25.

Kumaresan V, Suryanarayanan T. Endophyte assemblages in young, mature and senescent leaves
of Rhizophora apiculata: evidence for the role of endophytes in mangrove litter degradation. Fungal
Divers. 2002; 9: 81–91.

26.

Osono T, Hirose D. Effects of prior decomposition of Camellia japonica leaf litter by an endophytic fungus on the subsequent decomposition by fungal colonizers. Mycoscience. 2009; 50(1): 52–55. https://
doi.org/10.1007/S10267-008-0442-4

27.

Friesen ML, Porter SS, Stark SC, von Wettberg EJ, Sachs JL, Martinez-Romero E. Microbially mediated plant functional traits. Annu Rev Ecol Evol Syst. 2011; 42: 23–46. https://doi.org/10.1146/
annurev-ecolsys-102710-145039

28.

Sánchez-Fernández RE, Diaz D, Duarte G, Lappe-Oliveras P, Sánchez S, Macı́as-rubalcava ML.
Antifungal volatile organic compounds from the endophyte Nodulisporium sp. strain GS4d2II1a: a

PLOS ONE | https://doi.org/10.1371/journal.pone.0182017 July 25, 2017

19 / 24

Fungal communities are influenced by soil mercury contamination

qualitative change in the intraspecific and interspecific interactions with Pythium aphanidermatum.
Microb Ecol. 2016; 71: 347–364. https://doi.org/10.1007/s00248-015-0679-3 PMID: 26408189
29.

Soares MA, Li HY, Kowalski KP, Bergen M, Torres MS, White JF. Evaluation of the functional roles of
fungal endophytes of Phragmites australis from high saline and low saline habitats. Biol Invasions.
2016; 18(9): 2689–2702. https://doi.org/10.1007/s10530-016-1160-z

30.

Buyer JS, Zuberer DA, Nichols KA, Franzluebbers AJ. Soil microbial community function, structure,
and glomalin in response to tall fescue endophyte infection. Plant Soil. 2011; 339(1): 401–412. https://
doi.org/10.1007/s11104-010-0592-y

31.

Zhou Y, Zheng LY, Zhu MJ, Li X, Ren AZ, Gao YB. Effects of fungal endophyte infection on soil properties and microbial communities in the host grass habitat. Chinese J Plant Ecol. 2014; 38: 54–61.

32.

Ullah A, Heng S, Munis MFH, Fahad S, Yang X. Phytoremediation of heavy metals assisted by plant
growth promoting (PGP) bacteria: A review. Environ Exp Bot. 2015; 117: 28–40. https://doi.org/10.16/
j.envexpbot.2015.05.001

33.

Wood JL, Tang C, Franks AE. Microbial associated plant growth and heavy metal accumulation to
improve phytoextraction of contaminated soils. Soil Biol Biochem. 2016; 103: 131–137. https://doi.org/
10.1016/j.soilbio.2016.08.021

34.

Kim JO, Lee YW, Chung J. The role of organic acids in the mobilization of heavy metals from soil.
KSCE J Civ Eng. 2013; 17(7): 1596–1602. https://doi.org/10.1007/s12205-013-0323-z

35.

Rajkumar M, Ae N, Prasad MNV, Freitas H. Potential of siderophore-producing bacteria for improving
heavy metal phytoextraction. Trends Biotechnol. 2010; 28(3): 142–149. https://doi.org/10.1016/j.
tibtech.2009.12.002 PMID: 20044160

36.

Karimzadeh L, Heilmeier H, Merkel BJ. Effect of microbial siderophore DFO-B on Cd accumulation by
Thlaspi caerulescens hyperaccumulator in the presence of zeolite. Chemosphere. 2012; 88(6): 683–
687. https://doi.org/10.1016/j.chemosphere.2012.03.075 PMID: 22572166

37.

Ma Y, Rajkumar M, Zhang C, Freitas H. Beneficial role of bacterial endophytes in heavy metal phytoremediation. J Environ Manage. 2016; 174: 14–25. https://doi.org/10.1016/j.jenvman.2016.02.047
PMID: 26989941

38.

Sim CSF, Tan WS, Ting ASY. Endophytes from Phragmites for metal removal: evaluating their metal
tolerance, adaptive tolerance behaviour and biosorption efficacy tolerance, adaptive tolerance behaviour and biosorption efficacy. Desalin Water Treat. 2016; 57(15): 6959–6966. https://doi.org/10.1080/
19443994.2015.1013507

39.

Nunes da Cunha C, Piedade MTF, Junk WJ. Classificação e delineamento das áreas úmidas brasileiras e de seu macrohabitatis. Cuiabá: EdUFMT; 2015. 165 p.
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Hardoim PR, Van Overbeek LS, Berg G, Pirttilä AM, Compant S, Campisano A, et al. The hidden
world within plants: ecological and evolutionary considerations for defining functioning of microbial
endophytes. 2015; 79(3): 293–320. https://doi.org/10.1128/MMBR.00050-14 PMID: 26136581

73.

Ramos-Garza J, Rodrı́guez-Tovar AV, Flores-Cotera LB, Rivera-Orduña FN, Vásquez-Murrieta MS,
Ponce-Mendoza A, et al. Diversity of fungal endophytes from the medicinal plant Dendropanax arboreus in a protected area of Mexico. Ann Microbiol. 2016; 66(3): 991–1002. https://doi.org/10.1007/
s13213-015-1184-0

74.

Suryanarayanan TS, Murali TS, Thirunavukkarasu N, Rajulu MG, Venkatesan G, Sukumar R. Endophytic fungal communities in woody perennials of three tropical forest types of the Western Ghats,
southern India. Biodivers Conserv. 2011; 20(5): 913–928. https://doi.org/10.1007/s10531-011-0004-5

75.

Porras-Alfaro A, Herrera J, Sinsabaugh RL, Odenbach KJ, Lowrey T, Natvig DO. Novel root fungal
consortium associated with a gominant desert grass. Appl Environ Microbiol. 2008; 74(9): 2805–2813.
https://doi.org/10.1128/AEM.02769-07 PMID: 18344349

76.

Tedersoo L, Sadam A, Zambrano M, Valencia R, Bahram M. Low diversity and high host preference
of ectomycorrhizal fungi in Western Amazonia, a neotropical biodiversity hotspot. ISME J. 2009; 4(4):
465–471. https://doi.org/10.1038/ismej.2009.131 PMID: 19956273

77.

Aldrich-Wolfe L. Distinct mycorrhizal communities on new and established hosts in a transitional tropical plant community. Ecology. 2007; 88(3): 559–566. https://doi.org/10.1890/05-1177 PMID:
17503582

78.

Hiruma K, Gerlach N, Bucher M, Connell RJO, Schulze-lefert P, Nakano RT, et al. Root endophyte
Colletotrichum tofieldiae confers plant fitness benefits that are phosphate status dependent.
2016;464–74. https://doi.org/10.1016/j.cell.2016.02.028 PMID: 26997485

79.

Wang Y, Lai Z, Li XX, Yan RM, Zhang ZB, Yang HL, et al. Isolation, diversity and acetylcholinesterase
inhibitory activity of the culturable endophytic fungi harboured in Huperzia serrata from Jinggang
Mountain, China. World J Microbiol Biotechnol. 2016; 32(2). https://doi.org/10.1007/s11274-0151966-3 PMID: 26745980

80.

Glynou K, Ali T, Buch A, Kia SH, Ploch S, Xia X, et al. The local environment determines the assembly
of root endophytic fungi at a continental scale. Environ Microbiol. 2015; 1–17.

81.

Kuldau G, Yates I. Evidence for Fusarium endophytes in cultivated and wild plants. In: Bacon CW,
White J, editors. Microbial endophytes. New York: Marcel Dekker Inc; 2000. pp. 85–117.

82.

Tanaka K, Hatakeyama S, Harada Y. Three new freshwater ascomycetes from rivers in Akkeshi, Hokkaido, northern Japan. Mycoscience. 2005; 46(5): 287–293. https://doi.org/10.1007/S10267-0050248-6

83.

Abdel-Raheem A, Shearer CA. Extracellular enzyme production by freshwater ascomycetes. Fungal
Divers. 2002; 11: 1–19.

84.

Findlay SE, Dye S, Kuehn KA. Microbial growth and nitrogen retention in litter of Phragmites australis
compared to Typha angustifolia. Wetlands. 2002; 22(3): 616–625.

85.

Van Ryckegem G, Verbeken A. Fungal diversity and community structure on Phragmites australis
(Poaceae) along a salinity gradient in the Scheldt estuary (Belgium). Nov Hedwigia. 2005; 80: 173–
197. https://doi.org/10.1127/0029-5035/2005/0080-0173

86.

Kraus GF, Druzhinina I, Gams W, Bissett J, Zafari D, Szakacs G, et al. Trichoderma brevicompactum
sp. nov. Mycologia. 2004; 96: 1059–1073. https://doi.org/10.1080/15572536.2005.11832905 PMID:
21148926

87.

Shentu X, Zhan X, Ma Z, Yu X, Zhang C. Antifungal activity of metabolites of the endophytic fungus
Trichoderma brevicompactum from garlic. Braz J Microb. 2014; 254: 248–254. https://doi.org/10.
1590/S1517-83822014005000036 PMID: 24948941

88.

Tsang CC, Chan JF, Trendell-Smith NJ, Ngan AH, Ling IW, Lau SK, et al. Subcutaneous phaeohyphomycosis in a patient with IgG4-related sclerosing disease caused by a novel ascomycete, Hongkongmyces pedis gen. et sp. nov.: first report of human infection associated with the family
Lindgomycetaceae. Med Mycol. 2014; 52(7): 736–747. https://doi.org/10.1093/mmy/myu043 PMID:
25147085

89.

Abdel-Aziz FA. The genus Lolia from freshwater habitats in Egypt with one new species. Phytotaxa.
2016; 267(4): 279–288. https://doi.org/10.11646/phytotaxa.267.4.4

PLOS ONE | https://doi.org/10.1371/journal.pone.0182017 July 25, 2017

22 / 24

Fungal communities are influenced by soil mercury contamination

90.

Bacon CW, White JF. Functions, mechanisms and regulation of endophytic and epiphytic microbial
communities of plants. Symbiosis. 2016; 68(1): 87–98. https://doi.org/10.1007/s13199-015-0350-2

91.

Kusari S, Singh S, Jayabaskaran C. Biotechnological potential of plant-associated endophytic fungi:
hope versus hype. Trends Biotechnol. 2014; 32(6): 297–303. https://doi.org/10.1016/j.tibtech.2014.
03.009 PMID: 24703621

92.

Wani ZA, Ashraf N, Mohiuddin T, Riyaz-Ul-Hassan S. Plant-endophyte symbiosis, an ecological perspective. Appl Microbiol Biotechnol. 2015; 99: 2955–2965. https://doi.org/10.1007/s00253-015-64873 PMID: 25750045

93.

Aguilar-Trigueros CA, Powell JR, Anderson IC, Antonovics J, Rillig MC. Ecological understanding of
root-infecting fungi using trait-based approaches. Trends Plant Sci. 2014; 19(7): 432–438. https://doi.
org/10.1016/j.tplants.2014.02.006 PMID: 24613596

94.

Li X, Li W, Chu L, White JF, Xiong Z, Li H. Diversity and heavy metal tolerance of endophytic fungi
from Dysphania ambrosioides, a hyperaccumulator from Pb Zn contaminated soils. J Plant Interact.
2016; 11(1): 186–192. https://doi.org/10.1080/17429145.2016.1266043

95.

Gong J, Zheng H, Wu Z, Chen T, Zhao X. Genome shuffling: Progress and applications for phenotype
improvement. Biotechnol Adv. 2009; 27(6): 996–1005. https://doi.org/10.1016/j.biotechadv.2009.05.
016 PMID: 19463940

96.

Zafar S, Aqil F, Ahmad I. Metal tolerance and biosorption potential of filamentous fungi isolated from
metal contaminated agricultural soil. Bioresour Technol. 2007; 98: 2557–2561. https://doi.org/10.
1016/j.biortech.2006.09.051 PMID: 17113284

97.

Lima AF, Moura GF, Lima MA, Souza PM, Silva CA, Takaki GM, Nascimento AE. Role of the morphology and polyphosphate in Trichoderma harzianum related to cadmium removal. Molecules. 2011; 16
(3): 2486–2500. https://doi.org/10.3390/molecules16032486 PMID: 21407149

98.

Weaver L, Michels HT, Keevil CW. Potential for preventing spread of fungi in air-conditioning systems
constructed using copper instead of aluminium. Lett Appl Microbiol. 2010; 50(1): 18–23. https://doi.
org/10.1111/j.1472-765X.2009.02753.x PMID: 19943884

99.

Zheng YK, Qiao XG, Miao CP, Liu K, Chen YW, Xu LH et al. Diversity, distribution and biotechnological potential of endophytic fungi. Ann Microbiol. 2015; 66(2): 529–542. https://doi.org/10.1007/
s13213-015-1153-7

100.

Kurniati E, Arfarita N, Imai T, Higuchi T, Kanno A, Yamamoto K, et al. Potential bioremediation of mercury-contaminated substrate using filamentous fungi isolated from forest soil. J Environ Sci. 2014; 26
(6): 1223–1231. https://doi.org/10.1016/S1001-0742(13)60592-6

101.

Felczak A, Bernat P, Długoński J. Biodegradation of octyltin compounds by Cochliobolus lunatus and
influence of xenobiotics on fungal fatty acid composition. Process Biochem. 2014; 49(2): 295–300.
https://doi.org/10.1016/j.procbio.2013.12.001

102.

Dash HR, Das S. Bioremediation of mercury and the importance of bacterial mer genes. Int Biodeterior
Biodegradation. 2012; 75: 207–213. https://doi.org/10.1016/j.ibiod.2012.07.023

103.

Puglisi I, Faedda R, Sanzaro V, Piero ARL, Petrone G, Cacciola SO. Identification of differentially
expressed genes in response to mercury I and II stress in Trichoderma harzianum. Gene. 2012; 506
(2): 325–330. https://doi.org/10.1016/j.gene.2012.06.091 PMID: 22789863

104.

Zhan F, He Y, Zu Y, Li T, Zhao Z. Characterization of melanin isolated from a dark septate endophyte
(DSE), Exophiala pisciphila. World J Microbiol Biotechnol. 2011; 27(10): 2483–2489. https://doi.org/
10.1007/s11274-011-0712-8

105.

Redman RS, Sheehan KB, Stout RG, Rodriguez RJ, Henson JM. Thermotolerance generated by
plant / fungal symbiosis. Science. 2002; 298(22): 1581–1581. https://doi.org/10.1126/science.
1078055

106.

Mohamed RM, Abo-Amer AE. Isolation and characterization of heavy-metal resistant microbes from
roadside soil and phylloplane. J Basic Microbiol. 2012; 52(1): 53–65. https://doi.org/10.1002/jobm.
201100133 PMID: 22435113

107.

Khan AL, Lee IJ. Endophytic Penicillium funiculosum LHL06 secretes gibberellin that reprograms Glycine max L. growth during copper stress. BMC Plant Biol. 2013; 13(1): 1–14. https://doi.org/10.1186/
1471-2229-13-86 PMID: 23721090

108.

Waqas M, Khan AL, Kang SM, Kim YH, Lee IJ. Phytohormone-producing fungal endophytes and hardwood-derived biochar interact to ameliorate heavy metal stress in soybeans. Biol Fertil Soils. 2014; 50
(7): 1155–1167. https://doi.org/10.1007/s00374-014-0937-4

109.

Schultz B, Boyle C. What are endophytes? In: Boyle CJ, Schulz BJ, Sieber TN, editors. Microbial root
endophytes. Berlin: Springer-Verlag, Berlin Heidelberg; 2006. pp. 1–13.

PLOS ONE | https://doi.org/10.1371/journal.pone.0182017 July 25, 2017

23 / 24

Fungal communities are influenced by soil mercury contamination

110.

Saravanan VS, Madhaiyan M, Thangaraju M. Solubilization of zinc compounds by the diazotrophic,
plant growth promoting bacterium Gluconacetobacter diazotrophicus. Chemosphere. 2007; 66(9):
1794–1798. https://doi.org/10.1016/j.chemosphere.2006.07.067 PMID: 16956644

111.

Sheng X, Chen X, He L. Characteristics of an endophytic pyrene-degrading bacterium of Enterobacter
sp. 12J1 from Allium macrostemon Bunge. Int Biodeterior Biodegrad. 2008; 62(2): 88–95. https://doi.
org/10.1016/j.ibiod.2007.12.003

112.

Soleimani M, Afyuni M, Hajabbasi MA, Nourbakhsh F, Sabzalian MR, Christensen JH. Phytoremediation of an aged petroleum contaminated soil using endophyte infected and non-infected grasses. Chemosphere. 2010; 81(9): 1084–1090. https://doi.org/10.1016/j.chemosphere.2010.09.034 PMID:
20961596

113.

Yousaf S, Andria V, Reichenauer TG, Smalla K, Sessitsch A. Phylogenetic and functional diversity of
alkane degrading bacteria associated with Italian ryegrass (Lolium multiflorum) and Birdsfoot trefoil
(Lotus corniculatus) in a petroleum oil-contaminated environment. J Hazard Mater. 2010; 184(1):
523–532. https://doi.org/10.1016/j.jhazmat.2010.08.067 PMID: 20851515

114.

Tonin C, Vandenkoornhuyse P, Joner EJ, Straczek J, Leyval C. Assessment of diversity in the rhizosphere of and effect of these fungi on heavy metal uptake by clover. Mycorrhiza. 2001; 10(4): 161–
168. https://doi.org/10.1007/s005720000072

115.

Shahabivand S, Maivan HZ, Goltapeh EM, Sharifi M, Aliloo AA. The effects of root endophyte and
arbuscular mycorrhizal fungi on growth and cadmium accumulation in wheat under cadmium toxicity.
Plant Physiol Biochem. 2012; 60: 53–58. https://doi.org/10.1016/j.plaphy.2012.07.018 PMID:
22902797

116.

Likar M, Regvar M. Isolates of dark septate endophytes reduce metal uptake and improve physiology
of Salix caprea L. Plant Soil. 2013; 370: 593–604. https://doi.org/10.1007/s11104-013-1656-6

117.
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