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Abstract

Mercury is a non-essential and toxic metal that induces toxicity in most organisms, but endophytic fungi can develop survival
strategies to tolerate and respond to metal contaminants and other environmental stressors. The present study demonstrated
the potential of mercury-resistant endophytic fungi in phytoremediation. We examined the functional traits involved in plant
growth promotion, phytotoxicity mitigation, and mercury phytoremediation in seven fungi strains. The endophytic isolates
synthesized the phytohormone indole-3-acetic acid, secreted siderophores, and solubilized phosphate in vitro. Inoculation
of maize (Zea mays) plants with endophytes increased plant growth attributes by up to 76.25%. The endophytic fungi stimu-
lated mercury uptake from the substrate and promoted its accumulation in plant tissues (¢ test, p <0.05), preferentially in
the roots, which thereby mitigated the impacts of metal phytotoxicity. Westerdykella aquatica P71 and the newly identified
species Pseudomonodictys pantanalensis nov. A73 were the isolates that presented the best phytoremediation potential.
Assembling and annotation of P. pantanalensis A73 and W. aquatica P71 genomes resulted in genome sizes of 45.7 and
31.8 Mb that encoded 17,774 and 11,240 protein-coding genes, respectively. Some clusters of genes detected were involved
in the synthesis of secondary metabolites such as dimethylcoprogen (NRPS) and melanin (T1PKS), which are metal chela-
tors with antioxidant activity; mercury resistance (merA and merR1); oxidative stress (PRX1 and TRX1); and plant growth
promotion (trpS and iscU). Therefore, both fungi species are potential tools for the bioremediation of mercury-contaminated
soils due to their ability to reduce phytotoxicity and assist phytoremediation.
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Introduction

Mercury (Hg) is a non-essential and toxic metal origi-
nated from natural sources and human activities [1-3]. The
most significant natural sources of mercury are mineral
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weathering, erosion, and volcanic eruption [5, 6]. However,
the anthropic sources have caused great concern because the
exponential increase in the use of mercury in various sec-
tors such as industry, agriculture, and mining has resulted in
its excessive release into aquatic and terrestrial ecosystems
[7-10]. The Pantanal is the world’s largest humid freshwater
area and it is under increasing anthropogenic threats, includ-
ing long-term regionally intensive gold mining practices
[11] that are known to release harmful pollutants such as
mercury to the surrounding environment [12].

Mercury causes a major global impact due to its toxicity,
persistence, bioaccumulation, and biomagnification capac-
ity that vary according to its chemical speciation [4, 13].
Methylated derivatives are the most toxic mercury species
due to their affinity for sulfhydryl radicals of amino acids,
which alter protein structure and cause loss of function [13,
14]. Bioaccumulation and biomagnification of mercury in
living organisms can disturb different trophic levels of eco-
systems, since mercury is easily transferred through the food
chain [15, 16] and poses high risks to human health and
animal in the short and long term [17, 18]. Mercury toxic-
ity may aggravate neurological and neurodegenerative [19],
renal [20], and cardiovascular diseases [21] in humans. The
negative effects of mercury contamination can also strongly
affect the ecosystem by limiting plant growth and altering
the structure and composition of communities of microor-
ganisms [22-25], which impair the maintenance of the struc-
ture and functioning of the ecosystem.

Several species of endophytic fungi are resistant to mer-
cury toxicity, including Aspergillus sp. and Curvularia
geniculata [26]. Endophytes attenuate the toxicity of met-
als to hosts in contaminated environments [22, 24-26], favor
plant growth and phytoremediation, and enhance the host
ability to extract soil contaminants [27, 28]. The use of eco-
logical approaches to reduce soil mercury contamination has
attracted increasing attention in the last 10 years. Bioreme-
diation is a process that uses living organisms, including
archaea, bacteria, fungi, and plants, to remove or immobilize
contaminants [22, 23, 25, 27, 29]. It is an effective approach
to treat soils contaminated with toxic metals, is cheaper than
traditional physicochemical approaches, and has little or no
environmental impact [28, 30].

Microorganisms have developed different mechanisms
of resistance to toxic metals. The intracellular detoxifica-
tion mechanism of some fungi, bacteria, and archaea may
be mediated by enzymes encoded in the operon mer that
are able to volatilize mercury [30-32]. Another extracellu-
lar mechanism of resistance to toxic metals is the ability to
adsorb metal ions to cell wall components through binding
to functional groups, such as amino, hydroxyl, carboxyl, and
sulfhydryl groups [33, 34].

Polygonum acuminatum Kunth and Aeschynomene
fluminensis Vell are abundant plant species in
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mercury-contaminated wetland soils, whose richness and
composition of endophytic fungi are influenced by contami-
nation [26]. These hosts harbor mercury-resistant endophytic
species and thereby have the potential to assist phytoreme-
diation [26, 27]. The high functional versatility of fungi
is an important biotechnological characteristic applied to
bioremediation that represent an advantage over the phys-
icochemical removal of toxic metals in terms of cost and
time efficiency [35]. However, the molecular mechanisms
of tolerance and resistance to mercury in fungal cells are
poorly known. There are some evidences that fungal cells
have enzymes capable of volatilizing mercury and macro-
molecules that adsorb metals [27, 30, 34].

We hypothesize that mercury-resistant endophytic fungi
are capable of promoting the growth of the host plant in
mercury-contaminated soil, attenuating the effects of the
contaminant on plants and assisting in phytoremediation.
In this sense, the present study aims to (1) determine func-
tional traits and growth promotion in maize (Zea mays L.—
Poaceae) plants inoculated with endophytic fungi isolated
from Aeschynomene fluminensis Vell (Fabaceae) and Polygo-
num acuminatum Kunth (Polygonaceae); (2) examine the
role of endophytic fungi in mercury phytoextraction; and
(3) assemble and annotate the genome of endophytic fungi
in order to identify important factors for resistance to toxic
metals.

Material and methods
Endophytic strains

In the present study, seven endophytic fungi isolates were
randomly chosen among the mercury-resistant microorgan-
isms (Table 1). The isolates were obtained from the Cul-
ture Collection of the Laboratory of Biotechnology and
Microbial Ecology at Federal University of Mato Grosso
(Cuiab4, Mato Grosso State, Brazil). Endophytic fungi were
previously isolated from the root system of host species
abundant in wet areas contaminated (3.24 mg.kg™") (+ Hg
site—S"16°15'42.7" W"056°38'43.6") or not contaminated
with mercury (-Hg site—S"16°21'19.7" W"056°20'13.9"),
located in the city of Poconé [26]. The isolates were acti-
vated in potato dextrose agar culture medium for 7 days at
30 °C, and preserved in 20% glycerol, at—20 °C.

Characterization of functional traits of fungal
isolates

The strains were inoculated in potato dextrose broth sup-
plemented with 2.5 mg mL~! tryptophan (pH 6.0) and incu-
bated for 7 days, at 30 °C, under shaking at 100 rpm. The
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Table 1 Endophytic fungi used in maize growth promotion and mercury bioremediation assays

Isolate Identification Host TI (ug mL™Y) NCBI access number
A65 Sordariomycetes2 Aeschynomene fluminensis Vell (Fabaceae) 0.82 KY987119
AT3* Pseudomonodictys pantana- — Aeschynomene fluminensis Vell (Fabaceae) 0.72 KX381148
lensis sp. nov
P42%* Colletotrichum sp. Polygonum acuminatum Kunth (Polygonaceae) 1.03 KX381174
P71% ** Westerdykella aquatica Polygonum acuminatum Kunth (Polygonaceae) 0.95 KX381190
P72 Nemania sp. Polygonum acuminatum Kunth (Polygonaceae) 0.44 KX381191
P74 Pleosporales 1 Polygonum acuminatum Kunth (Polygonaceae) 0.85 KX381192
P96 Diaporthe miriciae Polygonum acuminatum Kunth (Polygonaceae) 0.94 KX381202

T1, mercury tolerance index. TI was calculated from the growth rate of the strain exposed to mercury divided by the growth rate in the control

plate (without mercury) [26]

*These isolates were previously identified as Lindgomycetaceae A73 and Westerdykella sp. P71 by Pietro-Souza et al. [26], and we propose

changing the identification

**Sporulating fungi in potato dextrose agar medium

production of indole-3-acetic acid was determined using
Salkowski’s reagent, according to Babu et al. [36].

Siderophores were quantified in the culture supernatant of
strains grown in potato dextrose broth for 7 days, at 30 °C,
under shaking at 100 rpm. The supernatant was centrifuged
at 11,000 rpm for 5 min. One milliliter of the chromium
azurol S indicator solution (1:1, v/v) [37] was mixed with
1 mL of the supernatant from different cultures, and absorb-
ance was recorded in a spectrophotometer set at 630 nm [38].

Phosphate solubilization by fungal isolates was estimated
using phosphate-supplemented growth medium, according
to the protocol developed by Nautiyal [39]. Production of
siderophores and phosphate solubilization by the strains
were qualitatively evaluated and the results were expressed
as positive (+) and negative (—) presence of the tested func-
tional traits.

Promotion of maize plant growth by endophytic
fungi under the effect of mercury

Maize seeds (Zea mays, Hybrid AG1051) were superfi-
cially disinfected with 70% ethanol for 1 min, 2.5% sodium
hypochlorite for 5 min, and rinsed in sterile distilled water.
Then, the seeds were placed in trays containing vermiculite
and sand 1:1 (m:m), and kept in a greenhouse for 7 days,
for germination. After this period, seedlings were trans-
ferred to pots (0.5 dm?) containing vermiculite and sand 1:1
(m:m) previously homogenized with 20 mg.Kg™! of Hg*?
(HgCl,). The fungal strains were activated in potato dextrose
agar medium for 7 days, at 30 °C. The seedling roots were
inoculated with the fungal strains: 1 mL of spore suspen-
sion (10° conidia.mL™") of sporulating strains or two discs
(2 cm diameter) of medium containing mycelium of non-
sporulating strains. After 24, 48, and 72 h of inoculation,

20 mg.Kg™! of HgCl, solution was applied, totaling 80 mg.
Kg~! Hg*? (HgCl,) per pot [27].

The field capacity of the substrate was maintained at 70%,
and the plants were irrigated weekly with 100% Hoagland
solution [40]. Control treatments were carried out in pots
containing non-inoculated plants grown in substrate with
added Hg (positive control; C+Hg) or without added Hg
(negative control; C —Hg). The pots were randomly distrib-
uted in the greenhouse, and each treatment contained 12
replicates.

Fifteen days after transplanting, the chlorophyll index
was determined using a portable chlorophyll meter (SPAD-
512, Minolta). Height, root length, and shoot and root dry
weight data were recorded on the sixteenth day after inocula-
tion. The growth promotion efficiency of the strains studied
was determined using the parameters height, root length
and dry mass, and shoot length and dry mass, which were
determined after drying the plants in an oven at 65 °C until
they reached constant mass [41]. Plant mass allocation was
determined using plant dry mass data and was expressed
as percentage, calculated from the ratio between organ and
plant dry mass [42].

Data were analyzed by parametric analysis of variance
(ANOVA) combined with Dunnett’s test (p <0.05), and the
p-values were adjusted by FDR (False Discovery Rate). Sta-
tistical analyzes were performed using the R v 3.6.3 software
[43] with the multcomp package [44].

Quantification of mercury in plant tissues

The properly dried plant tissue samples were digested in
a concentrated acidic solution of HNO;:H,0, (5:3, v/v)
in a microwave apparatus (Berghof), using the schedules
recommended by the equipment manufacturer. The metal
content was determined by inductively coupled plasma
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optical emission spectroscopy (ICP-OES), according to
Mello et al. [31]. The ICP-OES system was calibrated
using serial dilutions of mercury standards. The stand-
ard curve used Hg’ + quantification followed the equation
y=0.9469x+1.7957 and R2=0.9972.

To determine the efficiency of mercury translocation from
maize root to shoot, the translocation factor was calculated
from the ratio between mercury concentration (in mg.Kg™!)
in shoot and root [45]. Data were analyzed by parametric
analysis of variance (ANOVA) and ¢ test (p <0.05), and
p-values were adjusted by FDR (False Discovery Rate). Sta-
tistical analyses were performed using the R v 3.6.3 software
[43] and the PAST V 3.25 software [46].

Total DNA extraction and genome sequencing

As the isolates A73 and P71 performed best in assisting phy-
toremediation, they were selected for genome sequencing.
Endophytes were grown in potato dextrose broth and incu-
bated for three days, at 30 °C, and under shaking at 100 rpm.
Their mycelia were macerated with liquid nitrogen and DNA
was extracted using the PowerSoil™ DNA extraction Kkit,
according to the manufacturer’s instructions (Mobio Labora-
tories, Carlsbad, CA, USA). Genome was sequenced on the
[lumina HiSeq 2500 platform using paired-end sequencing
(2% 150 bp). Libraries were prepared using Nextera™ XT
Library Prep workflow, according to the Illumina Prepara-
tion Guide (http://www.illumina.com). DNA concentra-
tion was adjusted based on qPCR quantifications, using the
KAPA Library Quantification Kit for [llumina® Platforms,
according to the manufacturer’s specifications.

Genome assembly

The quality of reads was assessed using the FASTQC tool
[47]. Snippets of adapters and poor-quality bases at the
end of the sequences were removed using the Trimmo-
matic v0.38 software [33], with the parameters: cutting
of adapters; LEADING:3; TRAILING:3; SLIDINGWIN-
DOW:12:15; MINLEN:30 for the strain P71; and MIN-
LEN:50 for the strain A73. Quality reads were assembled
using the new SPAdes assemblers [48], Newbler [49], and
the MeGAMerge post-assembler [50], using the standard
parameters. The quality of the assembled reads was assessed
using the QUAST tools [51]. Sequencing data are available
on the NCBI Sequence Read Archive under accession num-
bers JAFHBV000000000 and JAFHBW000000000.

Prediction and functional gene annotation
To predict biosynthesis gene clusters, the assembled con-

tigs were analyzed using the anti-SMASH v.5.0 version with
predefined parameters by default [52]. Protein-coding genes
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were predicted using the AUGUSTUS software (Version:
3.2.1) with predefined parameters by default [53]. The com-
pleteness of the annotation was determined with BUSCO
using the predicted proteins of the fungi_odb9 model [54].
The predicted and conceptually deduced genes in protein
sequences were used for functional annotations.

Ortholog groups were identified using the eggNOG-Map-
per 0.12.7 functional annotation tool [55] with DIAMOND
v4.5.1 mapping mode [56], and protein functional signa-
tures identified using the InterProScan v5 software [57]. The
tRNA and rRNA regions were detected using the Aragorn
and RNAmmer software, respectively [58, 59]. Based on
the protein prediction results, the gene ontology terms (GO)
were mapped into three groups: Biological Process, Molecu-
lar Function, and Cell Component. GO analysis was per-
formed using the online platform AgBase (https://agbase.
arizona.edu/). The new protein annotation files were gener-
ated with GOanna, GOanna2ga, and GOSlimViewer tools
running with predefined default parameters [60].

DNA extraction, PCR amplification, and DNA
barcoding sequencing for phylogenetic analysis

To identify Pseudomonodictys pantanalensis sp. nov., total
DNA from the isolates P87, A73, and P100 was extracted
using a DNA purification kit (Norgen Biotek Corp, Can-
ada). The fragments of the regions corresponding to ITS,
SSU, and LSU were amplified using the primers listed in
Table S1. ITS1/F and ITS4/R were used to amplify the
rDNA internal transcribed space region (ITS). LROR/F and
LR3/R were used to partially amplify the -DNA sequence of
the 28S ribosomal large subunit (LSU). SCR1c/F and NS8/R
were used to partially amplify the rDNA of ribosomal small
subunit (SSU).

The PCR reactions were performed in a 25 pL reaction
volume containing 50 ng of genomic DNA, 0.5 pmol of each
primer, 1X PCR buffer with 50 mM MgCl,, 1 mM dNTPs,
and 1 U Taq polymerase (EasyTaq-TranGen Biotech Co.
LTD). The reaction program was initial denaturation at
95 °C for 3 min, 35 denaturation cycles at 95 °C for 30 s,
annealing at 53 °C for 45 s, and elongation at 72 °C for
1 min. Final stretching was performed at 72 °C for 5 min.
The amplicons were purified using Exosap (Thermo Fisher).
The sequencing reactions were performed using the BigDye
v3.1 kit (Thermo Fisher), according to the manufacturer’s
recommendations. The sequences were analyzed on the 3500
Genetic Analyzer (Thermo Fisher) sequencer.

Phylogenetic analysis
Consensus sequences for each PCR-amplified barcoding

were obtained based on alignment of forward and reverse
sequences using a DNA baser assembly software (http://
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www.dnabaser.com/). Sequences obtained by amplification
and from the complete genome for P. pantanalensis were
deposited in GenBank (http://www.ncbi.nlm.nih) under the
accession numbers KX381148, KX381153, and KX381197
(ITS), MZ766927 to MZ766928 (SSU), MZ766923 to
MZ766925 (LSU), and MZ803210 (TEF). The isolates
P87, A73, and P100 were phylogenetically identified using
a collection of 32 type species belonging to the suborder
Massarinae. Such collection included 29 isolates previously
characterized, composed of members of the families Para-
bambusicolaceae (n=16), Morosphariaceae (n=6), Trem-
atosphariaceae (n=4), Bambusicolaceae (n=2), Massari-
naceae (n=2), and Lindgomycetaceae (n=2). Corynespora
cassiicola and Corynespora smithii species were used as
outgroups (Table S2).

For phylogenetic identification of W. aquatica P71, we
used the dataset containing sequences of 25 isolates belong-
ing to 14 type species, previously characterized from the
genus Westerdykella, in addition to Preussia funiculata
as outgroup (Table S3). The sequences obtained from the
complete genome of W. aquatica P71 were deposited in
GenBank, under the accession numbers MZ747709 (ITS),
MZ766926 (LSU), and MZ803211 (tub2).

The sequences identified for each locus were individually
aligned with the MAFFT tool in the UGENE software [61],
and the alignments were plotted using the MEGA7 software
[62]. Phylogenetic analyzes were conducted using concate-
nated sequences of the four loci for P. pantanalensis (isolates
P87, A73, and P100) and three loci for Westerdykella isolate
P71, using Bayesian Inference and Maximum Likelihood.

The Maximum Likelihood analysis included 1000 rep-
licates (bootstrap) using all sites, General Time Reversible
statistical model, and discrete gamma distribution with four
categories. Bayesian Inference was based on the model
adopted in PAUP*4 and Mrmodeltest2 v2 software [63].
All sites at the ITS, SSU, LSU, and TEF loci for the iso-
lates P87, A73, and P100, as well as the sites at ITS, LSU,
and tub?2 for the isolate P71 were considered. Ten million
generations were analyzed, with the first 25% of the trees
discarded and burned using the MrBayes v3.7 tools avail-
able at CIPRES (https://www.phylo.org/). Posterior prob-
ability and tree topology were visualized with Figtree v 1.1.2
[64]. The consensus tree of the Maximum Likelihood and
Bayesian Inference analyses was generated manually from
the topology obtained by Figtree, derived from the Bayesian
Inference analysis with the posterior probability values, plus
the bootstrap values generated by the Maximum Likelihood
analysis, using the CorelDraw editing package.

Phenotypic characterization of the new species Pseu-
domonodictys pantanalensis A73.

The fungal isolates were inoculated in Potato Dextrose
Agar, 4% Sabouraud Glucose Agar (Fluka), and Oat Agar
(50 g of oat flour, 15 g of agar, 1 L of distilled water), and

grown for 7 days, at 30 °C. The endophytic fungi were char-
acterized according to macromorphological aspects of the
cultures, such as surface and reverse coloration of the cul-
ture medium, border, shape, relief, and mycelium coloration
[65]. Permanent slides obtained from microcultures [66] in
Potato Dextrose Agar, Sabouraud Glucose Agar, Oat Agar,
and Rice Straw media [67] were mounted in order to analyze
micromorphological characteristics of the isolates using an
EVOS M5000 microscope (Invitrogen by Thermo Fisher
Scientific).

Microscopic analysis of maize roots inoculated with
Pseudomonodictys pantanalensis A73.

Maize seeds were superficially disinfected with 70%
ethanol for 1 min, 2.5% sodium hypochlorite for 5 min,
and three rinses in sterile distilled water. The disinfested
seeds were inoculated in solid Murashige and Skoog basal
medium [68] for germination. After 2 days, the radicles were
inoculated with mycelium fragments and the seedlings were
kept under 168 h photoperiod for 7 days. Then, the radicles
were clarified with 10% KOH for 3 min and neutralized with
1% HCI for 5 min. The radicle fragments were stained with
0.05% trypan blue (prepared in 1:1:1 lactic acid, glycerol,
and water) for 2 min, at 60 °C, in a water bath. Permanent
slides were mounted with polyvinyl lactoglycerol [69] and
the structures were analyzed in an EVOS M5000 microscope
(Invitrogen by Thermo Fisher Scientific).

Results and discussion

Functional characteristics of endophytic fungal
strains

The functional profile of endophytic isolates was analyzed to
determine functional traits important for plant growth. Three
out of the seven strains analyzed—P. pantanalensis A73, W.
aquatica P71, and Nemania sp. P72—secreted the phyto-
hormone indole-3-acetic acid (55.77 to 69.72 pg.mL_l) and
siderophores when cultured in vitro (Table 2). Endophytic
fungi synthesize metabolites that stimulate plant growth and
development under biotic and abiotic stresses [26, 70, 71],
such as indole-3-acid acetic, siderophores, in addition to
organic acids and phosphatases involved in solubilization
and mineralization of phosphate [72-75].

Indole-3-acetic acid is a dominant type of auxin produced
by plants and many endophytes that delays plant aging, regu-
lates plant growth and development, and maintains endo-
phytic symbiosis [73, 75-77]. This phytohormone stimu-
lates root growth and thereby enhances the plant capacity
to absorb nutrients and metals. Under stress conditions,
endophytes can regulate the synthesis of phytohormones
and promote physiological and metabolic changes in their
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Table 2 Quantification of
functional traits produced by

endophytic fungi isolated from
Polygonum acuminatum and
Aeschynomene fluminensis

Isolated name IAA (pg. mL™h P Siderophores
Sordariomycetes 2 A65 - - -
Pseudomonodictys pantanalensis A73 55.77 - +
Colletotrichum sp. P42 - + -
Westerdykella aqudtica P71 199.00 * —* 4k
Nemania sp. P72 69.72 - +
Pleosporales 1 P74 - - -
Diaporthe miriciae P96 - + +

IAA, indole-3-acetic acid; P, phosphate solubilization; (+) positive test; (—) negative test

*Pietro-Souza et al. [27]

hosts, which can indirectly favor removal or reduction of
pollutants [25, 27, 76].

Fungi can produce one or different types of siderophores,
depending on the species and environmental conditions
[78]. Siderophores can facilitate soil demineralization and
increase the solubilization of metals that are essential for the
soil biota, such as iron [78, 79]. These small chelating mol-
ecules with high affinity for Fe?* and other bivalent metal
ions can help plants extract more metal ions from the soil,
alleviate the stress caused by excess of metals, and even
absorb more Fe**, thus maintaining plant health and promot-
ing plant growth [77, 78].

In this study, the isolated Colletotrichum sp. P42 and Dia-
porthe miriciae P96 solubilized phosphate, under the condi-
tions assessed (Table 2). Phosphorus is an essential nutrient
poorly bioavailable in soils that is usually found in insoluble
organic and inorganic forms [74]. Soil microorganisms play
an important role in increasing the phosphorus availability
through inorganic phosphorus solubilization and organic
phosphorus mineralization via processes that depend on the
ability of microorganisms to secrete phosphatases, phytases,
and organic acids [74, 80]. Microorganism-mediated solu-
bilization of inorganic phosphate is one of the main mecha-
nisms of plant growth promotion [74].

Mercury phytoremediation assisted by endophytic
fungi

Addition of mercury (80 mg.Kg™!) to maize plants reduced
the height (48.31%), dry biomass (28.13%), and chlorophyll
index (11.31%) in non-inoculated plants treated with mer-
cury (C+Hg), when compared with non-inoculated plants
not treated with mercury (C— Hg) (Table 3). This result sug-
gested that mercury contamination negatively affected the
morphophysiological characteristics of maize, corroborating
other studies that demonstrated mercury toxicity to maize
plants [25, 81]. In addition to mercury, metals such as copper
(Cu), lead (Pb) [81], cadmium (Cd) [82], and chromium (Cr)
[83] are potentially toxic to maize.

@ Springer

Inoculation of maize plants with endophytes increased
the plant height (15 to 51.98%), root elongation (6.34 to
63.47%), and total dry biomass (13.73 to 76.25%), in the
presence and absence of mercury. Sordariomycetes A65 and
W. aquatica P71 performed best to improve these parameters
(Dunnett’s test, p <0.05) (Table 3). Colonization by endo-
phytic fungi can mitigate the impacts of metal toxicity in
host plants, aid their adaptation, and improve their growth
and tolerance to metals [26-28, 76].

The maize plant groups studied herein differed with
respect to their chlorophyll content (Table 3). Plants treated
with the endophytic strains W. aquatica P1 (36.98 +1.09)
and D. miriciae P96 (37.12 +2.7) and mercury had signifi-
cantly higher chlorophyll concentration, as compared with
non-inoculated plants not treated with mercury (Dunnett’s
test, p <0.05). The other endophytic fungal strains did not
alter the chlorophyll content when compared with the con-
trol groups. Other studies have reported that endophyte inoc-
ulation increases the chlorophyll content in maize even in
the presence of toxic metals [27, 81]. The findings reported
in this subsection suggested that endophytic fungi reduced
metal toxicity, promoted host plant growth, and interfered
with chlorophyll production in maize plants grown in metal-
contaminated soils. Endophytes promote plant growth either
directly by supplying nutrients or secreting plant hormones
[84] or indirectly through mechanisms that control phy-
topathogens [85] or improve resistance to stressors such as
salinity [86] and toxic metals [22, 25, 27, 31].

Quantification of mercury in maize plants

Mercury preferentially accumulated in the roots of maize
plants, regardless of inoculation with endophytic fungi.
However, compared with non-inoculated plants, inoculated
plants accumulated less mercury content in the aerial parts,
as evidenced by the translocation factor values that ranged
from 0.02 to 0.06 (Table 4).

Plants inoculated with Sordariomycetes A65, Nemania
sp. P72, and D. miriciae P96 had lower mercury concentra-
tions in their roots and shoots (Table 4). In contrast, plants
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Table 3 Growth promotion of maize inoculated with endophytic fungal strains under the influence of mercury

GPEMSR (%) A‘MMSPA (%) SPAD

MSR (g)

GPEMSPA (%) A'N[MSPA

GPEg (%) MSPA (g)

GPE, (%) Root (cm)

Height (cm)

Treatment

(%)

33.64+1.9
3042+2.6

61.35
63.47
57.03
68.65
67.42

70.82

17.57
39.46

0.517+0.12
0.377+0.02

0.435+0.08

38.65
36.53

0.274 £0.04* 62.13

61.23
6.34

34.60+6.5*%
22.82+3.3

38.77
24.17

34.22+2.4%
30.62+1.8

Sordariomycetes A65

33.50+2.2

75.74
68.05
95.27

0.297 +£0.03%**
0.284 £0.02*

28.82+3.1

33.24+2.5%

P. pantanalensis A73

36.98 +£1.09*

32.28+1.5

1.89
67.57

42.97

34.30

35.08 £1.93*
2546+2.3

34.79

37.48 42 3%%*

31.08+3.8

Colletotrichum sp. P42

W. aquatica P71
Nemania sp. P72

0.62+0.03%**
0.418+0.01

31.35
32.58

0.33+0.02%%%*
0.202+0.06
0.213+0.03
0.234+0.05

63.47
18.64

50.51

51.99
26.03

33522
37.12£2.7%*

35.16+1.4

12.97
39.73

0.517+0.07
0.379+0.02
0.308 +0.08

19.53
26.04
38.46

32.30+3.3

31.66+3.0

29.18

27.42+7.6

28.39

Pleosporales P74

61.83
41.07
68.65

243

38.17

27.77
64.68

35.34 £4.3%*
21.46+8.2

15.00
80.94

Diaporthe miriciae P96 28.36+3.5

31.18+2.97

-16.76

0.370+0.03

58.93
31.35

161.54

0.442 +0.02%**
0.169+0.02

44,62 +3.0%
24.66+5.9

C—-Hg
C+Hg

C — Hg uninoculated plants, without Hg and C+ Hg uninoculated plants, with Hg; MSPA — aerial dry mass; MSR — dry root mass; GPE (%) — percentage of efficiency in growth promotion; A.M

(%) — percentage of mass allocation; SPAD — chlorophyll index. Dunnett’s test, significance. codes: 0 “***” 0,001 “*#” (.01 “*” 0.05 “.” 0.1 “”” 1 (p <0.05). *Statistical difference compared to

control (C+Hg). Data are expressed as means + SD

inoculated with P. pantanalensis A73, W. aquatica P71, and
Pleosporales P74 had significantly higher (z test, p <0.05)
mercury concentrations in their roots and shoots, when
compared with non-inoculated plants treated with mercury
(C+Hg) (Table 4). Endophytic fungi can increase the bioac-
cumulation factor of mercury [27] and other metals such as
cadmium [87], lead, and zinc [88] in plant tissues.

Endophytic fungi reduced the translocation of mercury
from roots to shoots. Plants inoculated with endophytes had
lower mercury translocation factor (0.02-0.06) when com-
pared with non-inoculated plants (0.18) (Table 4). Endo-
phytes can act as biological filters and retain toxic metals in
their cell wall or cytoplasm, which consequently reduces the
metal translocation [30, 34].

Although the fungal isolates favored mercury accumula-
tion in maize plants, they mitigated the negative effects of
mercury toxicity and promoted plant growth. The isolates P.
pantanalensis A73 and W. aquatica P71 stood out for their
ability to induce maize plants to absorb greater amounts of
mercury from the soil, retain most of the metal in their root
system, and mitigate the metal phytotoxicity to the plant.
Therefore, we selected the two endophyte species to ana-
lyze genome characteristics that may be related to molec-
ular mechanisms of plant growth promotion and mercury
detoxification/reduction.

Assembly and annotation of the P. pantanalensis
A73 and W. aquatica P71 genomes

Data from sequencing, assembly, and gene annotation of
filamentous fungi have helped to elucidate the mechanisms
involved in the fungus-plant interaction, as well as the mech-
anisms of resistance to toxic metals, including mercury [30,
75]. Genome assembly data from P. pantanalensis A73 and
W. aquatica P71 are reported in Table 5. The sequencing of
P. pantanalensis A73 and W. aquatica P71 generated 2.4
and 4 million base pairs, respectively (Table S4). The use
of MeGAMerge postmounter provided mounting with better
parameters (Table S5). The assembly of P. pantanalensis
A73 and W. aquatica P71 genomes generated, respectively:
45.70 Mb (4,791 contigs) and 31.80 Mb (1,993 contigs) with
estimated mean depth sequencing coverage of 26.18-fold
and 65.71-fold (Table 5).

Currently, there is only one species of the genus
Westerdykella available at the NCBI WGS database:
Westerdykella ornata—NCBI ID GCA_010094085.1.
W. aquatica P71 (31.80 Mb) had a larger genome size
than expected, which was 17.86% larger than the W.
ornata genome. However, W. ornata and W. aquatica
P71 had GC contents of 53% and 52.92%, respectively,
as expected. As far as we know, the genome draft of P.
pantanalensis (45.70 Mb) that we reported here was the
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Table 4 Mercury absorption and concentration profile in different tissues of Zea mays inoculated with endophytic fungal strains

Concentration of Hg mg.Kg™!

Treatment Shoot Root Total TF g
Sordariomycetes A65 32.224+0.15 #** 1300+ 10.74 *** 1332 +10.76 *** 0.02
Pseudomonodictys pantanalensis A73 127.3 +1.74 #** 1982 +4.23 #** 2110+4.51 *** 0.06
Colletotrichum sp. P42 48.45+0.10 *** 1611+31.19 1659 +31.25 *** 0.03
Westerdykella aquatica P71 126.52+5.01 *** 1958,46 +£23.70 *** 2084,98 +£28.71 *** 0.06
Nemania sp. P72 58.91+0.28 *** 1389 +0.32 *** 1448 +0.31 *** 0.04
Pleosporales P74 94.19 +1.55 *%* 1950+43.78 *** 2044 +45.32 *** 0.05
Diaporthe miriciae P96 18.49+0.10 *** 1179+9.62 *** 1198 £9.72 #%*%* 0.02
C+Hg 282.9+3.39 1562+16.68 1845+22.01 0.18

C+Hg — non-inoculated plants, with Hg; TF — Hg translocation factor; S/R — shoot/root. Results are expressed as mean +SD. *control vs treat-

ment; ¢ test, p <0.05

Table 5 Genome statistics
and functional annotation

Parameters

P. pantanalensis A73 W. aquatica P71

of sequencing data for the
isolates Pseudomonodictys

Genome assembly

pantanalensis A73 and Genome size (draft) (bp) 45,700,434 31,805,049

Westerdykella aquatica P71 Contigs (bp) 4791 1993
Largest conting (bp) 353,312 312,460
N50 (bp) 73,309 61,894
L50 (bp) 186 145
Indels 8 69
GC (%) 51.52 52.92
Genome annotation
Coding DNA sequences (CDS) 17,774 11,240
Number of rRNA 11 12
Number of tRNA 111 99
BUSCO—complete (%) 98.9 97.9
BUSCO—complete and single-copy (%) 97.9 97.2
BUSCO—complete and duplicate (%) 1 0.7
BUSCO—fragmented (%) 1 2.1
BUSCO—missing (%) 0.1 0
Functional annotation
Genes with GO 3910 4381
Genes with Interproscan domain 11,042 5090
Genes with eggNOG 11,239 4475
GenBank accession number JAFHBV000000000 JAFHBW000000000
BioSample SAMN17374018 SAMN17347913

first one identified for the genus Pseudomonodictys, and
its size fitted the expected size for the order Pleosporales
(25-79 Mb).

The prediction of protein-coding genes performed with
AUGUSTUS identified 17,774 and 11,240 genes in the P.
pantanalensis A73 and W. aquatica P71 genomes, respec-
tively. The number of predicted proteins fitted the expected
range for species of the order Pleosporales, such as Curvu-
laria geniculata P1 (8692 genes) [89], Paraphaeosphaeria
sporulosa (16,682 genes) [90], Laburnicola rhizohalophila
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(10,891 genes) [77], Corynespora cassiicola (18,487 genes),
and Corynespora olivacea (13,501 genes) [91].

The tRNA and rRNA genes predicted from P. panta-
nalensis A73 and W. aquatica P71 genomes (Table 5)
were distributed respectively into 111 and 99 tRNA genes
(Table S6 and S7), 11 and 12 rRNA genes, including 5
and 9 8S rRNA, 3 and 1 18S rRNA, and 3 and 2 28S
rRNA genes. Analysis of tRNA gene distribution can pro-
vide biologically important characteristics of intracellular
tRNA and codon, and amino acid usage bias. rRNA, on the
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other hand, serves as a binding site for tRNA and a variety
of protein synthesis factors, and often binds to mRNA in
the extension of peptide chains [92].

The genome integrity of P. pantanalensis A73 and W.
aquatica P71, based on BUSCO, using the fungi_odb9
dataset, is reported in Table 5. W. aquatica P71 genome
had 97.9% completeness with 97.2% of complete and sin-
gle copies, 0.7% duplicates, 2.1% fragmented, and 0%
absent. P. pantanalensis A73 genome had 98.9% complete-
ness with 97.9% complete and single copies, 1% dupli-
cates, 1% fragmented, and 0.1% absent. These data dem-
onstrated the good integrity of the assembled genomes,
which made them suitable for further defined analyses.

GO analysis identified 3910 and 4381 genes in P. panta-
nalensis A73 and W. aquatica P71, respectively. They were
distributed into three functional categories: 66, 30, and
38 GO terms in biological processes, cellular processes,
and molecular function, respectively (Table S8). We high-
lighted genes with phosphatase activity (GO:0016791),
oxidoreductase activity (GO:0016491), and ion binding
(G0O:0043167) that are involved in detoxification pro-
cesses [30], as well as genes involved in DNA metabo-
lism (GO:0006259) that are important to protect cells from
metal-induced damage [30].

The anti-SMASH platform predicted gene clusters
related to secondary metabolites. The P. pantanalensis A73
genome had 32 clusters of secondary metabolite biosyn-
thetic genes (Table S9), which included polyketide synthase
type 1 (T1PKS, n=12), non-ribosomal peptide synthetase
(NRPS, n=17), similar non-ribosomal peptide synthetase
(NRPS-like n=6), hybrid clusters (NRPS-T1PKS n=06),
and terpenes (n=4). The W. aquatica P71 genome had 42
clusters of genes related to secondary metabolite biosynthe-
sis (Table S10), including T1PKS (n=15), NRPS (n=6),
NRPS-like (n=38), NRPS-T1PKS (n=6), and terpenes
(n=4).

The gene clusters that shared 100% similarity with bio-
synthesis gene clusters stood out, such as those responsi-
ble for the synthesis of dimethylcoprogen (NRPS), mela-
nin (T1PKS), and naphthopyrone (T1PKS) detected in
the P. pantanalensis A73 genome; and dimethylcoprogen
(NRPS), 6-methylsalicylic acid (T1PKS), melanin (T1PKS),
and clavaric acid (terpene) detected in the W. aquatica P71
genome (Table S9 and S10). Melanin [93] and the sidero-
phore dimethylcoprogen [94] are metal chelators and have
antioxidant potential.

Fungi express genes involved in mechanisms of growth
and resistance promotion and detoxification of toxic con-
taminants [30, 95, 96]. Even if some of these genes do not
directly participate in detoxification processes of environ-
mental pollutants, the products that they encode can play
important roles in the interaction between endophytic
fungi and plants or other microorganisms, and improve the

tolerance or resistance of these organisms to different pol-
lutants [77].

Functional annotation with the eggNOG-Mapper and
analysis of functional protein signatures with InterProScan
enabled identification of 13,791 and 6,052 genes encod-
ing proteins in P. pantanalensis A73 and W. aquatica P71
genomes, with 80.07% and 84.12% of the proteins sharing
similarity of protein domains, respectively (Table S11). We
identified 24 genes involved in tolerance to different met-
als—including genes related to mercury resistance (merA
and merR1)—, 15 genes involved in oxidative stress (katG,
PRX1 and TRXT1), 1 gene involved in DNA repair (rfcl),
and 15 genes involved in plant growth promotion (trpS and
iscU) (Table S9).

The genes PRX1, SOD4, and GPX2 involved in oxidative
processes were predicted in the genomes of the isolates P.
pantanalensis A73 and W. aquatica P71 (Table S11). Toxic
metals are able to induce the generation of reactive oxy-
gen species as cell defense mechanisms, resulting in lipid
peroxidation, membrane damage, and enzyme inactivation
[97, 98]. However, microorganisms that express catabolic
genes can effectively detoxify or mineralize pollutants dur-
ing their degradation/reduction, through the action of anti-
oxidant enzymes such as glutathione peroxidase, catalase,
and superoxide dismutase that metabolize reactive oxygen
species [30, 95, 99-101].

In addition to genes involved in oxidative stress processes,
fungi express genes that encode key enzymes for detoxifica-
tion of toxic compounds, such as mer, cytochrome P450,
and glutathione S-transferase [30, 102, 103]. The genes
CYP46A1, ECM4, URE2, merA, and merR1 (Table S11)
were detected in the P. pantanalensis A73 genome, suggest-
ing that they participate in detoxification of toxic metals,
including mercury.

The mer gene cluster is responsible for the reduction
and consequent volatilization of mercury [30, 104]. The
merA gene encodes a key enzyme for reduction of Hg
(IT) to volatile Hg (0) [30], while the merR gene encodes
mercuric resistance operon regulatory proteins [104, 105].
Cytochrome P450 genes constitute a large superfamily of
heme-thiolate proteins with a wide variety of functions, such
as primary and secondary metabolism, including contami-
nant degradation and cell defense [103, 106]. Genes encod-
ing glutathione S-transferase are important for detoxification
of xenobiotics and response to oxidative stress [107]. In the
future, the function of these genes in P. pantanalensis A73
and W. aquatica P71 can be validated using quantitative
PCR or transcriptome sequencing.

Phylogenetic analysis of Westerdykella aquatica P71

Multigene analysis of the isolate P71 identified 3626 char-
acters, including gaps. The ITS region corresponded to 692
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characters, while the LSU and tub2 regions provided 1398
and 1628 characters, respectively. The most adequate evolu-
tionary model to explain the Bayesian Inference was General
Time Reversible + 14 G for all regions. The isolate P71 had
high bootstrap support and posterior probability (100 and
1, respectively) and thereby grouped with the W. aquatica
(JAUCC1788) type species (Fig. 1).

The isolate P71 was previously identified as belonging to
the genus Westerdykella, using similarity of sequences from
the ITS region [26]. However, the polyphasic analysis of the
LSU and tub2 regions, associated with the ITS region, led us
to infer that the isolate belonged to the species W. aquatica.
Song et al. [108] first isolated this species that produces
phytases as an endophyte of Acorus calamus grown in rice
field mud in Jiangxi province, China.

Phylogenetic analysis Pseudomonodictys
pantanalensis sp. nov

The alignment of genes amplified from the isolates A73,
P87, and P100 generated 3227 characters, including gaps.
The ITS region corresponded to 775 characters, while the
SSU, LSU, and TEF regions provided 595, 873, and 984
characters, respectively. The most adequate evolutionary
model to explain the Bayesian Inference was General Time
Reversible + 1+ G for all regions. Five families structured in
monophyletic clades stood out from the set analyzed. The
three isolates obtained from Aeschynomene fluminensis roots
formed a sister clade with the species Pseudomonodictys
tectonae, with high posterior probability and bootstrap sup-
port; this finding revealed the second species for the genus
that we named Pseudomonodictys pantanalensis (Fig. 2).

Fig. 1 Phylogram generated
from ML (maximum likelihood)
analysis based on combined
data from ITS, LSU, and tub2
sequences of type species of

the genus Westerdykella. The 48/0,9
numbers indicate branch sup- 35/0,50
port, ML (maximum likelihood),
and PP (posterior probability)
(ML/PP)

33/0,67

The isolates A73, P87, and P100 were previously iden-
tified as belonging to the Lindgomycetaceae family, using
similarity of sequences from the ITS region [26]. The poly-
phasic analysis of LSU, SSU, ITS, and tefl sequence data
enabled us to infer that the isolates belonged to the genus
Pseudomonodictys. To date, there is no ITS sequence for
this genus deposited in the NCBI database, which made its
initial identification difficult [26]. The morphological and
microstructural characteristics confirmed the classification
of the A73, P87, and P100 strains into the genus Pseudomo-
nodictys, including hyphomycete asexual morph, semi-
macronematous conidiophores that produce several conidia
with granular content [109, 110].

Analysis of endophytism in vitro

The fact that P. pantanalensis A73 colonized maize roots
without causing apparent damage to the plant confirmed
that it was an endophyte. This species infected maize root
cells by differentiating microsclerotia and septate mel-
anized hyphae, which are characteristic of dark septate
fungi (Fig. S1). Our findings corroborated the report of the
presence of microsclerotia and melanized hyphae in the root
cortex of A. fluminensis and maize colonized by the isolate
P87, previously identified as Lindgomycetaceae [27].

Taxonomy

Pseudomonodictys pantanalensis Soares, Senabio, Silva,
Sousa sp. nov. (Fig. 3).
MYCOBANK: MB842113

Westerdykella aquatica P71
Westerdykella aquatica JAUCC0138
Westerdykella aquatica JAUCC1788

Westerdykella aquatica

Westerdykella purpurea PSL/WT-05
Westerdykella capitulum CBS 337.65
Westerdykella capitulum CBS 355.65
Westerdykella capitulum CBS 354.65
Westerdykella dispersa CBS 297.56
Westerdykella dispersa CBS 15667
Westerdykella dispersa CBS 508.75

Westerdykella aurantiaca FNBR-03
Westerdykella aurantiaca IMI 086825
I Westerdykella globosa SWC6

27/0,54

Westerdykella globosa IFO 32588
99/1 L Westerdykella globosa SWC5

Westerdykella multispora CBS 383.69
Westerdykella angulata IMI 090323

30/1 100/1 ! Westerdykella angulata CBS 610.74

—
00100
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Westerdykella ornata CBS 379.55
Westerdykella reniformis RKGE-35
Westerdykella cylindrica ATCC 24077

100/1~ Westerdykella centenaria CBS 142400
70/1 I—— Westerdykella centenaria CBS 272.74

97/1
97/1

100/1 ! Westerdykella nigra ATCC 12756
Preussia funiculata voucher F:Huhndorf et al. 2577

Westerdykella minutispora CBS 338.65
Westerdykella nigra CBS 416.72
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Flg' 2 Phylogram gener ated 9211 Pseudomonodictys tectonae MFLUCC 12-0552
from Bayesian analysis based g || TR R T o e
on combined data from ITS 51/0,62 Pseudomonodictys pantanalensis P87
’ Monodictys sp. KH_331
SSU, LSU, and tef sequences pr—— L KT 2485
. fonodictys sp.
of type species of the Parabam- A Multifocularia bambusae MFLUCC 11-0180
b . l f 1 d 1 t d 1001 Multiseptospora thailandica MFLUCC 12-0006
usicolaceac ramily and relate i ilandica MFLUCC 11-0183
family. The numbe}rle indicate | Muttiseptospora thaitandica MFLUGC 11-0204 Parabambusicolaceae
A S 7 MFLUCC 11-0202
branc}fll support, ML (maximum 0,71 ] Parabambusicola bambusina KT2637
s i ina KH 139
. . . | Parabambusicola bambusina H 4321
likelihood), and PP (posterior 100/%8/1 Neoaquastroma bauhiniae MFLUGC 17-2205
1 Neoaquastroma bauhiniae MFLUCC 16-0398
probability) (ML/PP) Neoaquastroma guttulatum MFLUCC 14-0917
Neoaquastroma krabiense MFLUCC 16-0423
99/1~ Aquilomyces patris CBS 125661
80/0,98 Aquilomyces rebunensis CBS 139684
1097 - i icola BCC 17059
se [ o I D ) Morosphariaceae
1 Helicascus HKUCC 7769
. 100/1~ Falciformispora lignatilis BCC 21117
Falciformispora tompkinsii CBS 200.79 .
son— Faciomapora sencgalensis GBS 196.79 Trematosphaeriaceae
L Trematosphaeria pertusa CBS 122368
S pe Bambusicolaceae
P ie MLUCC 11-0175
il Iﬁ|_— Massarina ebunea CBS 473.74 g
Stagonospora pseudocaricis CBS 135132 Massarinaceae
QQAD aquaticus MFLUCC 18-1150 Lln d t
Hongkongmyces thailandica MFLUCC 16-0406 gdomycetaceae
Corynespora smithii CABI 5649b
99/1 Corynespora cassiicola CBS 100822 O Utg rou p

Etymology: Name refers to the Brazilian wetland biome
named Pantanal, from which the strain was isolated.
Holotype: A73 is an isolate maintained in the Culture Collec-
tion of the Laboratory of Biotechnology and Microbial Ecol-
ogy at Federal University of Mato Grosso (UFMT, Cuiab4,
Mato Grosso State, Brazil) and INPA—National Institute
for Amazonian Research (holotype =INPA 1073), preserved
in 20% glycerol at — 20 °C. Mycelium was grown in Potato
Dextrose Agar medium and covered with mineral oil, while
mycelium discs placed in tubes with water, stored at 4 °C,
were designated as P. pantanalensis holotype. It was isolated
from roots of Aeschynomene fluminensis Vell, collected in
Poconé (Mato Grosso State, Brazil), in October 2014, by
Pietro-Souza, W and Soares, MA. Other isolates of this type
include P87 (P87 =Laboratory of Biotechnology and Micro-
bial Ecology, UFMT, Cuiab4, Mato Grosso State, Brazil) and
P100 (P100 =Laboratory of Biotechnology and Microbial
Ecology, UFMT, Cuiab4, Mato Grosso State, Brazil).
Diagnosis: Pseudomonodictys pantanalensis sp. nov. cul-
tured in Potato Dextrose Agar medium at 25 °C differs
from the species Pseudomonodictys tectonae in that it
does not produce conidia and red pigments in the myce-
lium. In Sabouraud Glucose Agar, Oat Agar, and Rice
Straw media, P. pantanalensis produces chain, intercalary,
and terminal chlamydoconidia. It only produces conidia in
Rice Straw medium, with 6—18.5 pm length and 5-12 um
width (x=10.7 X 8.6 pm, n=30), and mature conidia release
orange pigmentation. Polyphasic analysis of the regions
(SSU, LSU, and tef) identified the formation of a sister clade
with the species P. tectonae, with high posterior probability
and bootstrap support.

Description: Sexual morphology: Undetermined. Asexual
morphology: Colonies on Rice Straw medium after 20 days
in the dark at 25 °C, conidiophores up to 165 pm length

and 2.4-3.7 width, semi-macronematous conidiophores,
sometimes macronematous, erect to slightly curved, septate,
branched, slightly contracted in septa, subhyaline, conidi-
ophores producing immature conidia. Immature conidia,
non-uniform conidia, ellipsoidal, aseptate and truncated
base, subhyaline, 1.5-6.8 pm length and 1-2.5 ym width
(x=3.87x1.8 pm, n=20), conidia producing orange pig-
ments. Intercalated and terminal chlamydoconidia, chained,
intercalated and terminal chlamydoconidia, initially sub-
hyaline, becoming brown to dark brown, 6—18.5X5-12 pm
(x=10.7x8.6 pm, n=30). Chlamydospores initially
hyaline, turning brown to dark brown with maturity, sub-
globular, thick-walled, smooth, 5.2-27.3 X 5-26.6 pm
(x=13.5%13.3 pm, n=10). Colony diameters reached
34.5-44 mm after 7 days of growth, in the dark, at 25 °C,
in Potato Dextrose Agar, Sabouraud Glucose Agar, and Oat
Agar media, with the entire border, raised, circular, super-
ficial in the center, velvety, moderately dense, olive gray in
the center, white on edge, reverse black with brown myce-
lium irradiation (Fig. 3). Hyphae 1.5-4.5 pm wide, partially
superficial, verrucous, demacean ranging from light brown
to dark brown, septate and branched. Colonies detected after
30 days of growth, in the dark, at 25 °C, in Sabouraud Glu-
cose Agar and Oat Agar, with hyphae of 1.5-4.5 pm wide,
branched and irregular maceous septate hyphae, intercalated
and terminal chlamydoconidia, chained, intercalated and ter-
minal chlamydoconidia.

ITS Barcode: KX381148 (alternative markers:
SSU=MZ766928; LSU=MZ766923; tefl =MZ803210).
Other isolates examined: P87 (markers: ITS =KX381197,
SSU=MZ766927; LSU=MZ766924) and P100 (markers:
ITS=KX381153; LSU=MZ766925), isolated from roots of
Aeschynomene fluminensis Vell, collected in Poconé, Mato
Grosso State, Brazil.
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Fig.3 Pseudomonodictys pantanalensis (holotype). a Seven-day col-
ony (from above) in the BDA; b seven-day colony (reverse view) at
the BDA; ¢ asexual, branched, and septate hyphae with brown colora-
tion; d chlamydoconidia in chains, intercalary; e intercalary chlamy-
doconidia; f conidiophores producing immature conidia; g immature

Conclusion

Two out of seven mercury-resistant endophytic fungi effec-
tively interacted with Zea mays plants to improve mercury
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non-uniform ellipsoidal aseptated subhyaline immature conidia; h
conidia producing orange pigments; i orange pigment; j-k interca-
lated chlamydospore; 1 chlamydospore; m anastomosis of vegetative
hyphae. Arrows indicate structures. Bars, 10 um (f-j), 50 um (d, e, k,
1, and m), 100 um (c), and 10 mm (a and b)

fixation and mitigate phytotoxicity, assist phytoremediation,
and promote growth of the host under mercury stress condi-
tion: Westerdykella aquatica P71 and the newly identified
species Pseudomonodictys pantanalensis sp. nov. A73. Both
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species harbored genes involved in plant growth promotion,
antioxidant processes, and metal remediation, including mer-
cury, as identified after genome assembling and annotation.
Transcriptome studies are required to elucidate the mecha-
nisms by which (i) P. pantanalensis A73 and W. aquatica
P71 promote plant growth and mercury phytoremediation,
and (ii) the differential expression of genes affects mercury
toxicity.
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