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Highlights 

§ Endophytic fungi bioremediate mercury in vitro 

§ Soil mercury contamination impairs A. fluminensis and Z. mays growth 

§ Inoculation with endophytic fungi improves the host plant tolerance to Hg+2 

§ Coinoculation with two fungal strains enhances Hg+2 phytoextraction 

  



 
	

Abstract 
  

Mercury (Hg+2) is a non-essential and highly toxic heavy metal that easily accumulates in the 

trophic chain and represents a serious risk for human health and preservation of biota. Thus, 

measures to contain and remediate mercury in contaminated environments are urgent and 

necessary. The present study proposes the use of endophytic fungi for mercury 

bioremediation. To select mercury-resistant strains, thirty endophytic fungal strains were 

tested for their resistance to mercury and ability to promote bioremediation in vitro. 

Aspergillus sp. A31, Curvularia geniculata P1, Lindgomycetaceae P87, and Westerdykella sp. 

P71 were selected and further tested for mercury bioremediation and bioaccumulation in 

vitro, as well as for growth promotion of Aeschynomene fluminensis and Zea mays in the 

presence or absence of the heavy metal. The thirty fungal strains were resistant to mercury 

and exhibited mycelial growth at the highest mercury concentration tested (600 mg.mL-1). 

The studied strains removed 86 to 100% of mercury from the culture medium in a species-

dependent manner, under in vitro conditions. Inoculation with endophytic fungi increased dry 

mass accumulation in plants grown in substrates with or without mercury, as well as 

significantly enhanced mercury bioaccumulation in plant tissues. Inoculation with Curvularia 

geniculata P1 promoted mercury accumulation in shoots, while coinoculation with 

Aspergillus sp. A31+Lindgomycetaceae P87 increased mercury phytoextraction from soil. 

Inoculation of A. fluminensis and Z. mays with Lindgomycetaceae P87 and Aspergillus sp. 

A31+Lindgomycetaceae P87 increased mercury phytoextraction from soil by 57% and 

64.28%, respectively, as compared with non-inoculated plants. C. geniculata P1 and 

Lindgomycetaceae P87+Aspergillus sp. A31 are strains that effectively promote plant growth 

and mercury bioremediation, and represent promising and ecologically viable alternatives to 

decontaminate environments with high mercury levels. The mercury resistance mechanisms 

were analyzed to optimize and manage bioremediation protocols. 

 

Keywords: Bioaccumulation, phytoextraction, Aspergillus, Westerdykella, 

Lindgomycetaceae, Curvularia geniculata  

  



 
	

1. Introduction 

Mercury is a heavy metal without biological function that represents an 

environmental pollutant characterized by bioaccumulation, high mobility, long lasting in the 

environment, and high risk for human health (Cozzolino et al., 2016; Dash and Das, 2012; 

Lopez et al., 2014). Mercury is mainly released to the environment by natural processes such 

as ocean emission and biomass burning; however, a significant amount is produced by human 

activities such as mining and production of metals and fossil fuels (Gontia-Mishra et al., 

2016; Nelson et al., 2012; Pirrone et al., 2010). This heavy metal ranks third in the “priority 

list of hazardous substances” of the Agency for Toxic Substances and Disease Registry 

(ATSDR, 2015). 

Gold mining is the main source of mercury release to natural environments in Brazil, 

including wetlands like the Mato Grosso Pantanal (Callil and Junk, 2009; Ceccatto et al., 

2016; Lázaro et al., 2015; Leady and Gottgens, 2001; Tiimpling et al., 1995). In such 

environments, biotic and abiotic processes convert inorganic Hg+2 into methylmercury 

(CH3Hg+), its organic form with stronger toxicity and bioaccumulation potential (Ceccatto et 

al., 2016). After accumulation starts, Hg+2 is transferred through the trophic chain and 

threatens the Pantanal biodiversity, especially the aquatic species (Ceccatto et al., 2016). 

Adoption of strategies to lower the environmental concentration of toxic elements to 

acceptable and non-toxic levels is urgent and necessary. In this sense, technologies involving 

biological systems are promising perspectives because they use live organisms like plants 

(phytoremediation) and microorganisms and/or their parts for bioremediation (Kurniati et al., 

2014a, 2014b; Li et al., 2018; Suja et al., 2014). 

Endophytic fungi are often isolated from environments contaminated with heavy 

metals and widely used in bioremediation of toxic metals (Khan et al., 2017b; Sim et al., 

2016; Xiao et al., 2010; Zahoor et al., 2017), but their ability to bioremediate mercury was not 

reported yet. Some studies indicate that edaphic fungi can bioremediate mercury through 

mechanisms of bioaccumulation and biovolatilization (Kurniati et al., 2014b; Urík et al., 

2014). 

Although phytoremediation is considered as an economic and sustainable 

remediation method, the phytotoxicity of heavy metals can make the sustainable use of this 

method unfeasible. Plants that grow in contaminated soils often withstand unfavorable 

growing conditions. The use of endophytic fungi can mitigate such plant growth limitation 

(An et al., 2015; Deng and Cao, 2017; Khan et al., 2017a; Pietro-Souza et al., 2017; Shen et 

al., 2013; Zahoor et al., 2017). 



 
	

High mercury levels affect all the plant development stages and impair germination 

and water absorption, decrease biomass, denature proteins, and inhibit the photosynthetic 

system (Patra and Sharma, 2000). In this sense, inoculation of plants with mercury-resistant 

endophytic fungi represents an interesting strategy to optimize the efficiency of 

phytoremediation of this metal. 

Endophytes modulate morphological and physiological functions of the host plant, 

and improve its resistance to heavy metals by providing different detoxification routes (Khan 

et al., 2017a) such as extracellular scavenging and precipitation, binding to fungi cell wall, 

intracellular scavenging and complexation, compartmentalization, and volatilization (Fomina 

et al., 2005). In addition, fungi produce phytohormones, such as auxins and gibberellin, and 

solubilize nutrients that favor plant growth in heavy metal-contaminated soils (Khan et al., 

2017a).  

Inoculation of A. fluminensis with endophytic fungi effectively promotes host plant 

growth under contamination with mercury (Pietro-Souza et al., 2017). However, it is not 

known how endophytic fungi bioremediate mercury through phytoextraction in inoculated 

plants. We hypothesize that mercury-resistant endophytic fungi are capable of promoting the 

host plant growth and the metal bioremediation and bioaccumulation in plant tissues. This 

study aims to address whether: 1) endophytic fungi bioremediate soil mercury in vitro; 2) 

mercury-resistant endophytic fungal strains promote host plant growth and enhance mercury 

bioaccumulation in plant tissues; 3) coinoculation with mercury-resistant strains favors plant 

growth and soil mercury removal; 4) fungal strains that contribute to mercury phytoextraction 

bear relevant functional traits for host plant growth. 

 

2. Materials and methods  
 
2.1 Mercury resistance of fungal strains 

 
This study used endophytic fungal strains isolated and identified from roots of 

Aeschynomene fluminensis and Polygonum acuminatum, collected in Mato Grosso Pantanal, 

Brazil, which belong to a mercury-resistant endophytic fungi collection (Pietro-Souza et al., 

2017). The bioassays were performed to select fungal strains with high mercury tolerance that 

were capable of bioremediating this heavy metal in vitro, promoting its bioaccumulation in A. 

fluminensis and Zea mays, and favoring the host plant growth in soils contaminated or not 

with toxic concentrations of mercury.  



 
	

The metal tolerance index (TI) determined in a previous study (Pietro-Souza et al., 

2017) was used to screen for the most promising endophytic fungal strains. Thirty-two strains 

with TI ≥ 0.9 were selected to determine the maximum mercury concentration that completely 

inhibits mycelial growth (MIC). 

The strains were activated in Sabouraund culture medium for seven days at room 

temperature. Mycelial plugs of 0.5 cm diameter were cut from fungal leading edges and 

inoculated in Petri dishes containing Sabouraund culture medium supplemented with 0, 300, 

450, and 600 µg.mL-1 of Hg+2 (HgCl2). The mycelial growth rate (µ) was determined daily by 

measuring the mycelial diameter and expressed as mm.day-1. The values of µ and Hg+2 

concentration were used to build a linear regression plot for each strain, and the linear 

variation rate (a) was used to measure the strain resistance – the greater the a value, the 

greater the strain resistance. 

 

2.2. Bioremediation screening and selection of promising endophytic fungal strains  

Thirty endophytic fungal strains were assessed for their capacity to promote mercury 

bioremediation. The strains were activated in potato dextrose agar (PDA) medium, in Petri 

dishes, for seven days at room temperature. Ten mycelial plugs (0.5 cm diameter) from 

leading edges of each fungal strain were inoculated in 50 mL of PDA broth in 125-mL 

Erlenmeyer flasks and incubated for seven days at room temperature, under shaking (100 

rpm). Sterile culture medium was used as non-inoculated control. Next, the cultures were 

centrifuged (10,000 rpm, 5 min) under aseptic conditions and the residual Hg+2 concentration 

in the supernatant was directly determined by inductively-coupled plasma atomic emission 

spectrometry (ICP-AES). The percentage of bioremediation promoted by each strain was 

determined in relation to the Hg+2 concentration in the supernatant of the control group. 

 

2.3. In vitro assay of mercury bioremediation and bioaccumulation 

Curvularia geniculata P1, Aspergillus sp. A31, Lindgomycetaceae P87, and 

Westerdykella sp1 P71 were activated in PDA medium supplemented with 10 µg.mL-1 of 

Hg+2, in Petri dishes, for seven days at room temperature. Ten mycelial plugs (0.5 cm 

diameter) from leading edges of each fungal strain were inoculated in 50 mL of PDA broth 

without Hg+2, in 125-mL Erlenmeyer flasks and incubated for seven days at room 

temperature. The cultures were centrifuged (10,000 rpm, 5 min) under aseptic conditions. The 

resulting mycelia was suspended in 50 mL of PDA broth supplemented with two Hg+2 

concentrations (30 and 90 µg mL-1) and incubated for 7 and 14 days at room temperature, 



 
	

under shaking (100 rpm). The cultures were centrifuged again under aseptic conditions, and a 

5-mL aliquot of the supernatant was withdrawn for the toxicity assay; the remaining 

supernatant was frozen to Hg+2 quantification, and mycelia were dried until constant weight in 

an oven at 65 ºC to determine the mercury bioaccumulation capacity. The assays were 

performed in triplicate, resulting in 48 samples: 4 fungi × 2 Hg+2 concentrations × 2 growth 

periods × 3 samples. 

The TI of the four strains to each Hg+2 concentration was determined by calculating 

the mycelium dry weight ratio between treated and untreated samples. Values of TI = 0, TI < 

0, and TI ≥ 0 indicate inhibition, sensitivity, and resistance to mercury (Soares et al., 2016). 

Mycelial Hg+2 bioaccumulation was calculated as reported by Deng et al., 2014. 

 

2.4. Toxicity to lettuce seeds 

The toxicity assay was performed using lettuce seeds (Lactuca sativa L) (Bagur-

gonzález et al., 2010; US.EPA, 1996). To examine the toxicity of compounds that were 

naturally produced by the endophytic fungi, the microorganisms were cultured in Hg+2–free 

medium. It means that the samples whose toxicity were tested were: (i) supernatants of 

cultures of C. geniculata P1, Aspergillus sp. A31, Lindgomycetaceae P87, and Westerdykella 

sp. P71 grown for 7 and 14 days in the absence or presence of 30 and 90 µg mL-1 of Hg+2; and 

(ii) non-inoculated culture medium without Hg+2 (-Fungal-Hg) and culture medium 

supplemented with 30 or 90 µg mL-1 of Hg+2 (-Fungal+Hg) as controls. 

Five mL of the supernatant collected in the in vitro bioremediation assay were added 

to fifteen L. sativa seeds placed on filter paper in Petri dishes. The samples were assayed in 

triplicate. The dishes were incubated for 120 h in a seed germination chamber with 16/8 h 

light/dark photoperiod. The germination index (GE) and radicle length index (RL) were 

determined as recommended by the OPPTS 850.4200 (US.EPA, 1996), using the following 

equation: 

GE = (Germination sample (i) – Germination control) / Germination control  

RL = (Length sample (i) – Length control) / Length control  

The GE and RL values were used to determine the toxicity level: weak (0 to -0.25), 

moderate (-0.25 to -0.5), strong (-0.5 to -0.75), and very strong (-0.75 to -1). RL values > 0 

indicate that the sample stimulates radicle growth (Bagur-González et al., 2010). 

 



 
	

2.5. Production of indoleacetic acid and siderophores and phosphate solubilization 

The indoleacetic acid (IAA) and siderophore-producing and phosphate-solubilizing 

capacity of the endophytic fungal strains were examined in vitro. The isolates were incubated 

in PDA broth (50 mL) supplemented with tryptophan (2.5 mg.mL-1; pH 6.0) in 125-mL 

Erlenmeyer flasks for seven days, under shaking (100 rpm), in the dark. Sterile culture 

medium was used as control. 

IAA production was determined using the Salkowski reactant (Nassar et al., 2005). 

To determine siderophore release, culture supernatants (1 mL) were mixed with equal volume 

of chrome azurol S solution (Cattelan, 1999). Conversion of the blue dye to a yellow product 

indicate siderophore production, which was quantified by recording absorbance of the 

supernatant from samples (As) and control/reference (Ar) in a spectrophotometer set at 630 

nm. The siderophore units produced were determined as reported by Giovanella et al., 2017. 

 

2.6. Microscopy analysis of plant roots inoculated with Curvularia geniculata P1 and 

Lindgomycetaceae P87 

The presence of characteristic dark septate endophytes’ (DSE) structures such as 

brown septate hyphae and microsclerotia in the root cortex (Jumpponen and Trappe, 1998) of 

A. fluminensis and Z. mays inoculated with the dark endophytes C. geniculata P1 and 

Lindgomycetaceae P87 was analyzed using the method of Phillips and Hayman, 1970, with 

modifications. Briefly, root fragments (1 cm) were clarified with 10% KOH for 15 min at 121 

ºC in an autoclave, and with 1% HCl for 5 min at 60 °C. The cleared roots were stained with 

0.1% trypan blue, fixed with polyvinyl alcohol in lactoglycerol in microscope slides, and 

visualized using a light microscope. 

 

2.7. Mercury phytoremediation by A. fluminensis and Z. mays assisted by endophytic fungi 

The fungal strains were activated in PDA medium and further inoculated in A. 

fluminensis and Z. mays. A. fluminensis seeds were mechanically scarified and surface 

disinfested by soaking in 70% ethanol for 1 min and 2.5% NaOCl for 5 min, and further 

rinsing in sterile distilled water. Z. mays seeds were disinfested using the same procedure. The 

A. fluminensis and Z. mays seeds were germinated for 15 and 5 days, respectively, in trays 

containing vermiculite and sand (1:1 v/v) that were irrigated daily with tap water. 

 Four seedlings were transferred to pots (3 dm3) containing 1295 g of vermiculite and 

sand (1:1 v/v). One mL of Aspergillus sp. A31 spores suspension (106 conidia.mL-1) was 

inoculated near the root of each seedling. To inoculate the other strains that do not produce 



 
	

spores, the root seedlings were surrounded by two mycelial plugs (1-cm diameter) in PDA. 

Only one mycelial plug of each strain was used to coinoculate the seedlings. 

The A. fluminensis and Z. mays plants were cultivated for 15 and 7 days, respectively, 

in the absence of Hg+2 (acclimation period). The field capacity was 80% and the plants were 

fertilized weekly with Hoagland solution (Hoagland and Arnon, 1950). Thereafter, the A. 

fluminensis and Z. mays substrate was contaminated with four subsequent applications of 

HgCl2 solution in 48-h intervals until reaching the total dose of 180 and 80 mg.kg-1 of Hg+2, 

respectively. The influence of endophytic fungi on host plant growth was examined using the 

same protocol, without addition of Hg+2 to the substrate. The nine treatments performed are 

summarized in Table 1. 

 

Table 1 Endophytic fungal strains inoculated or coinoculated in A. fluminensis and Z. mays 

seedlings in the presence and absence of mercury. 

 

Endophytic fungal strains Treatment With Hg+2 Without Hg+2 

Curvularia geniculata P1 P1 +Hg+2 -Hg+2 
Aspergillus sp. A31 A31 +Hg+2 -Hg+2 

Lindgomycetaceae P87 P87 +Hg+2 -Hg+2 

Westerdykella sp. P71 P71 +Hg+2 -Hg+2 

Lindgomycetaceae P87 + C. geniculata P1 P87+P1* +Hg+2 -Hg+2 

Lindgomycetaceae P87 + Aspergillus sp. A31 P87+A31* +Hg+2 -Hg+2 

Lindgomycetaceae P87 + Westerdykella sp. P71 P87+P71* +Hg+2 -Hg+2 

Lindgomycetaceae P87 + C. geniculata P1+ 
Aspergillus sp. A31 + Westerdykella sp. P71 All* 

 
+Hg+2 

 

 
-Hg+2 

 
Non-inoculated control with Hg+2 -Endophytes+Hg+2 +Hg+2 - 

Non-inoculated control without Hg+2 -Endophytes-Hg+2 - -Hg+2 

 * coinoculation 

 

Lindgomycetaceae P87 was used in all the coinoculation treatments due to its strong 

growth-promoting ability in A. fluminensis when compared with the other fungal strains 

selected in our previous study (Pietro-Souza et al., 2017). The A. fluminensis and Z. mays 

seedlings were grown in a greenhouse and collected 50 and 35 days after transplant, 

respectively. Their roots were rinsed and immersed in 10 mM EDTA solution for 30 min to 

remove the excess of mercury bound to their surface. The chlorophyll level was measured 

using a portable chlorophyll reader (SPAD-512, Minolta) at the time of collection. 



 
	

The root and shoot dry mass were determined after drying the plant material in an 

oven at 65 ºC until constant weight. The percentage of growth-promoting efficiency was 

estimated to examine to which extent inoculation with the endophytic fungal strains 

influenced the host plant growth (Almoneafy et al., 2014).  

 

2.8. Quantification of Hg+2 in the samples 

The Hg+2 concentration in the culture supernatants, dry mycelia (in vitro 

bioremediation), soil samples and plant tissues (phytoremediation bioassay) were determined 

by inductively-coupled plasma atomic emission spectrometry (ICP-AES). Culture 

supernatants were analyzed directly, but the other samples were previously digested with 

concentrated acidic solutions in a microwave oven (Berghof) according to the manufacturer’s 

instructions. Soil samples (1 g) were digested with HCl:HNO3 (3:1 v/v), while mycelia, roots 

and shoots were digested with HNO3:H2O2 (5:3 v/v). 

The mercury translocation and bioaccumulation (BF) factor were calculated using 

the Hg+2 concentrations detected in the soil and plant tissues (Khan et al., 2017a). The Hg+2 

amount immobilized in the mycelium was determined considering the total amount 

accumulated in the whole mycelium and present in the culture media (50 mL) contaminated 

with 30 and 90 µg.mL-1 of Hg+2, during the two culture periods (7 and 14 days). 

 

2.9. Statistical analysis 

The experiments were assayed in triplicate and the results are expressed as mean ± 

standard deviation. Data were analyzed using the R software v. 3.0.2 (Team R Development 

Core 2013). The Shapiro-Wilk and Levene tests were used to analyze data normality and 

homoscedasticity, to further select the type of analysis of variance (ANOVA or Kruskal-

Wallis) and perform the subsequent tests, such as the Duncan (α=0.05%), T, and Dunnett’s 

test. 

 

3. Results 
 

3.1. Mercury tolerance and strain selection 

The maximum concentration that completely inhibits mycelial growth (MIC) was 

determined for each fungal strain selected (Table S1). Most strains (86.6%) were highly 

tolerant to mercury, and the highest Hg+2 concentration tested (600 µg.mL-1) did not suppress 

their growth (Table S1). The strains Microsphaeropsis arundinis A36, Aspergillus japonicus 



 
	

A32, Penicillium janthinellum A56, and Trichoderma brevicompactum P35 did not grow 

when treated with 450.µg mL-1 of Hg+2. 

The linear variation rate (a) scores the mercury resistance of each fungal strain – 

high values indicate strong resistance. The a value ranged from -0.09 (Clonostachys 

rogersoniana P62) to -8.97 (Trichoderma brevicompactum P35) (Table S1). C. rogersoniana 

P62, and Trichoderma brevicompactum P35 were the most and the least tolerant strains to 

increasing Hg+2 concentrations, respectively. 

Most endophytic fungal strains (60%) effectively bioremediated mercury in vitro and 

removed more than 80% of the metal added to the culture medium (Table S1). The strains 

Lindgomycetaceae P87, Westerdykella sp. P71, Aspergillus sp. A31, and Curvularia 

geniculata P1, which remediated more than 97% of Hg+2 added to the culture medium, were 

selected for the subsequent assays of in vitro bioremediation and bioaccumulation and A. 

fluminensis and Z. mays growth promotion in the presence and absence of Hg+2. 

 

3.2. Effect of treatment period and mercury concentration on bioremediation by the 

endophytic fungal strains 

The Aspergillus sp. A31 growth was reduced by increasing Hg+2 concentration and 

treatment period (Table 2). The C. geniculata P1 growth was influenced by the former but not 

by the latter parameter; treatment with 90 µg.mL-1 of Hg+2 reduced the fungal biomass at both 

growing periods (Table 2). 

 

Table 2 Mercury bioremediation, bioaccumulation, recovery capacity, and tolerance index, 

and mycelial dry mass of endophytic fungal strains treated with different mercury 

concentrations for 7 and 14 days. 

Fungal strain Parameter Hg+2 
(µg.mL-1) 

Cultivation period (days) 
7 14 

Aspergillus sp. 
A31 

Mycelial dry weight 30 0.34 ± 0.01 aA 0.23 ± 0.02 bA  
90 0.17 ± 0.02 aB 0.13 ± 0.01 bB  

Bioremediation (%) 30 100 ± 0.0 aA  100 ± 0.0 aA  
90 95.1 ± 0.8 aB  94.6 ± 1.7 aB  

Bioccumulation of Hg+2 (µg.g-1) 30 2027 ± 226 aB  2368 ± 2014 aB  
90 14142 ± 751 aA 16050 ± 1301 aA  

Hg+2 immobilized in mycelium (%) 30 37.6 ± 2.7 aA  35.7 ± 6.2 aA 
90 38.0 ± 3.5 aA 45.1 ± 0.8 aA 

Tolerance index (TI) 30 1.07 ± 0.04 aA  0.51 ± 0.05 bA  
90 0.54 ± 0.05 aB 0.29 ± 0.02 bB 

     C. geniculata P1 Mycelial dry weight 30 0.28 ± 0.02 aA  0.24 ± 0.03 aA   



 
	

90 0.12 ± 0.01 aB  0.16 ± 0.04 aB   

Bioremediation (%) 30 100 ± 0.0 aA  100 ± 0.0 aA  
90 87.4 ± 0.2 bB  92.5 ± 1.6 aB 

Bioccumulation of Hg+2 (µg.g-1) 30 2654 ± 238 aB  2213 ± 133 aB  
90 10583 ± 1915 aA 8608 ± 1169 bA 

Hg+2 immobilized in mycelium (%) 30 59.7 ± 4.0 aA  35.4 ± 3.5 bA  
90 39.7 ± 6.2 aB 30.7 ± 2.4 aA 

Tolerance index (TI) 30 0.82 ± 0.06 aA 0.67 ± 0.07 bA 
90 0.35 ± 0.03 bB  0.46 ± 0.10 aB  

     

Lindgomycetaceae 
P87 

Mycelial dry weight 30 0.14 ± 0.01 bA  0.16 ± 0.01 aA 
90 0.13 ± 0.01 aA 0.13 ± 0.02 aA 

Bioremediation (%) 30 93.7 ± 0.6 bA  98.6 ± 1.4 aA 
90 86.7 ± 0.4 aB 88.3 ± 3.3 aB 

Bioccumulation of Hg+2 (µg.g-1) 30 2522 ± 323 aB 2780 ± 101 aB 
90 8576 ± 567 aA 11977 ± 2448 aA 

Hg+2 immobilized in mycelium (%) 30 22.8 ± 6.4 aA  29.3 ± 0.5 aA  
90 36.5 ± 1.2 aA  34.0 ± 3.9 aA  

Tolerance index (TI) 30 0.38 ± 0.02 bA  0.42 ± 0.01 aA 
90 0.36 ± 0.03 aB 0.34 ± 0.05 bB 

     

Westerdykella sp. 
P71 

Mycelial dry weight 30 0.13 ± 0.02 bB  0.30 ± 0.02 aA 
90 0.19 ± 0.01 bA 0.27 ± 0.02 aA 

Bioremediation (%) 30 85.7 ± 0.8 aB  86.1 ± 2.3 aB  
90 90.1 ± 0.7 aA 90.3 ± 0.7 aA 

Bioccumulation of Hg+2 (µg.g-1) 30 3461 ± 298 aB  2209 ± 59 bB 
90 13468 ± 1114 aA 7473 ± 791 bA 

Hg+2 immobilized in mycelium (%) 30 31.9 ± 1.1 bB   47.3 ± 7.1 aA 
90 39.3 ± 0.3 aA  44.4 ± 8.2 aA  

Tolerance index (TI) 30 0.39 ± 0.07 bB  0.92 ± 0.08 aA 
90 0.56 ± 0.04 bA 0.82 ± 0.06 aB 

Similar lowercase letters in a row that compare cultivation periods, and similar capital letters in a column that 

compare Hg+2 concentrations, are not significantly different within each parameter analyzed using the Student’s t 

test. 

 

Lindgomycetaceae P87 and Westerdykella sp. P71 were more resistant to mercury 

than Aspergillus sp. A31 and C. geniculata P1; the mycelial growth of the former was not 

suppressed by increasing Hg+2 concentrations. Surprisingly, Westerdykella sp. P71 mycelial 

growth was stimulated by increasing Hg+2 concentrations after 7 days of cultivation and, in 

contrast to the other strains, this strain provided the greatest dry mass after 14 days of 

cultivation, in the presence of both Hg+2 concentrations (Table 2).  

Although their growth rate decreased as a function of Hg+2 concentration and 

growing period, the four endophytic fungal strains removed 86-100% of Hg+2 added to the 

culture medium, indicating a high mercury bioremediation capacity in vitro (Table 2). At both 

growing periods, (i) Aspergillus sp. A31 and C. geniculata P1 bioremediated all the mercury 



 
	

from the medium supplemented with 30 µg.mL-1 of this metal; and (ii) the increase in Hg+2 

concentration diminished the bioremediation efficiency of Aspergillus sp. A31, C. geniculata 

P1, and Lindgomycetaceae P87 by nearly 5.15, 8.95, and 10.55%, respectively, but enhanced 

the bioremediation efficiency of Westerdykella sp. P71 by 5% (Table 2). 

Mycelial bioaccumulation of Hg+2 in all the fungal strains was proportional to the 

Hg+2 concentration added to the culture medium (Table 2). The growing period did not 

influence mycelial bioaccumulation of Hg+2 in Aspergillus sp. A31 and Lindgomycetaceae 

P87. In contrast, mycelial bioaccumulation of Hg+2 in Westerdykella sp. P71 treated with 30 

and 90 µg.mL-1 of Hg+2 was 56 and 80% greater at the seventh day of growth, respectively 

(Table 2). 

The mercury amount immobilized in the mycelium was determined considering the 

total amount of the metal added to the culture medium. The mercury recovery rate by the 

strains grown for 7 and 14 days varied from 22.8-59.7% and 34.0-44.4%, respectively (Table 

2). The mercury recovery rate increased after 14 days of growth in the presence of 90 µg.mL-1 

of Hg+2 only in Westerdykella sp. P71; the growing period did not favor mercury recovery by 

the other endophytic fungal strains (Table 2). 

 

3.3. Toxicity of culture supernatants 
 

The toxicity of culture supernatants was assayed against L. sativa seeds. Analysis of 

the toxicity index indicated that RL presented greater variability than GE, indicating that the 

plant development stages differed with respect to their sensitivity to changes in the 

supernatant composition (Table 3). 

 

Table 3 Toxicity of culture supernatants of endophytic fungal strains grown for 7 and 14 days 

in the presence of different Hg+2 concentrations, towards Lactuca sativa seed germination and 

growth. 

Hg+2 

(µg.mL-1) Treatment 
Germination (%) Radicle length (cm) GE RL 
7 days 14 days 7 days 14 days 7 days 14 days 7 days 14 days 

0 

-Fungal-Hg 96 ± 4 a 100 ± 0 a 1.0 ± 0.1 c 1.1 ± 0.1 b - - - - 
Aspergillus sp. A31 93 ± 11 a 100 ± 0 a 0.2 ± 0.1 d 0.1 ± 0.0 d -0.03 0.00 -0.76 -0.88 
C. geniculata P1 96 ± 4 a 100 ± 0 a 2.8 ± 0.5 a 1.5 ± 0.2 a -0.01 0.00 1.74 0.33 
Lindgomycetaceae P87 100 ± 0 a 100 ± 0 a 1.7 ± 0.2 b 1.2 ± 0.2 ab 0.04 0.00 0.65 0.12 
Westerdykella sp. P71 96 ± 4 a 100 ± 0 a 0.8 ± 0.1 c 0.7 ± 0.0 c -0.01 0.00 -0.19 -0.34 

          
              

30 

-Fungal-Hg 96 ± 4 a 100 ± 0 a 1.0 ± 0.1 b 1.1 ± 0.1 b - - - - 
-Fungal+Hg 100 ± 0 a 98 ± 4 a 0.9 ± 0.1 b 1.1 ± 0.1 b 0.04 -0.02 -0.11 0.01 
Aspergillus sp. A31 98 ± 4 a 100 ± 0 a 0.2 ± 0.1 c 0.2 ± 0.0 c 0.01 0.00 -0.82 -0.83 



 
	

C. geniculata P1 100 ± 0 a 98 ± 4 a 1.2 ± 0.1 a 1.4 ± 0.1 a 0.04 -0.02 0.15 0.22 
Lindgomycetaceae P87 100 ± 0 a 100 ± 0 a 1.2 ± 0.1 a 1.1 ± 0.1 b 0.04 0.00 0.20 0.01 
Westerdykella sp. P71 96 ± 4 a 82 ± 25 a 0.3 ± 0.1 c 0.3 ± 0.1 c -0.01 -0.18 -0.73 -0.73 

          

90 

-Fungal-Hg 96 ± 4 a 100 ± 0 a 1.0 ± 0.1 a 1.1 ± 0.1 a - - - - 
-Fungal+Hg 43 ± 10 b 37 ± 3 c 0.2 ± 0.0 d 0.1 ± 0.0 c -0.55 -0.63 -0.81 -0.91 
Aspergillus sp. A31 91 ± 8 a 30 ± 10 c 0.6 ± 0.0 b 0.1 ± 0.0 c -0.06 -0.70 -0.43 -0.91 
C. geniculata P1 83 ± 10 a 62 ± 8 b 0.1 ± 0.0 d 0.3 ± 0.1 b -0.14 -0.38 -0.87 -0.71 
Lindgomycetaceae P87 93 ± 6 a 100 ± 0 a 0.3 ± 0.0 c 0.2 ± 0.0 c -0.03 0.00 -0.70 -0.86 
Westerdykella sp. P71 58 ± 10 b 98 ± 4 a 0.1 ± 0.1 d 0.1 ± 0.0 c -0.40 -0.02 -0.87 -0.90 

Similar letters in a column are not statistically different (Duncan test). Each Hg+2 concentration was analyzed 

separately. The germination index (GE) and radicle length index (RL) values of 0 to -0.25; -0.25 to -0.50; -0.50 

to -0,75; and -0.75 to -1.00 indicate weak, moderate, strong, and very strong toxicity, respectively. Positive 

values indicate stimulation of seed germination and radicle growth, while negative values indicate inhibition of 

these processes. 

 

The culture supernatants of Aspergillus sp. A31 and Westerdykella sp. P71 grown in 

the absence of Hg+2 displayed strong and weak toxicity towards the L. sativa radicle growth, 

respectively (Table 3), while the culture supernatants of C. geniculata P1 and 

Lindgomycetaceae P87 stimulated L. sativa radicle growth, affording positive RL values 

(Table 3). 

Culture supernatants of the four endophytic fungal strains grown for 7 and 14 days in 

the presence of 30 µg.mL-1 of Hg+2 were not toxic to L. sativa seed germination but affected 

radicle growth in different ways (Table 3). Aspergillus sp. A31 and Westerdykella sp. P71 

supernatants suppressed radicle growth by exerting very strong and strong toxicity, 

respectively; in contrast, Lindgomycetaceae P87 and C. geniculata P1 supernatants – 

especially those collected after 7 days of growth – stimulated radicle growth. 

- The non-inoculated culture medium samples supplemented with the metal (-

Fungal+Hg control), incubated for 7 and 14 days, were strongly toxic, impaired L. sativa seed 

germination and radicle growth. However culture supernatants of Aspergillus sp. A31, C. 

geniculata P1 and Lindgomycetaceae P87 with7 days), (7 (7 days), and Westerdykella sp. P71 

(14 days) exerted weak toxicity towards seed germination, indicating that the fungi attenuated 

mercury toxicity. It's important make sure thatculture supernatant of Lindgomycetaceae P87 

with 14 days, did not interfere in seed germination, since the germination index was null.   

On the other hand, the radicle growth was strongly sensitive to the toxicity of culture 

supernatants, with a marked decrease in length. Compared with the toxicity level of the -

Fungal+Hg control (very strong toxicity), the culture supernatants of Aspergillus sp. A31 and 

Lindgomycetaceae P87 attenuated mercury toxicity – they exerted moderate and strong 

toxicity, respectively (Table 3). 



 
	

 

3.4. IAA and siderophore production and phosphate solubilization 

Three out of four endophytic fungal strains analyzed – Aspergillus sp. A31, 

Lindgomycetaceae P87, and Westerdykella sp. P71 – released siderophores, with values 

ranging from 12.9 to 82.2 (U). Aspergillus sp. A31 and C. geniculata P1 solubilized 

phosphate in vitro, while only Westerdykella sp. P71 synthesized IAA (Table 4 and Figure 1). 
 
Table 4. Plant growth-promoting traits of endophytic fungi. 

Strain Siderophores (U) IAA (µg mL−1) Phosphate solubilization 
(halo diameter in mm) 

Aspergillus sp. A31 82.2 ± 5.8 n.d. 60.3 ± 1.95 
C. 14eniculate P1 n.d. n.d. 53.3 ± 6.8 
Lindgomycetaceae P87 12.9 ± 7.6 n.d. n.d. 
Westerdykella sp. P71 67.3 ± 13.6 199 ± 37 n.d. 

n.d.: not detected 
 

 
Fig. 1. Phosphate solubilization (A) and siderophore production (B) by endophytic fungi. The yellow color 

indicate phosphate solubilization (+) in (A) and siderophore production (+) in (B). C: control (non-inoculated 

culture medium); A31: Aspergillus sp. A31; P1: Curvularia geniculata P1; P87: Lindgomycetaceae P87; P71: 

Westerdykella sp. P71. 

 

3.5. Microscopy analysis of plant roots inoculated with C. geniculata P1 and 

Lindgomycetaceae P87 
 

The endophytic fungal strains C. geniculata P1 and Lindgomycetaceae P87 have 

brown mycelium and were able to colonize the roots of A. fluminensis and Z. mays, as 

demonstrated by the presence of septate hyphae and microsclerotia typical of DSE in the host 

plant root cortex (Figure 2). 

 



 
	

 
Fig. 2. Aeschynomene fluminensis and Zea mays roots inoculated with Curvularia geniculata P1 and 

Lindgomycetaceae P87. The arrows indicate the presence of septate hyphae (HS) and microsclerotia (ME). (A) 

and (B): C. geniculata P1 colonizing Z. mays roots. (C) Lindgomycetaceae P87 colonizing A. fluminensis roots. 

(D) Lindgomycetaceae P87 and C. geniculata P1 colonizing Z. mays roots. 

 

3.6. Effect of the endophytic fungi Aspergillus sp. A31, Curvularia geniculata P1, 

Lindgomycetaceae P87, and Westerdykella sp. P71 on A. fluminensis and Zea mays growth 

in the presence and absence of mercury 

A. fluminensis and Z. mays seedlings were inoculated with Aspergillus sp. A31, C. 

geniculata P1, Lindgomycetaceae P87, and Westerdykella sp. P71 alone or in four 

combinations: (1) Lindgomycetaceae P87+Aspergillus sp. A31; (2) Lindgomycetaceae 

P87+C. geniculata P1; (3) Lindgomycetaceae P87+Westerdykella sp. P71; (4) the four strains 

together. The A. fluminensis and Z. mays seedlings were treated with 180 and 80 mg.kg-1 of 

Hg+2, respectively. 

The chlorophyll index and shoot and root dry mass were the parameters used to 

analyze the growth-promoting effects of endophytic fungi and compare them with non-

inoculated controls with and without Hg+2 (-Endophytes+Hg and -Endophytes-Hg, 

respectively) (Tables 5 and 6; Figures 3 and 4).  

Analysis of the growth-promoting efficiency revealed that inoculation of A. 

fluminensis with C. geniculata P1, Lindgomycetaceae P87, and Westerdykella sp. P71 alone, 

and Lindgomycetaceae P87+Westerdykella sp. P71 in the absence of Hg+2 promoted the host 



 
	

plant growth, resulting in the greatest accumulation of root and shoot dry mass (Dunnett’s 

test; p<0.05) (Figure 3A): the root dry mass increased by 75, 46, 39 and 55%, respectively, 

while the shoot dry mass increased by 46, 40, 31 and 60%, respectively (Table 5). 

Z. mays seedlings responded in a different manner to inoculation with endophytic 

fungi in the absence of Hg+2, and only their shoot dry mass was significantly increased 

(p<0.05; Dunnett’s test; Figure 3B). Inoculation with Lindgomycetaceae P87+Westerdykella 

sp. P71, C. geniculata P1, and the four endophytic fungal strains together augmented the 

shoot dry mass by 96, 59, and 44%, respectively (Figure 3B and Table 5), while inoculation 

with Lindgomycetaceae P87+Aspergillus sp. A31 improved the chlorophyll index (Table 5). 
 

 
Fig. 3. Effect of endophytic fungi on Aeschynomene fluminensis (A) and Zea mays (B) growth in the absence of 

mercury. A. fluminensis and Z. mays seedlings were inoculated with Aspergillus sp. A31, C Curvularia 

geniculata P1, Lindgomycetaceae P87, and Westerdykella sp. P71 alone or in combinations: (1) 

Lindgomycetaceae P87+Aspergillus sp. A31; (2) Lindgomycetaceae P87+C. geniculata P1; (3) 

Lindgomycetaceae P87+Westerdykella sp. P71; (4) the four strains together (all). C-Hg = -Endophytes-Hg 

control: non-inoculated control without Hg+2. *p<0.05 vs. C-Hg (Dunnett’s test). 

 



 
	

Table 5 Growth-promoting efficiency (GPE) and chlorophyll index in Aeschynomene 

fluminensis and Zea mays seedlings inoculated with endophytic fungi in the absence of 

mercury. 

Strain 
GPE % (dry mass)   Chlorophyll index 

Shoot  Root    Shoot  Root    

A. fluminensis    Zea mays  
 

A. fluminensis  Z. mays  
Lindgomycetaceae P87 
+ Westerdykella sp. P71 60 55 

 

7 -23  20 ± 1.7 * 31.63 ± 0.9 

C. geniculata P1 46 75 
 

59 4 
 

17.8 ± 1.3 30.3 ± 1.2 

Lindgomycetaceae P87 40 46 
 

10 23 
 

22.2 ± 1.4 * 33.1 ± 0.3 

Westerdykella sp. P71 31 39 
 

25 10 
 

19.9 ± 0.8 32.6 ± 1.5 
Lindgomycetaceae P87 
+ Aspergillus sp. A31 24 40  96 12  18.02 ± 1.6 33.5 ± 0.6* 

Lindgomycetaceae P87 
+ C. geniculata P1 11 39  24 29  17. 7 ± 1.4 32.9 ± 0.1 

The four strains together (all) 1 21 
 

44 22 
 

16.1 ± 2.3 31.0 ± 1.0 

Aspergillus sp. A31 -7 7 
 

21 -7 
 

20.8 ± 1.6 * 32.2 ± 0.8 

-Endophytes-Hg (control) - - 
 

- - 
 

16.8 ± 1.0 32.5 ± 0.2 
* p<0.05 vs -Endophytes-Hg (non-inoculated control in the absence of Hg+2); Dunnett’s test. 

All = Lindgomycetaceae P87 + C. geniculata P1+ Aspergillus sp. A31 + Westerdykella sp. P71 

 

Mercury negatively affects A. fluminensis and Z. mays growth, as evidenced by the 

diminished chlorophyll index and biomass accumulation. In A. fluminensis and Z. mays, the 

shoot dry mass decreased by 55 and 206%, respectively, while the root dry mass decreased by 

25 and 83%, respectively; increasing Hg+2 concentration enhanced the growth-inhibiting 

effect  (Table 6). 

Inoculation with endophytic fungi mitigated mercury toxicity and promoted growth 

of both host plants under such environmental stress condition (Figure 4 and Table 6). 

Compared with the non-inoculated control with Hg+2 (-Endophytes+Hg): (i) inoculation of A. 

fluminensis with Lindgomycetaceae P87 significantly increased the shoot and root dry mass 

by 40 and 43%, respectively; (ii) coinoculation with Lindgomycetaceae P87+Westerdykella 

sp. P71 and Lindgomycetaceae P87+C. geniculata P1 stimulated the A. fluminensis shoot 

growth by 32 and 22%, respectively; (iii) A. fluminensis seedlings inoculation with 

Lindgomycetaceae P87 and Westerdykella sp. P71, either alone or in combination, increased 

the chlorophyll index.  

Inoculation of Z. mays with Lindgomycetaceae P87+C. geniculata P1, 

Lindgomycetaceae P87+Westerdykella sp. P71, and the four strains together mainly mitigated 

mercury toxicity to the plant roots: they increased root dry mass by 196, 144, and 133%, 

respectively. Inoculation of Z. mays with C. geniculata P1 and Westerdykella sp. P71 together 



 
	

increased both the root (172 and 143%, respectively) and shoot (59 and 52%, respectively) 

dry mass and the chlorophyll index (Table 6). Inoculation with Lindgomycetaceae 

P87+Westerdykella sp. P71 also increased the chlorophyll index in Z. mays. 

 

  

 

 
Fig. 4. Effect of endophytic fungi on Aeschynomene fluminensis (A) and Zea mays (B) growth in the presence of 

mercury. A. fluminensis and Z. mays seedlings were inoculated with Aspergillus sp. A31, C Curvularia 

geniculata P1, Lindgomycetaceae P87, and Westerdykella sp. P71 alone or in four combinations: (1) 

Lindgomycetaceae P87+Aspergillus sp. A31; (2) Lindgomycetaceae P87+C. geniculata P1; (3) 

Lindgomycetaceae P87+Westerdykella sp. P71; (4) the four strains together (all). C+Hg = -Endophytes+Hg 

control: non-inoculated control with Hg+2. * p<0.05 vs. C+Hg (Dunnett’s test).  

 

Table 6 Growth-promoting efficiency (GPE) and chlorophyll index in Aeschynomene 

fluminensis and Zea mays seedlings inoculated with endophytic fungi in the presence of 

mercury. 

Strain  
GPE % (dry mass)   Chlorophyll index 

Shoot  Root    Shoot  Root    
A. fluminensis    Z. mays    A. fluminensis  Z. mays  

Lindgomycetaceae P87 40 43  28 52  12.0 ± 0.9* 27.3 ± 2.7 
Lindgomycetaceae P87 32 7  34 144  11.3 ± 0.3 28.7 ± 1.4* 



 
	

+ Westerdykella sp. P71 
Lindgomycetaceae P87 
+ C. geniculata P1 22 5  30 196  18.3 ± 0.6* 26.9 ± 2.1 

Aspergillus sp. A31 10 -6  -3 67  11.6 ± 1.3 28 ± 1.3 
Lindgomycetaceae P87 
+ Aspergillus sp. A31 3 1  2 69  11.2 ± 1.4 28.8 ± 3.0* 

Westerdykella sp. P71 3 -9  52 143  12.4 ± 1.5* 29.5 ± 2.8* 
C. geniculata P1 -11 -13  59 172  7.9 ± 0.6 31.3 ± 2.7* 
The four strains together (all) -18 -17  20 133  10.7± 2.3 25.8 ± 4.4 
-Endophytes-Hg 55 25  206 83  16.8 ± 1.0* 31.6 ± 0.9* 
-Endophytes+Hg - -     8.3 ± 0.4 20.4 ± 5.7 

* p<0.05 vs –Endophytes+Hg (non-inoculated control in the presence of Hg+2); Dunnett’s test. 

All = Lindgomycetaceae P87 + C. geniculata P1+ Aspergillus sp. A31 + Westerdykella sp. P71 

 

3.7. Effect of inoculation on mercury phytoextraction assisted by endophytic fungi 

Mercury translocation (TF) and bioaccumulation (BF) were determined by 

quantifying the metal in A. fluminensis and Z. mays tissues (Tables 7 and 8). Inoculation of 

the host plants with endophytic fungi significantly influenced both parameters (p<0.05; 

Dunnett’s test), demonstrating that the microorganisms contributed to mercury bioremediation 

(Tables 7 and 8). 

The mercury accumulation capacity in A. fluminensis roots varied across the 

inoculated strains. Inoculation of this host plant with Lindgomycetaceae P87+Aspergillus sp. 

A31 and Westerdykella sp. P71 improved and impaired mercury phytoextraction, 

respectively. Mercury accumulation in shoots were greater in plants inoculated with 

Aspergillus sp. A31, C. geniculata P1, and Westerdykella sp. P71 or coinoculated with 

Lindgomycetaceae P87+Westerdykella sp. P71 (Table 7). 
TF ranged from 0.08 to 0.37 in A. fluminensis, and presented significant differences 

when the host plant was inoculated with C. geniculata P1 and Westerdykella sp. P71 (Table 

7). BF was greater in host plants inoculated with Lindgomycetaceae P87+Westerdykella sp. 

P71. Compared with the -Endophytes+Hg control (non-inoculated control with Hg+2), 

inoculation with the endophytic fungi lowered the residual soil Hg+2 level, regardless the 

fungal strain used. Treatment with Lindgomycetaceae P87 decreased the residual soil Hg+2 

level by 58% (Table 7). 

Endophytic fungi also assisted mercury bioremediation in Z. mays (Table 8). 

Inoculation with Aspergillus sp. A31 alone or in combination with Lindgomycetaceae P87, or 

with the four fungal strains together enhanced mercury accumulation in the plant roots; the 

BF was greater than that found for the -Endophytes+Hg control. In contrast to the findings 



 
	

reported for A. fluminensis, inoculation of Z. mays with endophytic fungi significantly 

reduced mercury translocation from roots to shoots. The fungal strains inoculated in Z. mays, 

except for Westerdykella sp. P71, significantly lowered the soil Hg+2 levels. Plants inoculated 

with Lindgomycetaceae P87+Aspergillus sp. A31 reduced the soil Hg+2 concentration by 

nearly 70% (Table 8).  

 

Table 7 Mercury translocation (TF) and bioaccumulation (BF) factors in Aeschynomene 

fluminensis. 

Treatment 
Hg+2 concentration 

(mg.kg-1 dry weight) TF BF 
Root  Shoot Soil 

Lindgomycetaceae P87 
+ Aspergillus sp. A31 6637 ± 995* 521 ± 48  83 ± 1.1* 0.08 ± 0.01  40 ± 6 

Lindgomycetaceae P87 
+ Westerdykella sp. P71 6320 ± 945 1280 ± 265* 51 ± 1.0  0.20 ± 0.04  42 ± 6* 

The four strains together (all) 5815 ±247  627 ± 103  50 ± 0.8* 0.11 ± 0.01  36 ± 2 
Aspergillus sp. A31 5562 ± 1343  1005 ± 109  54 ± 0.8* 0.19 ± 0.05  36 ± 7 
Lindgomycetaceae P87 
+ C. geniculata P1 5390 ± 706 772 ± 106  60 ± 0.8* 0.14 ± 0.02  34 ± 4 

C. geniculata P1 5247 ± 92  1694 ± 475* 78 ± 2.5* 0.32 ± 0.10 * 39 ± 2 
Lindgomycetaceae P87 4175 ± 815  431 ± 66  39 ± 0.6* 0.11 ± 0.02  26 ± 5 
Westerdykella sp. P71 2850 ± 215* 1063 ± 158* 63 ± 0.8* 0.37 ± 0.06 * 22 ± 2 
-Endophytes+Hg 4910 ± 316  606 ± 120  91 ± 0.9  0.12 ± 0.02  31 ± 2 
* p<0.05 vs –Endophytes+Hg (non-inoculated control in the presence of Hg+2); Dunnett’s test. 

All = Lindgomycetaceae P87 + C. geniculata P1+ Aspergillus sp. A31 + Westerdykella sp. P71 

 

   

Table 8 Mercury translocation (TF) and bioaccumulation (BF) factors in Zea mays. 

Treatment 
Hg+2 concentration 

(mg.kg-1 dry weight) TF BF 
Root  Shoot Soil 

Aspergillus sp. A31 3181 ± 205* 354 ± 53* 10 ± 0.2* 0.11 ± 0.01*   44 ± 3* 
The four strains together (all) 2983 ± 84* 380 ± 35* 11 ± 0.8* 0.13 ± 0.01* 42 ± 1* 
Lindgomycetaceae P87 
+ Aspergillus sp. A31 2867 ± 441* 427 ± 39* 5 ± 0.8* 0.15 ± 0.03*  41 ± 5* 

Lindgomycetaceae P87 2369 ± 160  438 ± 9* 11 ± 0.4* 0.19 ± 0.02* 34 ± 2 
Lindgomycetaceae P87 
+ Westerdykella sp. P71 2028 ± 83  231 ± 14* 9 ± 0.1 * 0.11 ± 0.01* 28 ± 1 

C. geniculata P1 2022 ± 190  583 ± 26* 16 ± 2.7  0.29 ± 0.04 33 ± 2 
Westerdykella sp. P71 1989 ± 133  315 ± 3* 8 ± 0.6* 0.16 ± 0.01*  29 ± 2 
Lindgomycetaceae P87 
+ C. geniculata P1 1840 ± 86  279 ± 19* 11 ± 1.6* 0.15 ± 0.02*  26 ± 1 

-Endophytes+Hg 1998 ± 98  506 ± 35 14 ± 0.1  0.25 ± 0.03  31 ± 1 
* p<0.05 vs –Endophytes+Hg (non-inoculated control in the presence of Hg+2); Dunnett’s test. 

All = Lindgomycetaceae P87 + C. geniculata P1+ Aspergillus sp. A31 + Westerdykella sp. P71 



 
	

 

4. Discussion 
  

 
4.1. Mercury resistance and selection of endophytic fungal strains    

Most endophytic fungal strains tested in the present study were resistant to high Hg+2 

concentrations. Heavy metal-resistant microorganisms are important tools to improve 

phytoremediation of contaminated environments (Deng et al., 2014). As mercury does not 

have a known biological function and it is highly toxic to living organisms (Cozzolino et al., 

2016), its remediation is necessary to prevent damage to flora, wildlife, microbiota, and 

humans. The mercury-resistance mechanisms in bacteria are well-known, being mediated by 

proteins codified by the operon mer that are required to biotransform this metal and confer 

resistance to it (Dash and Das, 2012). However, the extent of resistance to mercury and its 

underlying mechanisms in fungi are unknown, especially with respect to endophytic fungi. 

The MIC for most endophytic fungal strains tested in this study was greater than 600 

µg.mL-1 of Hg+2. Such concentration is relatively high when compared with the Hg+2 levels 

detected in the environment from which the fungi were isolated: 0 to 3 µg.mL-1 (Pietro-Souza 

et al., 2017). The literature reports that fungal strains isolated from contaminated soil do not 

grow in culture media containing Hg+2 concentrations greater than 30 µg.mL-1 (Urík et al., 

2014). These findings suggest that fungal strains survive in environments contaminated with 

high mercury levels, and resistance to this and other heavy metals does not depend on the 

environment of origin (Shen et al., 2013). 

The Hg+2 concentration influenced the growth rate of the endophytic fungal strains 

tested herein. The increased concentration of heavy metals such as Zn+2, Ni+2, Cu+2 and Cr+3 

also decreased the fungi growth rate (Gola et al., 2016). However, the Hg+2 effect was strain-

specific, i.e. some endophytic fungal strains were more sensitive or more tolerant to 

increasing Hg+2 concentrations. The existence of different tolerance strategies suggests the 

existence of distinct resistance mechanisms against heavy metal contamination (Baldrian and 

Gabriel, 2002), such as the heavy metal extra- and intracellular precipitation, transformation, 

and biosorption in the cell wall (Gadd, 2010, 1993).  

Considering that endophytic fungi resist to high concentrations of certain heavy 

metals and have a differentiated growth niche, it is plausible that they are promising 

biosorbents for heavy metals (Deng et al., 2014; Xiao et al., 2010; Zahoor et al., 2017). In this 

sense, we selected endophytic fungal strains isolated from environments contaminated 



 
	

(Aspergillus sp. A31 and C. geniculata P1) or not (Lindgomycetaceae P87 and Westerdykella 

sp. P71) with mercury that were highly resistant to this metal and able to bioremediate it. 

 

4.2. In vitro mercury bioremediation by the endophytic fungal strains 

C. geniculata P1 and Aspergillus sp. A31 bioremediated 100% of the metal in the 

presence of 30 µg.mL-1 of Hg+2. Edaphic Aspergillus strains also effectively bioremediate 

mercury in vitro (Kurniati et al., 2014a, 2014b; Urík et al., 2014) and remove more than 97% 

of the metal added to the culture medium (Kurniati et al., 2014a). There are no reports on the 

participation of fungi belonging to the family Lindgomycetaceae and the genus Westerdykella 

in bioremediation of heavy metals. Here we report for the first time that they markedly 

contribute to mercury bioremediation. 

The mercury bioremediation efficiency in vitro and TI of the strains C. geniculata 

P1, Lindgomycetaceae P87, and Aspergillus sp. A31 decreased with increasing Hg+2 

concentrations in the culture medium. Thus, the metal concentration probably limits the 

resistance to it, and its toxic effect becomes evident at higher concentrations (Xiao et al., 

2010; Xu et al., 2015). On the other hand, the mercury bioremediation efficiency in vitro and 

TI of Westerdykella sp. P71 increased as a function of the metal concentration, suggesting that 

this strain uses specific resistance mechanisms that are activated by the presence and amount 

of mercury (Sun et al., 2017). Although Westerdykella sp. P71 was not isolated from a 

contaminated environment, the next-generation sequencing analysis of the whole community 

of rhizospheric fungi revealed that the genus Westerdykella was dominant in the rhizosphere 

of mercury-contaminated plants and colonized the interior of roots of A. fluminensis and P. 

acuminatum grown in mercury-contaminated soils (unpublished data). 

Mycelial mercury bioaccumulation in the fungal strains studied herein was 

proportional to the increment of the heavy metal concentration, corroborating literature 

reports (Joshi et al., 2011; Urík et al., 2014). The distinct bioaccumulation capacity of the 

fungal strains may be related to the intrinsic nature of the fungi biomass, including the cell 

wall composition, release of compounds that interact with the heavy metals available (Gadd, 

2007), and the number of biosorption sites on the cell surface (Vullo et al., 2008). 

Although the biomass and TI of Aspergillus sp. A31 and C. geniculata P1 decreased 

at the highest Hg+2 concentration, the metal bioaccumulation and recovery rate increased. 

This finding suggests the existence of a low correlation between the metal capture and the 

fungi biomass and tolerance (An et al., 2015). Pb+2 accumulation by A. terreus was not 

influenced by its decreased growth rate (Joshi et al., 2011). 



 
	

Biovolatilization is an important but poorly elucidated mercury detoxification 

mechanism in fungi (Urík et al., 2014). We hypothesize that biovolatilization is the main 

bioremediation mechanism of Lindgomycetaceae P87 because bioaccumulation decreased but 

bioremediation (%) remained constant during the first 7 days of cultivation with the highest 

Hg+2 concentration (Table 7).  

 

4.3. Toxicity of culture supernatants towards L. sativa 

Mercury negatively affects seed germination and the other plant development stages 

(Patra and Sharma, 2000). The culture supernatant supplemented with 90 µg.mL-1 of Hg+2 

was strongly toxic to L. sativa seeds. In vitro mercury bioremediation by Lindgomycetaceae 

P87 and Aspergillus sp. A31 lowered the Hg+2 concentration in the culture medium, which 

thereby favored seed germination and radicle growth. 

Phytotoxicity of the culture supernatant of Aspergillus sp. A31 to L. sativa seed 

germination and radicle growth was probably mediated by metabolites released by the hyphae 

of this fungal species. Compounds originated from the metabolism of the endophytic fungus 

Xylaria feejeensis suppressed seedling germination and radicle growth in Amaranthus 

hypochondriacus, Medicago sativa, Panicum miliaceum, and Trifolium pratense (García-

Méndez et al., 2016). The benefit of mercury bioremediation by Aspergillus sp. A31 at the 

highest Hg+2 concentration outweighed the phytotoxic effect of this fungal strain in a Hg+2–

free culture medium. 

 
4.4. IAA and siderophores production and phosphate solubilization 

In addition to the mercury bioremediation and bioaccumulation capacity, the 

endophytic fungal strains studied herein exhibited at least one of the following growth-

promoting traits: IAA production, siderophore production, and phosphate solubilization. Such 

traits improve the host plant tolerance to heavy metals and growth in the absence and 

presence of the contaminant (Babu et al., 2014b; Khan et al., 2017b; Waqas et al., 2014). 

The elevation of Hg+2 concentration in culture medium raises siderophore production 

by Pseudomonas sp. B50D (Giovanella et al., 2017). The siderophore production by 

Westerdykella sp. P71 and Aspergillus sp. A31 is probably related to their mercury resistance. 

Siderophores may chelate heavy metals in the extracellular milieu and hinder their entry into 

the microbial cell, which thereby decreases the metal toxicity to microorganisms (Braud et al., 

2009). 



 
	

Phosphate solubilization is often associated with release of organic acids that can 

lower the pH and affect mercury bioavailability, which in turn favor mercury bioaccumulation 

in Aspergillus sp. A31 and C. geniculata P1. Acidification processes that enhance soil metal 

solubilization have optimized Cd+2 absorption (Kayser et al., 2001). 

 

4.5. Effect of endophytic fungi on A. fluminensis and Z. mays growth in the presence or 

absence of mercury 

Endophytic fungi promote host plant growth through different mechanisms, 

including production of phytohormones, increase of nutrient availability, and protection 

against biotic and abiotic stress (Deng et al., 2014; Deng and Cao, 2017; Pietro-Souza et al., 

2017; Soares et al., 2016; Zahoor et al., 2017). The results of the present study indicate that 

endophytic fungi influence A. fluminensis and Z. mays growth either in the presence or 

absence of Hg+2. 

IAA release by rhizobacteria promotes root growth by stimulating the plant cell 

elongation or cell division (Gontia-Mishra et al., 2016; Jha et al., 2012). Westerdykella sp. 

P71 releases the phytohormone IAA and siderophores; these functional traits seem to be 

associated with the increased root and shoot biomass in A. fluminensis grown in Hg+2-free 

substrate. 

The combined effect of two different strains, i.e. coinoculation of A. fluminensis and Z. 

mays with Lindgomycetaceae P87+Westerdykella sp. P71 and Lindgomycetaceae 

P87+Aspergillus sp. A31, respectively, maximized the host plant growth in Hg+2-free 

substrate. Other experimental models have also reported the synergism among inoculums 

seeded in combination. The simultaneous inoculation with the mycorrhizal fungus 

Rhizophagus irregulares and the saprophytic fungi Bjerkandera adusta and Mortierella sp 

favor Solanum lycopersicum growth (Fuentes et al., 2016). 

The phytotoxicity of mercury negatively impacts soil fertility by suppressing plant 

growth (Cozzolino et al., 2016), which impairs phytoremediation of this metal to satisfactory 

levels. Mercury contamination directly affects all the plant development and growth stages by 

causing abnormal germination, reducing biomass production, inhibiting photosynthesis, and 

impairing water absorption (Patra and Sharma, 2000). 

The endophytic fungi-host plant symbiotic association acts as a barrier against the 

harmful effects of heavy metals and increases the plant tolerance to this environmental 

contaminant (Schultz and Boyle, 2006). The environmental stress factor can shape the plant-



 
	

endophyte interaction to establish a relationship that favors the growth of certain plant species 

(Rodriguez et al., 2008; Soares et al., 2016). 

A. fluminensis (Pietro-Souza et al., 2017) and Z. mays (Table 6) are sensitive to the 

presence of mercury in the substrate. Inoculation of A. fluminensis and Z. mays roots with 

endophytic fungi – Lindgomycetaceae P87 in the former, and C. geniculata P1 and 

Westerdykella sp. P71 in the latter – mitigated the growth-inhibiting effect of mercury on their 

roots and shoots, when compared with the -Endophytes+Hg control. The association between 

endophytic fungi and other plant species alleviates the negative effects of heavy metal stress, 

as reported for Solanum nigrum (Khan et al., 2017a, 2017b), Brassica napus (Shi et al., 2017), 

and Z. mays (Wang et al., 2016; Yihui et al., 2017). The findings of the present study confirm 

that mercury-resistant strains promote A. fluminensis and Z. mays growth under metal stress 

conditions. Heavy metal-resistant endophytic fungi have promoted host plant growth in heavy 

metal-contaminated soils (Khan et al., 2017a, 2017b, 2015; Shi et al., 2017; Sun et al., 2017). 

Mercury ions can replace other metal ions in plant photosynthetic dyes, degenerate 

the chlorophyll molecule, and reduce the photosynthesis rate in plants exposed to this metal 

(Cozzolino et al., 2016; Küpper et al., 1998).	The increased plant tissue biomass may have 

influenced the chlorophyll amount in plants inoculated with C. geniculata P1, Westerdykella 

sp. P71, and Lindgomycetaceae P87 alone or in combination (Lindgomycetaceae 

P87+Westerdykella sp. P71 and Lindgomycetaceae P87+Aspergillus sp. A31). Inoculation 

with endophytic fungi mitigates oxidative stress and increases chlorophyll levels in leaves, as 

reported in sunflower inoculated with P. indica (Shahabivand et al., 2017) and A. fluminensis 

inoculated with root endophytic fungi (Pietro-Souza et al., 2017), in the presence of Cd+2 and 

Hg+2, respectively. Inoculation of Solanum nigrum with the endophytes PDL-1 and PDL-10 

under Cd+2 stress elevates the chlorophyll levels and markedly improves the plant growth 

parameters (Khan et al., 2017b).  

Lindgomycetaceae P87 and C. geniculata P1 bear typical DSE features (Jumpponen 

and Trappe, 1998) and promote host plant growth in the presence or absence of mercury. 

Brown septate hyphae and microsclerotia present in Lindgomycetaceae P87 and C. geniculata 

P1 are morphologically similar to those that exist in DSE fungi (Siqueira et al., 2017). DSE 

fungi improve the host plant tolerance to environmental stress conditions, such as those 

caused by heavy metals (Diene et al., 2014; Jin et al., 2017; Li et al., 2011; Likar and Regvar, 

2013; Yamaji et al., 2016). Plant association with these fungi favors root nutrient absorption 

and thereby increases the host plant growth (Likar and Regvar, 2013). 



 
	

In addition, the endophytic fungal strains studied herein were capable of producing 

siderophores and IAA and solubilizing phosphate, which are components that effectively 

protect the host plants against the inhibiting effects of heavy metals and promote plant growth 

(Babu et al., 2014b; Waqas et al., 2014). Siderophores released by Pseudomonas aeruginosa 

increase rhizospheric Pb+2 and Cr+3 bioavailability (Braud et al., 2009). 

Some endophytic fungal strains not only promoted host plant growth but also 

increased mercury bioaccumulation, especially when coinoculated with other strains. 

Coinoculation with Lindgomycetaceae P87+Aspergillus sp. A31 promoted mercury 

phytoextraction by A. fluminensis and Z. mays roots and decreased residual soil Hg+2 levels. It 

is known that the presence of microorganisms can enhance solubilization and bioavailability 

of heavy metals and facilitate their removal from soil (Babu et al., 2014a). 

Recent studies have demonstrated that inoculation with isolated fungal strains 

increases the heavy metal content in the host plant (Khan et al., 2017a, 2017b; Shahabivand et 

al., 2017; Shi et al., 2017); such studies have not investigated their effect in combination. 

Coinoculation of Solanum lycopersicum with mycorrhizal and saprophytic fungi decreases the 

stress levels in plants grown in multimetal-contaminated soil and improves phytoextraction of 

metals from soil probably due to regulation of expression of genes that participate in plant 

redox homeostasis, as well as modulation of plant antioxidant capacity (Fuentes et al., 2016). 

The present study demonstrated that mercury ions mainly accumulates in A. 

fluminensis and Z. mays roots (TF<1) and a small amount is transferred to the aerial parts, 

corroborating the findings reported for L. sativa (Cozzolino et al., 2016). However, 

inoculation of Z. mays with endophytic fungi sometimes decreased mercury TF, while 

inoculation of A. fluminensis with C. geniculata P1 increased TF. Some authors have 

demonstrated that inoculation with endophytic fungi hinders heavy metal translocation to the 

host shoots (Ban et al., 2017; Jin et al., 2017; Khan et al., 2017a; Zahoor et al., 2017). 

BF and TF are important parameters to analyze the heavy-metal phytostabilizing 

action of certain plant species (Alvarenga et al., 2008).  Inoculation of A. fluminensis with 

Lindgomycetaceae P87+Westerdykella sp. P71, and inoculation of Z. mays with Aspergillus 

sp. A31 alone or in combination with Lindgomycetaceae P87, and with the four fungal strains 

together, increased BF in contaminated soil and thereby decreased soil Hg+2 concentration. 

These findings indicated that the aforementioned fungal strains enhanced the 

phytoremediation potential of plants and played relevant roles in mercury hyperaccumulation 

and translocation by increasing the metal phytoextraction and contributing to its 

phytostabilization in the host plant. 



 
	

TF and BF values in plants inoculated with Lindgomycetaceae P87 resembled those 

of the control group. However, this fungal strain promoted A. fluminensis growth, probably 

due to a tolerance mechanism of the host plant (Nagata et al., 2014). The fact that inoculation 

of A. fluminensis and Z. mays with Lindgomycetaceae P87 markedly lowered the soil Hg+2 

levels suggested that, in addition to promoting the host plant growth, this fungal strain directly 

interacts with soil Hg+2 and consumes it through biovolatilization processes, as demonstrated 

in bioremediation assays in vitro. Fungal hyphae also work in symbiosis with the host plant 

root system by amplifying absorption of heavy metals (Göhre and Paszkowski 2006; Ren et 

al., 2011), which decreases the metal availability to the host (Shen et al., 2013). 

 

5. Conclusion 

The endophytic fungi Aspergillus sp. A31, Lindgomycetaceae P87, Curvularia 

geniculata and Westerdykella sp. P71 are promising microorganisms for mercury 

bioremediation. These strains solubilize phosphate and produce IAA and siderophores, which 

are associated with A. fluminensis and Z. mays growth promotion regardless of mercury 

contamination. Inoculation of host plants with mercury-resistant endophytic fungi contributes 

to lower soil mercury levels, and coinoculation of two or more fungal strains represents a 

promising strategy to improve mercury phytoremediation. High BF values and low TF values 

indicate that the host plants are potential candidates for mercury phytostabilization, which 

mitigates the metal migration in wet areas and its entry into the trophic chain. The mercury-

resistance mechanisms have been investigated to better understand the buffering effect of 

mercury toxicity to the host plants. 
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Supplementary Material 
 
Table S1. Mercury tolerance index (TI), resistance (a), and in vitro bioremediation (% Bior), 

A. fluminensis growth promotion by endophytic fungal strains and their mycelial growth 

under treatment with different Hg+2 concentrations (µg.mL-1). 

 

Mercury-tolerant strains TI 
Mycelial growth (µ mm.day-1) 

a % 
Bior 0 300 450 600 

Lindgomycetaceae P87 1.33 2.93 0.79 0.79 1.00 -0.58 98.22 
Westerdykella sp. P71 0.95 4.06 1.02 0.93 1.08 -0.90 98.19 
Aspergillus sp. A31 0.93 5.30 4.27 2.69 4.05 -0.53 97.79 
Curvularia geniculata P1 0.95 7.90 6.93 6.61 5.58 -0.73 97.64 
Clonostachys rogersoniana P62 1.03 3.15 2.96 2.65 2.94 -0.09 96.88 
Massariosphaeria sp. A19 1.52 4.71 1.79 0.32 1.15 -1.21 96.01 
Sordariomycetes A18 0.94 3.10 0.50 0.37 0.39 -0.83 95.68 
Penicillium oxalicum P32 1.07 8.00 7.27 6.24 5.79 -0.77 94.71 
Scedosporium apiospermum A42 0.92 2.14 1.31 0.87 1.04 -0.38 94.59 
Phoma sp. P67 0.95 8.88 7.82 7.18 6.46 -0.79 93.28 
Microsphaeropsis arundinis A36 1.02 7.34 4.08 0.00 0.00 -2.61 93.13 
Scedosporium boydii A38 0.91 4.32 2.81 2.89 3.00 -0.38 89.08 
Cochliobolus sp. P86 2.06 8.65 10.03 7.12 6.65 -0.89 87.49 
Aspergillus japonicus A32 1.00 5.84 2.80 0.00 0.00 -2.03 85.80 
Hongkongmyces pedis P107  0.93 2.78 2.42 2.24 1.49 -0.40 85.52 
Ascochyta medicaginicola A9 0.93 2.93 1.38 1.25 1.03 -0.58 82.74 
Diaporthe miriciae P96 0.94 11.35 2.63 3.39 3.92 -2.15 79.79 
Ascomycota A17 1.46 2.82 1.29 1.64 0.96 -0.52 81.46 
Westerdykella sp. A47 1.05 3.66 1.29 0.67 1.05 -0.84 78.11 
Cochliobolus geniculatus P59 0.95 10.50 7.13 7.58 5.55 -1.44 77.12 
Dokmaia sp. P113 0.93 2.15 0.43 0.39 0.00 -0.65 76.45 
Colletotrichum gloeosporioides P24 0.97 11.65 4.30 2.44 1.71 -3.17 74.30 
Clonostachys rhizophaga P89 0.98 4.99 3.49 2.68 2.18 -0.92 73.70 
Phlebiopsis sp. A75 1.00 2.36 1.25 1.20 1.17 -0.58 59.10 
Penicillium janthinellum A56 1.04 8.22 4.98 0.00 0.00 -2.96 55.90 
Colletotrichum sp. P42 1.03 12.07 4.81 1.70 2.81 -3.08 54.76 
Fusarium oxysporum A64 0.96 3.21 3.35 2.16 1.82 -0.54 43.29 
Cladosporium uredinicola A72 1.24 6.43 2.25 1.71 1.27 -1.60 41.64 
Aspergillus sp. A51 0.94 6.77 4.40 2.06 2.08 -1.64 35.55 
Falciformispora sp. A49 0.98 4.41 0.91 0.82 1.95 -0.75 25.14 
Trichoderma brevicompactum P35 0.97 27.48 7.24 0.00 0.00 -8.97 10.90 
Acrocalymma vagum P18 0.90 4.01 1.37 0.97 1.69 -0.73 8.34 
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