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A B S T R A C T

In the present study, Helianthus annuus grown in arsenic- (As) and lead- (Pb) contaminated soil were treated with
plant-growth promoting fungi Trichoderma sp. MG isolated from decayed wood and assessed for their phytor-
emediation efficiency. The isolate MG exhibited a high tolerance to As (650 mg/L) and Pb (500 mg/L), and could
remove> 70% of metals in aqueous solution with an initial concentration of 100 mg/L each. In addition, the
isolate MG was screened for plant-growth-promoting factors such as siderophores, 1-aminocyclopropane-1-
carboxylic acid (ACC) deaminase, indole acetic acid (IAA) synthesis, and phosphate solubilisation.
Phytoremediation studies indicated that treatment of H. annuus with the isolate MG had the maximum metal-
accumulation in shoots (As; 67%, Pb; 59%). Furthermore, a significant increase in the soil extracellular enzyme-
activities was observed in myco-phytoremediated soils. The activities of phosphatase (35 U/g dry soil), dehy-
drogenase (41 mg TPF/g soil), cellulase (37.2 mg glucose/g/2 h), urease (55.4 mg N/g soil/2 h), amylase
(49.3 mg glucose/g/2 h) and invertase (45.3 mg glucose/g/2 h) significantly increased by 12%, 14%, 12%, 22%,
19% and 14% in As contaminated soil, respectively. Similarly, the activities of phosphatase (31.4 U/g dry soil),
dehydrogenase (39.3 mg TPF/g soil), cellulase (37.1 mg glucose/g/2 h), urease (49.8 mg N/g soil/2 h), amylase
(46.3 mg glucose/g/2 h), and invertase (42.1 mg glucose/g/2 h) significantly increased by 11%, 15%, 11%,
18%, 20% and 14% in Pb contaminated soil, respectively. Obtained results indicate that the isolate MG could be
a potential strain for myco-phytoremediation of As and Pb contaminated soil.

1. Introduction

Metals, especially arsenic (As) and lead (Pb), accumulating in soil
and/or water via various natural routes as well as anthropogenic ac-
tivities (e.g., mining and smelting) exerts a significant impact on human
health and other living organisms in the ecosystem (Pan et al., 2009).
As and Pb are the metal elements without any known biological func-
tion and one of the most toxic heavy metals. Soil and/or water con-
tamination with these metals are widespread and pose a substantial
threat to the environment. As and Pb contaminated soils are not sui-
table for feed-crop cultivation and require remediation to reduce risk
associated with them (Marques et al., 2013). Most physicochemical
methods to remove As and Pb are expensive, inefficient, and labour-
intensive (Xiao et al., 2010).

The application of biological remediation techniques, such as phy-
toremediation appears as an excellent cost-effective alternative, which
uses metal tolerant or hyperaccumulating energy-crops. This process
may become a promising alternative for renewable energy source
(Mlezeck et al., 2010; Antonkiewicz et al., 2016). However, most of the
plants produce very less biomass and exhibit stunted growth in metal-
contaminated soils. Hence, it is important to propose effective phytor-
emediation strategy for heavy-metal-contaminated soils (Rajkumar
et al., 2009; Weyens et al., 2009). Recently, interaction between plants,
microbes, and metals has attracted much attention because of the
physiological potential of microorganisms to remove metals directly
from contaminated soil and the possible role of microorganisms in
promoting plant-growth in metal-contaminated soils (Deng et al.,
2011).
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It has been reported that soil-extracellular enzme activities are
likely to be affected by As, Pb as well as microbial biomass
(Bhattacharyya et al., 2008). Koo et al. (2012) identified that As exerts
a strong inhibitory effect on soil enzyme activities. Boshoff et al. (2014)
observed that the microbial biomass is the major source of enzymes in
soil and is highly susceptible to disruption by As and Pb contamination.
The bioaugmentation of specific metal resistant microorganisms cap-
able of metals speciation may enhance the microbial biomass in the soil,
which subsequently influences soil enzyme activities (Tripathi et al.,
2015; Wang et al., 2015). Accordingly, analysis of soil-extracellular
enzyme activity will be useful in assessing the quality of contaminated
soils after bioaugmentation with specific metal-resistant microorgan-
isms.

The anamorphic Trichoderma sp. is imperfect filamentous fungi be-
longing to the ascomycete division. Trichoderma sp. are among the most
frequently isolated soil-fungi and are well known for their biocontrol
activity and plant-growth enhancement (Harman et al., 2004; Hoyos-
Carvajal et al., 2009a, 2009b). Trichoderma sp. can influence the plant
growth by producing siderophores, 1-aminocyclopropane-1-carboxylic
acid (ACC) deaminase, indole acetic acid (IAA), acid phosphatase under
biotic or abiotic stresses (Babu et al., 2014a, 2014b). Trichoderma plays
an important role in the ecosystem by taking part in decomposition of
plant residues, as well as in biodegradation of anthropogenic chemicals.
Trichoderma can also uptake a variety of metals from soil and/or water
even under an extreme pH, temperature or nutrient shortage (Anand
et al., 2006). Recently, Trichoderma sp. has been reported for its abilities
of heavy-metal resistance, speciation and transformation (Zeng et al.,
2010; Su et al., 2009). Thus, the present study describes the influence of
plant growth promoting Trichoderma sp. on enhanced phytoremediation
of artificially As- and Pb- contaminated soil.

Helianthus annuus is an annual economic plant with food and energy
values. Several studies have been reported the phytoremediation po-
tential of H. annuus (Cindy et al., 2006; Niu et al., 2007; Fassler et al.,
2010; Rojas-Tapias et al., 2012) and its growth on contaminated soil for
simultaneous remediation and energy production (Madejon et al.,
2003). It has been suggested that the application of integrative cap-
ability of phytoremediation along with fungal remediation would result
in enhanced As and Pb removal and further improve soil fertility.
Hence, the present study deals (i) isolation and identification of As- and
Pb- resistant Trichoderma sp. MG from decayed wood collected from
soil, (ii) assessment of the As- and Pb- removal efficiency of Trichoderma
sp. MG in batch experiments, (iii) screen of the isolate MG for plant-
growth promoting traits, (iii) assessment of the efficiency of the isolate
MG in enhancing H. annuus growth and metal-accumulation, and (iv)
evaluation of the extracellular enzyme activities in the myco-phytor-
emediated soil.

2. Materials and methods

2.1. Collection of decayed wood sample and isolation of fungi

A sample of decayed wood was collected from Pallipalayam, a
municipality located in Namakkal District in the State of Tamil Nadu,
India, where soil and water were contaminated with dyes and auxiliary
chemicals associated with textile industrial wastes (Thangaraj et al.,
2017). The wood sample was transported to the a laboratory and pro-
cessed within 18 h. Fungi were isolated from decayed logs of wood
using the pour-plate technique on potato-dextrose agar (PDA) supple-
mented with 30 μg/mL of chloramphenicol. The plates were incubated
at 26±2 °C for 8–16 d and observed for the fungal growth. The pure
cultures of the isolates were transferred to PDA slants and maintained
by sub-culturing every three weeks.

2.2. Identification of the isolate MG

The isolate MG was cultured in the potato-dextrose broth at 26 °C

for 6–8 d. After incubation, mycelia mats were separated from the
medium and the genomic DNA was extracted using Qiagen DNA ex-
traction kit (QIAGEN, CA, USA), according to the manufacturer's pro-
tocol. The ITS region of the isolate was amplified using the primers,
ITS1 (5′-TCCGTAGGTGAACCTGCGG-3′) and ITS4 (5′-TCCTCCGCTTAT
TGATATGC-3′). The PCR product was purified using a PCR purification
kit (QIAGEN, CA, USA) and the amplicons were sequenced using an
automated ABI PRISM 3700 sequencer (Foster City, USA). The se-
quences were compared using the BLAST program (http://www.ncbi.
nlmnih.gov/BLAST) for identification of the isolate MG.

2.3. Metal tolerance and removal

The isolate MG was screened for metal-tolerance assay according to
the agar dilution method. In brief, the fungal plug was aseptically in-
oculated onto the PDA medium supplemented with increasing con-
centration of metals (50–750 mg/L of As (NaAsO2), Cu (CuCl2·2H2O),
Cr (Cr (VI), Ni (Ni2+) and Pb (Pb (NO3)2). The plates were incubated at
26± 2 °C and observed for the fungal growth. PDA plates without
metals were used as controls.

Metal removal experiments were performed according to Babu et al.
(2014a, 2014b) with a minor modification. In brief, 10 mL of Tricho-
derma-spore suspension (108 cfu/mL) was inoculated into 100 mL of the
potato-dextrose broth amended with different concentrations
(100–500 mg/L) of As and Pb individually. The flasks were incubated in
a shaking incubator (Thermo Scientific, Massachusetts, USA) (200 rpm)
at 26±2 °C for 7 d. After incubation, samples were collected and
centrifuged (Kubota, Japan) at 10,000 rpm for 5 min. One mL of su-
pernatant was immediately filtered through a 0.2 µm membrane, As
and Pb concentrations were determined by inductively coupled plasma
mass spectrometry (ICP, Leemans Labs, USA) and the metal removal by
the fungus was determined by evaluating the difference from the initial
and final metal concentrations.

2.4. Plant-growth promoting factors

Indole acetic acid production was determined according to the
method described by Gordon and Weber (1951). Siderophore produc-
tion was estimated using a modified chrome azurol S (CAS) agar
medium (Milagres et al., 1999). Phosphate-solubilisation activity was
estimated using the Pikoskoskaya medium (Pikovskaya, 1948). The
ACC deaminase activity was measured according to Gravel et al.
(2007).

2.5. Pot experiment

The natural soil was spiked with As and Pb solutions, generating a
final concentration of 250 mg/kg, which was chosen according to the
occurrence of As- and Pb-contaminated soils with the average con-
centration of a nearby site contaminated with heavy metals. The phy-
sico-chemical characteristics of the study soil are presented in Table 1.
Soil samples were air-dried, sieved to< 2 mm, sterilized at 120 °C for
70 min for four consecutive days and dried in an oven at 40 °C for a
week. The contaminated soil was incubated for 1 month, being irrigated
with deionized water to 60% of the water holding capacity, to obtain a

Table 1
Physico-chemical characteristics of the study soil.

Soil properties Values

Organic matter (%) 9.5± 0.14
pH 6.48± 0.03
EC (m−s m−1) 0.39± 0.023
N (µg g−1) 24.3± 1.19
P (µg g−1) 6.42± 0.85
K (µg g−1) 23.9± 1.25
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stable state (Yan and Lo, 2013).
Seeds of H. annuus were surface-sterilized with 70% ethanol and

washed with sterile water. After surface sterilization, the seeds were
placed in petri-plates filled with sterile double distilled water and were
allowed to germinate at room temperature for a week. The seedlings (5
seedling/pot) were transferred into the plastic pots containing 250 mg/
kg of As- and Pb-contaminated soil. The pots were inoculated with
20 mL of spore suspension (108 CFU/mL), whereas 20 mL of sterile
distilled water was added in the control pots. Pots were maintained to
have 60% of water-holding capacity by the addition of sterile distilled
water. Each treatment (four to five plants/pot) was replicated three
times and the plants were harvested after 2–3 weeks. After harvesting
the shoot and root lengths and biomass of H. annuus were measured.
The roots and shoots of the plants were washed with tap water and
rinsed with distilled water, and dried at 60–70 °C followed by HNO3

digestion (5:1 (v/v) HNO3/HClO4) (Govarthanan et al., 2016). The di-
gested plant samples were used to analyze Pb and As accumulation
using ICP.

2.6. Soil enzyme activities

Soil alkaline phosphatase and dehydrogenase activity were esti-
mated according to Tabatabai (1994) with a slight modification in in-
cubation time and the temperature. Briefly, 5 g of the soil samples were
mixed with 1 mL of 3% 2,3,5-triphenyltetrazolium and 5 mL of sterile
water. Later, the samples were vortexed and incubated in dark at 37 °C
for 48 h. After incubation, 10 mL of methanol was added, and the
samples were shaken for 5 min and filtered. The filtrate was analyzed
for triphenyl formazan by spectrophotometric method at 485 nm
(Govarthanan et al., 2014; Govarthanan et al., 2015). Soil cellulase
activity was estimated according to Kelley and Rodriguez-Kabana
(Kelley and Rodriguez-Kabana, 1975). Urease activity was estimated
according to Kandeler (1996). Amylase activity was measured ac-
cording to Galstyan, (1965). Soil invertase-activity was estimated ac-
cording to Ill et al. (1989). All the experiments were repeated three
times.

3. Results and discussion

3.1. Isolation and identification of isolate MG

In the present study, three morphologically different fungal isolates
have been isolated from the decayed wood. All the three isolates were
obtained in pure cultures using standard microbial pure culture tech-
niques. Among these three fungal isolates, isolate designated MG
showed maximum As- and Pb-resistance along with plant-growth pro-
moting activity. Thus, the strain MG was used for the myco-phytor-
emediation studies.

Fungal colony on the surface of the PDA plates was white colour and
later developed into yellowish tints. The microscopic observation
showed one-cell ovoid conidia structure. The conidia are produced from
tips of phialides. Conidiophores are erect and produce side branches
bearing whorls of short phialides, the branches are not swollen at the
apex and bear terminal conidial heads. The results are consistent with
previous study reporting a similar growth pattern for Trichoderma
atroviride (Cao et al., 2008). The result of the BLAST homology search
for ITS region nucleotide sequences obtained from strain MG showed
99% homology with the nucleotide sequences of Trichoderma sp. CC-
2016 (KX344995). The partial ITS region of the isolate MG was de-
posited in GenBank (Accession Number: KX856353). A phylogenetic
tree was derived from the partial ITS sequences of the isolate MG with
existing sequences in the NCBI database, and the results are shown in
Fig. 1.

3.2. Metal tolerance test of Trichoderma sp. MG

The isolate MG has a high tolerance to Pb and As, whereas the
isolate did not grow in the PDA medium amended with other tested
metals (Cu, Cr and Ni) even at a low concentration (50 mg/L). The
minimal inhibitory concentration (MIC), a lowest concentration of a
metal that inhibits the visible growth of the fungi, for As and Pb was
650 and 500 mg/L. MIC of the isolate MG was found to be
Pb>As>Cu>Cr>Ni. The differences in metal tolerance by fungal
species might be due to the existence of more than one type of metal-
resistance strategy providing an active resistance for the organisms
(Mohammadian et al., 2017; Baldrian and Gabriel, 2002).

3.3. As and Pb removal by isolate MG

As- and Pb- removal ability of the isolate MG was evaluated in batch
studies and the results are presented in Fig. 2. The results showed that
the removal of both As and Pb by the isolate was relatively less and slow
at a higher concentration (400 and 500 mg/L of As and Pb). However,
77% of As and 70% of Pb could be removed at a lower concentration
(100 mg/L). The high As and Pb removal in lower concentrations could
be due to the differences in affinity and electro negativity of the metals
(AjayKumar et al., 2009), and the intracellular sequestration, and ATP
dependent efflux of the isolate (Deng et al., 2012). However, the
moderate removal rate was observed at 200 and 300 mg/L of metals. It
has been reported that the metal-resistant plant-growth promoting
fungi play an important role in enhanced phytoremediation (Deng
et al., 2011). Thus, the isolate MG was applied for myco-phytor-
emediation. It is expected that the isolate may reduce the metal toxicity
to plants by intracellular and/or extracellular localization of heavy
metals (Babu and Reddy, 2011; Bareen et al., 2012).

3.4. Plant-growth promoting characteristics of Trichoderma sp. MG

Generally, Trichoderma sp. has the ability to improve plant growth
by producing plant-growth-promoting factors (Qi and Zhao, 2013).
Expectedly, the isolate Trichoderma sp. MG had the ability to synthesize
siderophore, ACC deaminase, IAA and, phosphate- solubilisation ac-
tivity. The isolate MG produced 49.8±1.5 mg/L of IAA. Siderophores
are high-affinity iron-chelating proteins that play a vital role in making
iron available to the microbial system. Thus, the isolate MG was
screened for siderophore production. Simultaneously, the isolate MG
utilized ACC as the sole nitrogen source and showed relatively high
levels of ACC deaminase activity (25.4± 2.4 μM α KB/mg/h). A clear
zone around Trichoderma sp., MG in the Pikoskoskaya medium con-
firmed the phosphate- solubilisation potential of the isolate. The results
are in agreement with the previous study reported that the Trichoderma
sp., have plant-growth promoting activity (Qi and Zhao, 2013). Hoyos-
Carvajal et al. (2009b) reported that Trichoderma sp., extensively in-
duce the plant growth through the modification of plant metabolism by
synthesizing of plant growth promoting traits.

3.5. Effects of Trichoderma sp. MG on H. annuus growth

In the control soil group (without any metal amendment), the shoot
and root lengths of H. annuus were measured 16.54 and 7.21 cm, re-
spectively. However, decreased plant growth was observed in As-con-
taminated soils (shoot: 11.2; root length: 4.87 cm) and Pb-con-
taminated ones (shoot: 11.14; root length: 4.68 cm) (Table 2). It was
observed that the treatment of H. annuus with the isolate MG sig-
nificantly stimulated the growth of the plant in metal amended soils;
shoot and root lengths of the plant were 14.75 and 6.10 cm for As-
treatment and 14.35 and 6.12 cm for Pb-treatment. Moreover, the Tri-
choderma sp., MG treatment significantly improved the biomass of H.
annuus under the As (135±3.35 mg) and Pb stress (137±5.24 mg)
(Table 2). Su et al. (2017) reported that the Trichoderma asperellum
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improved the growth of water-spinach by producing plant-growth
hormones under metal stress.

3.6. Plant growth and metal uptake

The choice of plants is a key characteristic for the application of
phytoremediation because it has been established that all species are
not efficient in accumulating and storing the metals in their tissues (Tu
and Ma, 2005; Kacalkova et al., 2015; Kumar et al., 2017). H. annuus
was chosen for this study since it was one of the plants that could
survive in metal contaminated soil. The pot experiment results (Fig. 3)
showed that the H. annuus grown in the As- and Pb-contaminated soil
inoculated with Trichoderma sp. MG had higher shoot (As; 67%, Pb;
59%) and root (As; 55%, Pb; 48%) accumulation than plants grown in
the control soil. The increased shoot and root accumulation in the
Trichoderma sp. MG-treated plants might be due to the reduced phy-
totoxicity and, the growth-promoting property of the isolate MG. A
higher concentration of Pb was toxic for the plants, and it may inhibit
many of the essential enzymatic processes which resulted in less ac-
cumulation of As (Sytar et al., 2013). Adams et al. (2007) reported the
increased biomass and metal uptake in Trichoderma harzianum Rifai
1295-22 treated Salix fragilis grown in metal-contaminated soil. The
uptake and accumulation of metals depend on the solubility of metals
(Zaurov et al., 1999) and specific behaviour of the plants such as,

complexing agents (Römheld, 1991) and transporters (Sharma et al.,
2016).

3.7. Soil enzymes after inoculation of Trichoderma sp. MG

The soil samples inoculated with the isolate MG considerably in-
creased the extracellular enzyme-activities, which play a vital role in
soil fertility (Fig. 4a, b). However, the increase in the soil enzyme-ac-
tivities was varied according to the type of metal. The activities of
phosphatase (35 U/g dry soil), dehydrogenase (41 mg TPF/g soil),
cellulase (37.2 mg glucose/g/2 h), urease (55.4 mg N/g soil/2 h),
amylase (49.3 mg glucose/g/2 h) and invertase (45.3 mg glucose/g/
2 h) significantly increased by 12%, 14%, 12%, 22%, 19% and 14% in
As contaminated soils. In Pb-contaminated soils, the activities of
phosphatase (31.4 U/g dry soil), dehydrogenase (39.3 mg TPF/g soil),
cellulase (37.1 mg glucose/g/2 h), urease (49.8 mg N/g soil/2 h),
amylase (46.3 mg glucose/g/2 h) and invertase (42.1 mg glucose/g/
2 h) also significantly increased by 11%, 15%, 11%, 18%, 20% and
14%. It has been reported that, the response of soil enzymes to heavy-
metal stress is not always the same and sometimes even varies due to
their different characteristics in metals (Hu et al., 2014). Soil enzyme-
activity is sensitive to metal stress, hence regarded as an indicator of

Fig. 1. Neighbour-joining tree showing the phylogenetic re-
lationship of the ITS region of Trichoderma sp. MG with the re-
lated organisms. Accession numbers at the GenBank of National
Centre for Biotechnology Information (NCBI) are shown in par-
enthesis.

Fig. 2. As and Pb removal by the isolate Trichoderma sp. MG in liquid medium containing
different concentrations of As and Pb (100–500 mg/L).

Table 2
Effect of Trichoderma sp. MG inoculation with As and Pb shoot and root length and total dry biomass of H. annuus.

Treatments Shoot length (cm) Root length(cm) Dry biomass (mg)

Control soil (without any treatment) 16.54± 0.35 7.21±0.12 142.34±4.3
As control (Soil contaminated with As) 11.20± 0.35 4.87±0.20 110±4.41
As amended soil +Trichoderma sp. MG 14.75± 0.89 6.10±0.35 135±3.35
Pb control (Soil contaminated with Pb) 11.14± 0.34 4.68±0.31 112±3.49
Pb amended soil +Trichoderma sp. MG 14.35± 0.65 6.12±0.44 137±5.24

Fig. 3. As and Pb accumulation in shoots and roots of H. annuus grown in As and Pb
contaminated soil inoculated with Trichoderma sp. MG.
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soil quality (Chaperon and Sauve, 2007). Su et al. (2017) reported that
the addition of Trichoderma to As- contaminated soils increased the soil
enzyme-activity. The results indicated that the isolate not only promote
the growth of the plant also increase the soil enzyme activity. There-
fore, it is suggested that isolate Trichoderma sp. MG can be used as an
eco-indicator of the soils contaminated by heavy metals.

4. Conclusion

The present study revealed that As- and Pb- contaminated soil can
be effectively treated by combinational and sequential myco-phytor-
emediation using Trichoderma and H. annuus. Inoculating As- and Pb-
contaminated soil with Trichoderma sp. MG resulted significant As- and
Pb-accumulation in shoots (As, 67%; Pb, 59%) and roots of H. annuus
(As, 55%, Pb, 48%). Trichoderma sp. MG enhances the growth of H.
annuus by producing IAA, ACC deaminase, siderophores and phosphate
solubilisation. Inoculating Trichoderma into the contaminated soil sig-
nificantly improves the soil enzymes activity. These observations pro-
vide new insight into the plant –fungi partnership for enhanced bior-
emediation of As- and Pb- contaminated soils.
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