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INTRODUCTION

Metal(oid)s, unlike other pollutants, are not biodegrad-
able thus accumulating in soil over time (1). Hence 
these could readily be transmitted to the environment 
by two basic routes: the anthropogenic activities such 
as pesticide and fertilizer use (2) and the natural pro-
cesses (rock sedimentation and soil erosion, volcanic 
eruptions, geothermal processes, forest fires, wind, 
etc.). However, several studies in the past decade have 
shown that metal(oid) pollution in the environment is 
mostly of anthropogenic origin (3). Thus, soils contami-

nated with high concentrations of metal(oid)s driven by 
anthropogenic input can cause significant yield losses 
in agricultural areas (4). In these areas, heavy metal(oid)
s (HM)s are easily absorbed by plant roots (5) and mi-
grated to the above-ground parts (6) causing dramat-
ic physiological damage in plants (7). Impairments in 
the cell wall structure, cytoplasmic instability along 
with enzyme malfunction, decreased reactive oxygen 
species (ROS) scavenging capacity, nuclear DNA and 
organelle damage which would ultimately be block-
ing the photosynthesis are among the most serious 
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ABSTRACT

Objective: Microbe-assisted plant heavy metal (HM) tolerance is gaining momentum over a conventional breeding or 
transgenic approach being used to generate tolerant varieties capable of completing their life cycle in the metalliferous 
environments. To withstand toxicity, along with the current anthropogenic pressure, applications of fungi representing the 
largest group of eukaryotic organisms is considerably rising. 

Materials and Methods: The hypothesis that a novel strain, which belongs to the Trichoderma genus (TS143), was previously 
identified as being multi HM-resistant, improves plant HM-tolerance by regulating hydraulic conductance and defense 
system was tested at a molecular level. 

Results: While only a marginal increase in the expression level of 70 kDa chaperon protein (HSP1) gene was obtained, 
peroxidase (POD1) and plasma membrane intrinsic aquaporin (PIP1-5) genes were found to be upregulated (<2 fold) in the 
presence of chronic exposure to the HM-mix, (500 mg L-1 As, Cd, Cu, Pb, Zn) explaining the vivid metabolic modification 
underlying the metal stress response by target fungus. Up-regulation of the ROS-scavenging peroxidase and aquaporin 
genes affirming that the responses of POD1 (9.44 fold) and PIP1-5 (3.55 fold) expression may serve as potential sensitive 
biomarkers for HM-induced cellular toxicity monitoring with TS143 biostimulation. 

Conclusion: Determining transcriptional level changes might pave the way for further applied research which would analyze 
gene level interactions of Trichoderma-HMs-plants.
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impacts which are the result of the accumulated HM amount/
accumulation rate in a specific organ over a certain period of 
time (8). Particularly, multi-HM exposure such as simultaneous 
As, Cd, Cu, Pb, and Zn (HM mix) that could create synergistic 
damaging effects even at much lower concentrations more 
than a single HM does (9).

Fungi-plant associations can result in some degree of cleans-
ing of the soil from toxic metals (10). It has also been widely 
reported that one of the most promising species in this regard 
belongs to the Trichoderma genus (11). Species in this genus, 
which are also commercially available today (12), show a ben-
eficial bio-molecular significance in the plant rhizosphere via 
nutrient uptake efficiency increase, mycoparasitic activity, anti-
biosis, and competitiveness against plant pathogens common-
ly found in the soil (13, 14) thereby providing tolerance to both 
abiotic and biotic stressors (11, 15). These species have been 
widely reported to alleviate abiotic stresses through cellular 
processes such as osmolyte and seconder metabolite synthesis, 
Na cation elimination, or root improvement (16) by chemical 
signals after root penetration with the help of cysteine-rich hy-
drophobin proteins isolated from the fungus itself (17). In fact, 
it`s even been reported that the volatile metabolites of this mi-
cro fungus family do not cause any damage to plants, on the 
contrary, they develop various protection responses such as 
preventing excessive formation of ROS by anthocyanin accu-
mulation and increase in the expression of defense genes (18).

Although studies are showing that HMs in soil are more 
bio-available thanks to the members of this genus (19, 20), the 
information on the contribution of these genus members to 
the HM response at the molecular level in plants is still scarce 
(18), particularly for new Trichoderma variants. Thereby,  deter-
mination of the efficacy of the target fungal strain promoting 
defense response at the plant gene level give a more informa-
tive approach and can pave the way to further mechanistic re-
search paths. In this study, the effect of Trichoderma TS143, a 
new, genetically characterized local isolate with high HM toler-
ance, which has a high potential for use in the rehabilitation of 
mine sites and biodiesel production (20) but whose effects on 
plant transcript dynamics are unknown was investigated at the 
gene level. The response triggered by TS143 directed regula-
tion/target transcript on maize was targeted for analysis under 
multi-HM stress.

MATERIALS AND METHODS

Simultaneous TS143 and Multi-HM Exposure
A Trichoderma isolate, which is able to grow in HM concen-
trations between the range of 500-2500 ppm, was used in 
the experiments. This strain is one of the strains in which we 
analyzed the efficacy of its metal uptake in plants and proved 
that it increased the phytoremediation ability of maize plants 
(20). Based on the dry matter of the soil according to the US 
EPA method (21), 500g of soil was placed in glass jars then, solu-
tions containing 500 mg L-1 As, Cd, Cu, Pb and Zn were added 
from the top. The solution mix was prepared by readily available 

Na2HAsO4·7H2O, Cd(NO3)2·4H2O, Cu(NO3)2·3H2O, Pb(NO3)2, and 
Zn(NO3)2·6H2O chemicals. After that, the jars were placed in a 
horizontal shaker at 24±1°C and 75 rpm for 2 days. The soil used 
in the pot experiments was ready after the solutions were evap-
orated at 40°C in an oven. TS143 was one of several members of 
the genus isolated by Dr. Rengin Eltem/Ege University from the 
soils sampled at a specific site of an active mining area in the 
Northeastern Black Sea region of Turkey. The strain was applied 
as a 108 colony forming unit (CFU) mL− 1/500g soil under in-vitro 
conditions. 

Pot Experiments 
Commercially supplied soil was autoclaved under 1.1 atm at 
121°C and cooled down under sterile conditions. The pots used 
were pre-disinfected with bleach, then were rinsed through dis-
tilled water. The soil not contaminated with HMs was used as 
the control group (Control), while uncontaminated soil treated 
with the isolate only (TS143) was used as the positive control. 
To determine fungal efficacy, two more groups consisting of the 
HM cocktail only (HM mix) and As, Cd, Cu, Pb, Zn mix + TS143 
(HM mix+TS143) were used to sow maize seeds (Zea mays 
L. RX9292) after a regular sterilization process. Six seeds were 
sown at a 2cm depth in the soil for all pots. After seven days, 
the seedlings were reduced to two plants in each pot to allow 
better future growth. The pots were watered every four days for 
21 days (without using supportive fertilizers) to provide enough 
saturation of the soil. After the chronic HM exposure period 
with and without TS143, shoot samples taken for further use in 
RNA isolation were washed several times in distilled water then 
treated with liquid nitrogen and stored at -80°C.

Organ Specific Expression Analysis for Potential Target 
Genes 
To measure changes at the transcriptional level in the marker 
genes belonging to enzymatic antioxidant and homeostasis 
mechanisms playing vital roles in free radical detoxification 
and/or possible water scarcity protection (due to the ionic tox-
icity under HM exposure), sequence-specific primers were syn-
thesized. Heat shock 70 kDa protein1 (HSP1) which is one of the 
regulatory proteins that protect peroxidase1 (POD1) and plas-
ma membrane intrinsic aquaporins 1-5 (PIP1-5) as an indicator 
of possible disruption related to water intake were selected. The 
maize glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 
gene was used as an internal reference for the normalization of 
the gene expression (22, 23).

RNA Isolation, cDNA Synthesis and Quantitative RT-PCR 
Analysis
The shoot samples of plants grown in the climate cabinet (Dai-
han, South Korea) for 21 days under the conditions of 16h light 
(120 µmol m2sec-1 light intensity), eight hours dark mode at 
25°C day/22°C night, and 70% humidity, were powdered in liq-
uid N2.  The RNAs that belonged to the samples were isolated 
according to Chomczynski (24) using TRIzol®Reagent (AMBION). 
All solutions during isolation were used after being treated with 
diethyl pyrocarbonate (DEPC) and autoclaved.
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cDNA synthesis (55°C 15s and 95°C 3 min) and qPCR were 
not performed sequentially, thus an EvaGreen 20X (Biotium, 
CA, US) and a commercial 2X One-Step RT-PCR mix was used 
to amplify fragments ranging between 90-136 bp for target 
genes by using 0.5 μg RNA for each. The expression level of the 
specific transcripts for each different RNA sample consisting of 
3 replicates (biological) for each group was determined. Nega-
tive control (No Template Controls-NTC) and non-amplification 
control groups (No Amplification Controls-NAC, a minus-re-
verse transcriptase control) was added in the reactions (45X of 
15s at 95°C-denaturation, the 30s at 60°C-annealing and 40s at 
72°C-extension for the amplification and 5s at 95°C, 1 min at 
65°C, continued up to 97°C and 30s at 40°C cooling for melting 
peak quantification). Respective fluorescence was measured 
by LightCycler 480 Software (Roche). The Standard Curve Set 
Efficiency was 2.00. The comparative CT method (2–∆∆Ct) for 
relative quantitation of gene expression was used (25) in data 
analysis.

Statistical Analysis
SigmaPlot 13 Software (Systat, CA) was used for T-test analysis 
to see if there were any biologically significant differences be-
tween treatments and the control groups. The significance was 
determined at 5% confidence level. 

RESULTS 

The Combined Effects of HM Mix and the Fungus on the 
Seedling Phenotype 
Various HMs can impair almost all stages of the plant life cycle 
including germination, growth development, and reproduc-
tion (22). In this work, the response of soil-grown maize seed-
lings was studied to tackle the following question: whether 
Trichoderma could be beneficial in terms of diminishing the 
injurious potential of the metal(oid) cocktail when maize seed-
lings grown under combined HM mixture conditions by inter-
fering and affecting antagonistically. Compared with the con-
trol seedlings, the group of plants belonging to TS143 only/HM 
mix-free (-HM) exhibited no significant growth difference how-
ever, phenotypic compositions were remarkably distinguish-
able in the HM mix-exposed (+HM) groups with and without 
fungal species application compared to either control or TS143 

only groups (Figure 1, lower panel). While a slight difference 
in green leaf number (data not shown) was observed on the 
TS143+HM mix plants, growth was significantly retarded in the 
+HM only groups indicating plant phenotype and survival was 
influenced by 15 days of exposure when fungus was absent. 
Before the experiments (Figure 1, upper panel) no plants, in dif-
ferent application groups, performed significantly better than 
the other.

Table 1. Primers of the target and reference genes used in the real time q-PCR experiments

Database entry# gene_name amplicon size (bp) primers (F-R)

GRMZM2G137839 Peroxidase1
ZmPOD1

136 5'-CTGCTGAGTGACCCTGTCTTC-3'
5'-GGATAGGGTCTATTTAAGCATCAG-3'

GRMZM2G310431 Heat Shock 70 kDa Protein1
ZmHSP1

128 5'-CCACCAACACCGTCTTCGAT-3'
5'-TACAATCATGGGTTTGTCACCAG-3'

GRMZM2G081843 Plasma membrane intrinsic aquaporins 1-5
ZmPIP1-5

90 5'-CACGTGGTCATCATCAGGG-3'
5'-CGTATGCTGCATGGTTGCT-3'

GRMZM2G176307 glyceraldehyde 3-phosphate dehydrogenase
ZmGAPDH

105 5'-AGCAGGTCGAGCATCTTCG-3'
5'-CTGTAGCCCCACTCGTTGTC-3'

Figure 1. Maize phenotypes after simultaneous Trichoderma 
and chronic multi-HM exposure. Upper panel: Images of seven 
day old seedlings with no application. Lower panel: Trichoder-
ma and multi-HM exposed maize seedlings for 15 days (21 days 
after sowing). Control: untreated; TS143: Trichoderma applied; 
HM mix: As, Cd, Cu, Pb, Zn-exposed, TS143+HM mix: Trichoder-
ma+As, Cd, Cu, Pb, Zn exposed maize seedlings.
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HM Cocktail Alters Response Patterns of Plasma Intrinsic 
Protein, Peroxidase and Heat Shock Defense Genes in Maize
To find evidence for a possible connection and/or interlinking 
between combined HM stress, TS143 bio- stimulation, and plant 
response against an oxidative burst caused by ROS, four exper-
imental groups with maize seedlings were prepared to test the 
protection potential of the target strain under As, Cd, Cu, Pb, Zn- 
applied conditions. In this context, the mRNA expression profiles 
of previously identified defense gene expressions reported to be 
induced by different HMs (34) were analyzed (yet, despite these 
proteins conferring putative trace element caused stress toler-
ance, HSP, PIP, and POD-encoding genes cannot be listed as sole 
protection components for HMs). Activation under HM mix con-
ditions in the gene encoding ZmPIP1-5 (1.40-fold), ZmHSP1 (1.8-
fold) and ZmPOD1 (5.55-fold) respectively showed molecular 
evidence of cellular damage that overlapped with phenotypic 
changes (Figure 2). On the other hand, TS143 only gene expres-
sions for all three genes tested were found dramatically lower 
than the control seedlings. However, HM mix+TS143 induced 
elevated gene expressions higher than that of the HM mix only 
conditions not for ZmHSP1 (0.04-fold difference), but ZmPIP1-5 
and ZmPOD1 (approximately 4-and 9.5-fold respectively).

TS143 Regulates Maize Plasma Intrinsic Aquaporin 1-5 and 
Peroxidase1 under Chronic HM Stress
This study found a strong direct (positive) correlation between 
the ZmPIP1-5 and Zmperoxidase1 quantified mRNA expression 
and the phenotypic performance of the TS143 supported 
maize plants continuously grown in soil with +As, Cd, Cu, Pb, 
Zn concentrations (Figure 2) as compared to the HM mix only 

group, indicating positive effects yielding water uptake aid and 
triggered cellular defense signaling.  Relative expression for 
ZmHSP1, ZmPIP1-5, and ZmPOD1 was calculated (mean±stand-
art error) as 0.08±0.01, 0.35±0.06 and 0.09±0.01 in TS143 only 
groups respectively, while expression was 1.89±0.2, 1.40±0.2, 
5.55±0.3 for HM mix only group and 0.04±0.01, 3.58±0.3 and 
9.44±0.6 for TS143+HM mix groups. Almost no change or a com-
plete decline compared to the other two genes, in ZmHSP1 tran-
script expression detected below intermediate levels (0.04-fold) 
which could indicate destructive effects of the heavy metal(oid)
s used on the crosstalk between molecular chaperons, protein 
labeling, and degradation pathways of maize cells. Particularly, 
Zmperoxidase1 which was calculated to be expressed at a rela-
tively higher level than that of ZmPIP1-5 and ZmPIP1-5 in maize 
subjected to the same exact regime (TS143+HM mix) shows 
that an enzymatic antioxidant gene differed markedly, while it 
remained unchanged under control conditions with almost no 
difference.

DISCUSSION 

Plants yield significant changes in gene expression to counter-
act HM stress if they are not hyperaccumulators able to com-
plete life cycles without major symptoms due to toxicity (26). 
However, according to the recent plant HM stress reports, there 
is still scarce data on gene transcript changes driven by the 
fungal genus Trichoderma that recently emerged as a group of 
symbionts with immense impact on human welfare (27). The 
concepts designated to analyze the physiological outcomes of  
HM cocktails on plants under a fungus effect were even rarer 
(28) compared to other reports showing the efficacy of differ-
ent Trichoderma genotypes under a single HM element (e.g., Pb 
(29) or Cu (30). Also, reports mostly focused on biotic stress-trig-
gered gene expression dynamics in plants induced by the ge-
nus (31) rather than abiotic factors. In addition, research on 
the efficacy of newly identified genetic variants isolated from a 
mining niche might be more valuable in terms of showing the 
molecular plant protection potential of a novel strain in plant 
molecular HM tolerance which has not previously been investi-
gated. This background along with evidence showing that the 
Trichoderma genus has been shown to dissolve oxidative zinc 
(Zn2+) via ligand complex release (32) and Cd extraction (33), 
allowed this study to prepare four experimental groups with 
maize seedlings exposed to HM mix-free (-HM) and HM mix-ex-
posed (+HM) with/without fungal species (Figure 1) to test the 
protection potential of the target strain. 

Given the metal(oid) uptake and/or transport was reported 
to be more a quantitative trait subject to crosstalk of multiple 
genes and the regulation of HM transport/tolerance in plants 
requires more than one physiological pathway (8), of particular 
interest, the transcriptional expression pattern of an aquaporin 
gene and analogue mechanisms of one of the enzymatic anti-
oxidants (peroxidase1) and stress proteins, protecting enzyme 
malfunction (HSP1) were chosen to be analyzed and confirmed 
by quantitative PCR. 

Figure 2. Profiling of representative genes expressing perox-
idase1_ZmPOD1, plasma membrane intrinsic aquaporins 1-5_
ZmPIP1-5 and heat shock protein1_ZmHSP1 in maize. Data is 
given as mean (n=3). Control: untreated; TS143: Trichoderma ap-
plied; HM mix: As, Cd, Cu, Pb, Zn-exposed, TS143+HM mix: Trich-
oderma+As, Cd, Cu, Pb, Zn exposed maize seedlings (for 15 days).
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While PODs are one of the major enzymatic antioxidants 
catalyzing the breakdown of H2O2 to scavenge radicals, or 
sometimes generating H2O2 themselves as signal molecules 
(34), the HSPs are the quality controllers of PODs , assisting 
conformational changes (35). They belong to multi-gene 
superfamilies whose proteins are present in the mitochondria or 
chloroplasts showing induced expression not only by thermo-
stress but also by HMs (35). Hence, validation of these related 
gene expressions in maize seedlings interacting simultaneously 
with HMs and TS143 was performed. As shown in the Figure 
2, the TS143 was found actively mediating HMs up-take and 
translocation by possibly playing with reduction kinetics 
of the metal(oid)s or facilitating vacuolar storage in maize 
seedlings under chronic multi-HM exposure, given the analysis 
was performed in shoot tissues (translocation). Simultaneous 
exposure of the HM-mix along with TS143 did not exhibit 
increased expression in HSP1, possibly indicating that the HSP1 
might not be a very sensitive biomarker, would serve for HM-
induced toxicity monitoring for the current experimental set 
up in maize. Only slight distinctive expression levels indicating 
HSP1 involvement were obtained for the HM-mix-only group. 
In this group, given the used dose in the experiments (500 mg 
L-1) was relatively high, excretion was expected to be decreased 
and xylem loading would increase gradually which in turn 
would trigger a rapid involvement of molecular detoxification 
elements, potentially including the over-expression of HSPs (as 
confirmed almost 2-fold increase in ZmHSP1). The confounding 
levels of expression (0.04-fold) in the HM mix+TS143 groups 
could be attributed to an avoidable action in the HSP1 up-
regulation with the help of TS143 protection, given the primary 
function of this gene is to prevent the damage-induced 
aggregation of proteins under stress (35). However, this could 
be valid only if there was not a complete breakdown in the 
metal regulatory network of the seedlings consisting of HSPs, 
because the proteins of the HSP gene family were reported to 
be found at significant levels even in non-stressed plant cells 
when none of the stress factors were present (36). However, 
the HM mix-only exposure caused an almost 2-fold increase in 
ZmHSP1 (Figure 2) gene of the seedlings, in direct opposition to 
the control and TS143-applied only groups. POD1 expression, 
on the other hand, was significantly induced (p<0.05; t-test) by 
chronic exposure of HMs+TS143. The 9.44-fold increase might 
be showing the cytotoxic range for an applied HM dose that is 
exceedingly difficult to avoid for seedlings. The POD1 increase 
rate in the HM-mix exposed-only group was calculated 5.5-
fold more (p<0.05; t-test) compared to the control. This data 
may be grounded on the TS143 colonization induced signaling 
cascades improving POD-arbitrated redox state by regulating 
the downstream genes while adjusting the molecular defense 
machinery. Similar results were exemplified by several other 
studies (37, 38, 29) proving enhanced antioxidative defense 
were characterized by higher expressions of POD genes.

Beyond generating free radicals that attack cells, HMs also 
generate ionic stress due to water scarcity (39). The data 
interpreting that the aquaporin genes of a hyperaccumulator, 
Pteris vittata TIP4;1 might be responsible for metal uptake 

as a metal transporter (40) confirms the functionality and 
involvement of PIPs in this notion and a lead to analyze 
maize aquaporin expression change. Relative expression was 
calculated 2-fold more than HM mix-exposed only seedlings 
and PIP1-5 expression reached almost 3.6-fold (p<0.05; t-test) 
which was more than both the control and TS143- applied only 
group, following two weeks of application. Up-regulation of 
maize aquaporin expression (>2 fold) might be pinpointing 
the contribution of TS143 in the reduction of water scarcity by 
trapping metals and not permitting translocation from roots 
to the shoots. Certain studies confirm the current data and 
reporting that the genus is effective on plant-water relations 
via co-metabolic exchange by breaking down the robust 
chemistry of toxicants (14).

CONCLUSION

Besides the fact that the fungi belong to Trichoderma genus 
produce the strongest mycotoxins in the world along with its 
Aspergillus counterparts (41), this research further affirmed the 
increased potential in alleviating trace toxic elements which 
caused cellular injuries in plants (29, 30). A transcriptional per-
spective of molecular protection was interpreted in this work by 
showing selected gene expression dynamics lead by TS143. The 
particular species used is an isolate whose molecular phylogeny 
and major physiological effects have recently been character-
ized under HM-stress and its effective use was recommended to 
provide agro-ecological benefits in environmental biotechnol-
ogy (20). This research data provides further supports that the 
target isolate triggers plant molecular antioxidant defense and 
water dynamics via coordinating aquaporin, peroxidase, and 
molecular chaperon genes to a certain extent. 

Researching the impacts on plant molecular physiology lead by 
more novel genotypes occupying a wide variety of natural/artifi-
cial niches as in the case of TS143, would be useful in either further 
plant-fungus methods or exploitation and effective use of fungi in 
the areas of agricultural and environmental biotechnology.
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