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Abstract: The present study was carried out to evaluate the effects of different fungal species
on the metal uptake from paper sludge by Hemarthria compressa L. Paper sludge (PS) in various
concentrations (0, 30 and 60%) were used with four treatments of two fungal species (F0 = Control,
F1 = Aspergillus niger, F2 = Trichoderma pseudokoningii, F3 = A. niger + T. pseudokoningii). Paper sludge
as rooting medium steadily influenced growth and physio-biochemical attributes of H. compressa in
F0. Results revealed discrete variations in growth attributes with different PS concentrations and
each fungal treatment. The maximum damages in ionic homeostasis (Na+, K+, Ca2+, Mg2+) due to
PS toxicity were evident in parallel with declined chlorophyll concentration. The highest growth,
total chlorophyll and biomass of the plants were observed when PS was treated with combined
fungal strains (F3). Translocation factor decreased with F3 that is indicative of changes in Cd, Pb, and
Cu movement to shoot from root. The plants with combined fungal treatment also showed greater
catalase (CAT), superoxide dismutase (SOD), and peroxidase (POD) activity. Ions, such as Ca, Mg,
and Na, also increased gradually with combined fungal treatment. The correlation matrix displayed
a close association among diverse fungal and PS levels with multiple plant attributes. PCA-Biplot
confirmed the outcome of correlational analyses among different characters of H. compressa. The
combined fungal mediate the extraction of heavy metals from the paper sludge by H. compressa
recommends the high accumulation of heavy metal (HM) and possible reutilization of metal free
sludge as a fertilizer, for application in cultivated fields. Furthermore, the effects of fungal species on
HM attenuation in PS are linear and can be used in different habitats. Advancement in such research
work will also be helpful in understanding the mechanisms and enhancing the ability of other native
microbes to remediate metals.
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1. Introduction

Pollution due to heavy metals (HM) is a global issue and levels of contamination
vary from place to place. Based on their toxicity in the environment, among all, heavy
metals of major concern include As, Cd, Cr, Cu, Hg, Mn, Ni, Pb, and Zn [1–3]. Discharge of
industrial, municipal and agricultural waste water, and sewage into the rivers has been
identified as a significant route of HMs into the aquatic resources [4]. They easily adsorb
to suspended particles in water, settle down in the riverbed, and are later released into
the water column, where they become a potential secondary source of contamination,
threatening ecosystems [5–7]

The paper industry accounts for a significant portion of the global economy in terms of
the production value, total wages paid and purchase by consumers. The sludge generated
from different sources of paper industries contains various contaminants and toxic metals
such as Pb, Zn, Ni, Cr, Cd, and Hg [8–10]. This sludge also consists of the raw materials
which are used in different manufacturing processes of the paper. Thus, the sludge from
the paper industry exhibits great variability in its chemical composition [11]. In general,
the sludge is mainly composed of organic matter, several macro/micronutrients, various
essential and non-essential trace metals, a variety of microorganisms and organic micropol-
lutants [12,13]. Moreover, it is rich in organic matter and several nutrients needed for plant
growth suggesting its use as a fertilizer in the field [14]. Proper use of this sludge enables
the valuable nutrients along with organic matter to be recycled. Anaerobic decomposition
of the PS may lead to environmental pollution [15].

Microorganisms and plants are commonly used in biological treatment methods
for metal remediation [16,17]. Microorganisms are known to develop and adopt differ-
ent detoxifying mechanisms, e.g., biosorption, bioaccumulation, biotransformation and
biomineralization, which can be exploited for bioremediation, either ex situ or in situ [18].
Thus, phytoremediation through hyper-accumulators and biological approaches has been
regarded as an ideal remediation technique in soils polluted with heavy metals. Alternately,
sustainable biological remediation methods are promising for the removal of heavy metals
through highly efficient biosorption and/or hyper-bioaccumulation, which could rectify
and re-establish the natural condition of the soil [19–21].

Phytoremediation efficiency of the plants largely depends on their capability to accu-
mulate heavy metals and the total biomass produced by them [22]. Therefore, the plants
applied in phytoremediation could accumulate heavy metals in organs and grow on metal-
liferous soils without suffering phytotoxicity [23]. Previous reports pointed out that several
species could be used for the Cr and Cd phytoremediation, such as Leersia hexandra [24],
Pluchea indica, Cynodonda dactylon [25,26], Phragmites australis, Typha angustifolia, Typha
domingensis [27,28], Jatropha curcas, Pteris vittata [29], and Spartina argentinensis [30]. How-
ever, the application of the above metal hyperaccumulator plants is still limited because
most metal hyperaccumulator plants grow slowly and their insufficient biomass renders
them unfit for phytoremediation.

Hemarthria compressa (L.f.) R. Br. (whip grass) is a stoloniferous perennial tropical grass
of family Poaceae. H. compressa is indigenous to Asian temperate and tropical regions [31].
This grass is widely utilized forages in southern China, India, Pakistan, and Bangladesh
due to its forage yield and capability of adaptation to hot and humid conditions and for
soil conservation under areas of high rainfall [32]. Despite being such an important plant
in the ecosystem, it has never been investigated before for its ability to uptake metals
from the environment or from the PS. Therefore, current investigation was carried out to
evaluate the role of H. compressa for its phytoextraction ability and effective translocation
of essential ions or HM from paper sludge. This research focused on the isolation of
indigenous microbes from the industrial paper sludge and their role in ameliorating the
metal stress in plants.
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2. Materials and Methods
2.1. Sampling of Sludge

Sludge samples were collected from drains of a paper mill industrial area in
Sheikhupura, Pakistan. Geographically the sampling site is located at 31◦40.404′ N,
074◦06.24′ E and at an altitude of 742 ft (226 m, Figure 1). Samples of sludge (semisolid
form) were collected in air tight plastic bags from a depth of 15 cm, transported to the lab
and stored in cold rooms at a temperature of 4 ◦C (277.15 K).
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Figure 1. Map of Sheikhupura District, Punjab Province showing the sludge sampling site.

2.2. Collection of Hydrophytes

Hemarthria compressa was sampled from heavy metal polluted stagnant ponds along
the industrial hub of the Sheikhupura Road (Figure 2a,b). The geographical coordinates
for the sampling site were 31◦41.868′ N, 074◦02.038′ E at an elevation of 666 ft (202 m).
They were uprooted from the substratum, brought to the laboratory in plastic bags. They
were then planted in clean water in small tubs and allowed to propagate vegetatively for
about 3 months until the tubes were filled with a luxurious growth of these hydrophytes.
Mature plants of uniform size and weight were used in different experimental set-up. The
ecotypes from polluted habitats were selected to evaluate metal tolerance capability and
phytoremediation potential.

2.3. Establishment of Nurseries

Nurseries of the transported hydrophytes were raised in a green house in the Depart-
ment of Botany, University of Education, Township, Lahore. They were then maintained in
big plastic pots/tubs, in the wire house, Department of Botany, University of Education,
Lahore (Figure 2c; Table 1).
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Figure 2. (a–c): Hemarthria compressa (L.f.) R. Br. growing at margins of a pond at industrial site, its collection and experi-
mental arrangement for assessing efficacy of individual and combinatorial fungal treatments in different concentrations of
paper sludge.

Table 1. Layout of experimental setup and design.

Sludge
Concentrations

Treatments

F0 F1 F2 F3

0%
R1 R1 R1 R1

R2 R2 R2 R2

R3 R3 R3 R3

30%
R1 R1 R1 R1

R2 R2 R2 R2

R3 R3 R3 R3

60%
R1 R1 R1 R1

R2 R2 R2 R2

R3 R3 R3 R3
F0 = Tap water without any microbe; F1 = Aspergillus niger; F2 = Trichoderma pseudokoningii; F3 = Aspergillus niger +
Trichoderma pseudokoningii.
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2.4. Isolation of Fungal Strains

Two fungal species, i.e., Aspergillus niger van Tieg. and Trichoderma pseudokoningii
Rifa were isolated from the paper sludge. These fungal strains were cultured on 2% MEA
media (Malt Extract Agar) and preserved in the refrigerator. These fungi were identified
and verified from the fungal culture bank of the Institute of Agricultural Sciences (IAGS),
University of the Punjab.

2.5. Experimental Setup and Design

The preliminary experiment was carried out in small plastic pots with different con-
centrations of fresh semi-solid (wet) sludge, i.e., 20%, 40%, 60%, 80%, and 100%. Results
indicated that at lower concentrations, the plant growth was normal and removal efficiency
was higher. At higher concentrations the plants started wilting and removal efficiencies
were declined. The rate of decay of plants in higher concentrations was high as compared
to lower concentrations of sludge but before the end of the second week, all the plants died
completely except control.

The experiment was performed in small plastic pots (9 × 15 cm) under open field
conditions in a wire-house of the Department of Botany, University Education, Lahore.
Three concentrations (0, 30% and 60%) of paper sludge were selected for this research
work based on preliminary experiments. Four fungal treatments were selected for the
final experiment as: F0 = Control: F1 = Aspergillus niger: F2 = Trichoderma pseudokoningii:
F3 = Aspergillus niger + Trichoderma pseudokoningii. Three healthy plants of Hemarthria
compressa having uniform sizes were grown in each pot. The fungal inoculums (10 mL/pot)
were applied after every two weeks by following Bareen and Nazir [33]. The metal analysis
of paper sludge was carried out before the experiment was set up for each treatment.

The experimental design was a complete randomized design (CRD) with 4× 3 factorial
combination of fungal treatment (F0, F1, F2, and F3 as explained above) and paper sludge
concentrations (0, 30% and 60%). Plants were harvested after 90 days for various growth
parameters and heavy metal analysis (Table 1).

2.6. Physico-Chemical Analyses of Paper Sludge

Physico-chemical analysis of the collected sludge was performed to find out pH,
conductivity, organic matter %, biochemical oxygen demand (BOD), chemical oxygen
demand (COD), anions, and cations (Table 2). The sludge samples (with three replicates)
were digested on heating digester (DK 6, Velp, Usmate Velate, Italy), mineralized with
aqua-regia (ISO, 1995) and bring final volume up to 50 mL by adding distilled water.

Hydrogen ion concentration (pH) of the sludge samples was determined using an
electrical pH meter (Ino Lab pH 720, WTW, Burladingen, Germany) by immersing the pH
electrode directly into the sample. Conductivity was measured with the help of an auto
ranging portable water proof microprocessor EC meter (HI 9835, HANNA, Nusfalau, Ro-
mania). COD of the sample concentrations was determined by the standard method given
in Greenburg et al. [34] and BOD was determined by BOD bottles self-check apparatus
(BOD Sensor System 10, Velp, Usmate Velate, Italy).

2.7. Post Harvest Growth and Physico-Chemical Analyses of Plants

Plant fresh/dry weight, shoot length, total number of roots, and chlorophyll content
(Spad-502 Plus, Konica Minolta, Tokyo, Japan) were recorded for each treatment. The plants
were kept in an oven at 70 ◦C for 36 h. For trace metal estimation, digestion apparatus
(TMD 10, Velp, Usmate Velate, Italy) was used following the method of Greenburg, Clesceri
and Eaton [34]. The dried plant material (roots and shoots) were ground into a fine powder
using electric grinder. Acid digestion of this grounded plant material with HNO3 and
HClO4 (1:4) was performed with a digestion and mineralization apparatus (TMD 10, Velp,
Usmate Velate, Italy) by following the method of Wolf [35].
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Table 2. Physico-chemical and metal analysis of different concentrations of paper sludge (PS) before
introducing plants.

Parameters 0%
(TW Only)

30%
(TW + PS)

60%
(TW + PS)

100%
(PS Only)

pH 7.29 ± 0.06 d 8.20 ± 0.02 c 8.71 ± 0.06 b 8.87 ± 0.04 a

Conductivity
(mS/cm) 0.295 ± 0.01 d 5.34 ± 0.05 c 5.11 ± 2.6 b 5.45 ± 0.06 a

Chlorides (mg/L) 30 ± 0.43 d 256 ± 0.36 c 371 ± 0.64 b 423 ± 0.75 a

BOD (mg/L) 110 ± 0.26 c 150 ± 0.04 bc 190 ± 0.11 b 250 ± 0.03 a

COD (mg/L) 200 ± 0.06 d 1200 ± 0.12 c 1700 ± 0.07 b 1600 ± 0.05 a

Ca (mg/L) 80 ± 0.17 d 1852 ± 1.53 c 2059 ± 1.68 b 2344 ± 1.77 a

K (mg/L) 12 ± 0.1 d 935 ± 0.68 c 1050 ± 1.10 b 1322 ± 2.33 a

Na (mg/L) 145 ± 0.36 d 1210 ± 0.45 c 1522 ± 0.30 b 1820 ± 0.42 a

Mg (mg/L) 20 ± 0.16 d 80 ± 0.33 c 104 ± 0.40 b 156 ± 0.02 a

Cd (mg/L) ND 934 ± 0.24 c 1143 ± 0.53 b 1422 ± 0.23 a

Cu (mg/L) ND 2168 ± 1.53 c 2529 ± 1.15 b 2933 ± 2.12 a

Pb (mg/L) ND 1026 ± 0.40 c 1887 ± 1.10 b 2213 ± 0.21 a

Organic matter (%) ND 23.10 ± 0.10 c 37.14 ± 0.03 bc 42.23 ± 0.07 a

The values given above indicate mean± SE (n = 3). Different letters within each row indicate significant differences
at p ≤ 0.05 (Duncan’s multiple range test). Values with the same letter within each row are not significantly
different. PS = Fresh semi-solid paper sludge; TW = Tap water; 0% = Tap Water only; 30% = 300 g sludge mixed
in 1000 mL of tap water; 60% = 600 g sludge in 1000 mL of tap water; 100% = PS only).

2.8. Elemental Quantification

For the analysis of different ions, the samples (sludge amendments and plants) were
analyzed on a Flame photometer (PFP7, JENWAY, Staffordshire, UK) while the determina-
tion of heavy metals was done on an Atomic Absorption Spectrophotometer (GBC SAVANT
AA, Braeside, Australia). A Flame photometer (JENWAY PFP 7) was used to determine
Na, Ca and K. The concentrations of Mg, Cd, Cu and Pb were assessed by employing
an atomic absorption spectrophotometer (GBC SAVANT AA, Braeside, Australia). The
spectrophotometer was calibrated for each element using standard solutions of known
concentration before the sample injection. Contents were expressed as mg L−1 for sludge
samples and mg kg−1 for plant samples.

2.9. Antioxidants

Fresh leaf material (0.25 g) was homogenized in 5 mL potassium phosphate buffer
with 7.8 pH. The extract was subjected to centrifugation for 15 min at 12,000 rpm. The
resultant supernatant was placed at −20 ◦C for further analysis of catalase, peroxidase and
superoxide dismutase.

2.9.1. Superoxide Dismutase (SOD)

Superoxide dismutase activity was recorded through photoreduction inhibition of
NBT by following the method of Giannopolitis and Ries [36]. Potassium phosphate buffer
(1 mL), NBT (50 µL), distilled water (400 µL), L-methionine (0.1 mL), triton-X (0.1 mL),
riboflavin (50 µL) and sample extract (50 µL) were placed in light for 15 min and absorbance
of each sample was recorded at 560 nm using a spectrophotometer.

2.9.2. Catalase (CAT)

Chance and Maehly [37] protocol was used to find the activity of catalase. Sample
extract (0.1 mL), potassium phosphate buffer (1.9 mL) and H2O2 (1 mL) were mixed in a
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cuvette and absorbance of this reaction mixture was recorded at 240 nm with 30 s interval
for 2 min with a spectrophotometer.

2.9.3. Peroxidase (POD)

The activity of peroxidase was recorded by following the Chance and Maehly [37]
method. A reaction mixture of 1 mL was prepared by adding sample extract (0.05 mL),
guaiacol (0.1 mL), H2O2 (0.1 mL) and phosphate buffer (0.75 mL) in a cuvette. Then,
absorbance of each sample was recorded at 470 nm with 20 s interval for 2 min.

2.9.4. Malondialdehyde (MDA)

A total of 0.25 g fresh leaf material was homogenized at 4 ◦C in 3 mL, 1% w/v tricar-
boxylic acid following the Cakmak and Horst [38] technique and extract was centrifuged
at 12,000 rpm for 15 min. Twenty percent TCA was prepare to make thiobarbituric acid
(0.5% v/v) and 4 mL of this solution was added to 1 mL supernatant. The resultant mixture
was allowed to heat for 90 min in a water bath and then immediately cooled in ice. The
absorbance of each sample was recorded at 532 and 600 nm through spectrophotometer by
using 5% carboxylic acid as blank.

2.10. Translocation Factor (TF), Enrichment Coefficient (EC), and Biological Concentration
Factor (BCF)

TF, EC, and BCF are considered for evaluating a plant as hyperaccumulator of a metal
and having potential for phytoremediation [39]. TF is a ratio of heavy metals in plant
shoot to that in plant root [1,39]. EC depicts the heavy metal element concentration in
above-ground plant part (shoot) divided by this heavy metal element concentration in the
soil [40]. BCF is the ratio of heavy metal concentration in root to that in soil [39,41].

2.11. Statistical Analyses

Statistical data analysis was executed with ANOVA using Costat (version 6.2, Cohorts
Software, 2003, Monterey, CA, USA) and Duncan’s multiple range test (DMRT) was used
to compare means [42,43]. Visualization (Graphs, Correlation matrix and PCA biplot) was
done using the statistical program “R (v 4.0.4)” [44].

3. Results
3.1. Physico-Chemical Analysis of Paper Sludge

A comparison (p < 0.05) of physico-chemical investigation of different concentrations
of paper sludge (PS) used in this study revealed that 60% sludge concentration appeared
to be the most toxic in comparison with 30% PS. The overall highest levels of pH (8.71),
conductivity (5.34 mS/cm) and chlorides (371 mg/L) were observed in 60% concentration
of paper sludge. Biological oxygen demand (190 mg/L) and chemical oxygen demand
(1700 mg/L) were also recorded highest in 60% PS. Additionally, heavy metal (Cd, Cu and
Pb) contents were also quite high in 60% concentration of sludge. The organic matter in
60% concentration of PS was maximum i.e., 37.14% and the minimum value was observed
in 30% PS (23.10%, Table 2).

3.2. Shoot Length

Application of 30% and 60% paper sludge (PS) significantly declined the shoot length
(SL) in Hemarthria compressa plants in the absence of fungal strains (F0). However, inoc-
ulation of fungal strains, i.e., F1 (Aspergillus niger) supported up to 7% increase in the
shoot length in 60% PS concentration while F2 (Trichoderma pseudokoningii) exerted a rise of
22.8% in 30% PS application (p < 0.05). However, combined inoculation of A. niger and
T. pseudokoningii (F3) significantly decreased the length of shoot under control and both PS
applications. Under control conditions, F1 and F2 strains enhanced the shoot length up
to 20.4% and 16.1%, respectively. Maximum shoot length was observed in 30% PS treated
plants with the inoculation of T. pseudokoningii (p < 0.05) (Table 3).
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Table 3. Various morphological parameters observed in 90 days old plants of Hemarthria compressa L.
grown at different concentrations of paper sludge containing fungi.

Parameter Conc. of PS
Treatments of Fungal Strains

F0 F1 F2 F3

Shoot length
(cm)

0% 9.3 ± 0.01 aC 11.2 ± 0.09 aA 10.8 ± 0.06 aB 8.7 ± 0.03 aDE

30% 8.3 ± 0.07 bC 8.8 ± 0.03 cC 10.2 ± 0.03 abA 7.2 ± 0.37 bD

60% 8.5 ± 0.07 bB 9.1 ± 0.01 bA 8.2 ± 0.03 bB 6.3 ± 0.07 cD

No. of roots

0% 10 ± 0.02 aB 6 ± 0.04 bD 8 ± 0.05 bC 12 ±0.03 aA

30% 7 ± 0.04 bB 6 ± 0.04 bC 7 ± 0.03 cB 9 ± 0.01 bA

60% 5 ± 0.04 cD 7 ± 0.02 aC 9 ± 0.01 aB 11 ± 0.04 aA

Fresh weight
(g)

0% 2.70 ± 0.01 aC 3.03 ± 0.04 aB 3.06 ± 0.03 aB 3.12 ± 0.06 aA

30% 2.0 ± 0.03 bC 2.02 ± 0.01 bB 2.06 ± 0.05 bB 3.0 ± 0.07 abA

60% 1.8 ± 0.05 cC 1.7 ± 0.06 cC 1.10 ± 0.01 cAB 1.12 ± 0.02 cAB

Dry weight
(g)

0% 1.92 ± 0.01 aCD 1.85 ± 0.03 aCD 2.58 ± 0.02 aB 2.74 ± 0.09 aA

30% 1.62 ± 0.05 bC 1.43 ± 0.06 bD 1.48 ± 0.04 bD 1.54 ± 0.07 bE

60% 1.35 ± 0.08 cC 1.23 ± 0.05 cD 1.37 ± 0.07 bcB 1.45 ± 0.06 bcA

The values given above indicate mean ± SD (n = 9). Statistically significant differences (between concentrations)
are indicated by lowercase letters within columns and differences (between treatments) indicated by capital letters
within rows. Values with the same letter are not significantly different according to Duncan’s multiple range test
at p ≤ 0.05. F0 = Control, F1 = Aspergillus niger, F2 = Trichoderma pseudokoningii, F3 = Aspergillus niger + Trichoderma
pseudokoningii.

3.3. Number of Roots

Exposure of H. compressa to 30% and 60% PS concentrations prominently caused a
30% and 60% reduction in number of roots, respectively. A clear surge of 20%, 28.5%
and 120% was observed in root number when plants were exposed to F3 treatment under
0%, 30% and 60% PS concentrations (p < 0.05), respectively. Inoculation of F1 and F2
treatments in plants subjected to 60% PS expressed enhanced root number to 16.6% and
12.5% respectively. With 30% PS concentration, F1 treatment exhibited a non-significant
effect while, F2 treatment lessened the root number up to 12.5%. The highest number
of roots was observed under F3 treatment in the absences of sewage sludge application
(p < 0.05) (Table 3).

3.4. Fresh and Dry Weight

Paper sludge application significantly reduced the fresh weigh in H. compressa plants
both under control and all fungal treatments. A decrease of 33.3%, 43.8%, 64% and 64.5%
in fresh weight was recorded under F0, F1, F2 and F3 treatments, respectively, in 60%
PS concentration (p < 0.05). Exposure to F3 treatment enhanced the fresh weight up to
15.5% and 50% under both 0% and 30% PS concentration respectively. Maximum and
minimum fresh weights were observed in 0% and 60% PS concentration with the respective
inoculation of F3 and F2 treatments (p < 0.05) (Table 3).

In the absence of fungal species, dry weight of H. compressa plants showed a 15.6%
and 29.6% decrease when exposed to 30% and 60% PS concentration. Inoculation of
fungal species (F1, F2, and F3 treatments) also abridged the dry weight under both the
concentrations of PS. However, combined application of A. niger and T. pseudokoningii
(F3) improved up to 7.5%, the dry weight of plants irrigated with 60% PS concentration
(p < 0.05). The F2 and F3 treatments, significantly enhanced the dry weight up to 34.7%
and 42.7% in the absence of PS. Maximum dry weight was observed with the inoculation
of F3 treatment under control conditions (Table 3).
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3.5. Total Chlorophyll Contents (SPAD Value)

The amount of total chlorophyll contents after 30-, 60- and 90-day intervals was
significantly improved with the inoculation of F1, F2 and F3 treatments under control
and both PS concentrations (30% and 60%). Inoculation of F3 treatment, significantly
boosted the total chlorophyll contents than F1 and F2 in 30 days old plants, but maximum
increase was observed in the absence of PS application. However, F2 treatment was more
effective under 60% PS application. In 60- and 90-day-old plants, F1, F2 and F3 treatments
considerably enhanced the total chlorophyll contents under control and 30%, 60% and PS
application, respectively (Figure 3).
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3.6. Root and Shoot Cadmium

Application of PS significantly enhanced the root and shoot cadmium (Cd) in H.
compressa plants. Inoculation of all the fungal treatments also augmented the Cd contents
in both root and shoot. The F3 treatment displayed more Cd accumulation in both root and
shoot under 30% and 60% PS application. The lowest amount of Cd was recorded under
F1 treatment in 30% PS application in both root and shoot. The shoot presented more Cd
accretion as compared to root (Figure 4a).
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3.7. Root and Shoot Copper

The amount of copper (Cu) also increased when plants were exposed to 30% and
60% PS and this increase was more prominent in shoot as compared to root. In root, F3
treatment noticeably enhanced the Cu contents as compared to other treatments in 30%
PS application. However, under 60% PS application, all the treatments (F0, F1, F2 and F3)
showed comparable increase in Cu contents. In case of shoot, exposure 30% and 60% PS
significantly enhanced the Cu contents and this increase was more significant when F3
treatment was applied. Maximum Cu was recorded in shoot under 60% PS application
with the inoculation of F3 treatment (Figure 4a).

3.8. Root and Shoot Lead

Exposure of H. compressa plants to PS (30% and 60%) significantly increased the lead
(Pb) uptake in both root and shoot. This increase was high under 60% PS application as
compared to 30% PS in both root and shoot. Minimum lead uptake was observed in F0 (0%
PS) treatment. In the 60% PS application, all the treatments showed similar Pb uptake in
root. Inoculation of F3 treatment, enhanced the Pb contents in shoot but this increase was
more under 60% PS application as compared to 30% PS. The most significant Pb uptake
was recorded in shoot under 60% PS application (Figure 4a).

3.9. Root and Shoot Magnesium

A substantial increase in magnesium was observed in both root and shoot with the
application of PS but this increase was more in shoot when 60% was applied. The highest
value for both root and shoot magnesium was observed when 60% PS was applied in the
presence of both A. niger and T. pseudokoningii (F3). Application of F1 (Aspergillus niger)
caused a significant decrease in both root and shoot magnesium under both 30 and 60% PS
application (Figure 4a).

3.10. Root and Shoot Sodium

Application of both 30% and 60% PS treatment considerably enhanced the sodium
(Na+) content in both root and shoot as compared to control plants. This significant
increase in Na+ was more in shoot compared to the root. Maximum Na+ was observed in
F3 treatment in both root and shoot of H. compressa plants. Of all the applied treatments, F1
(Aspergillus niger) showed a considerable decrease in both root and shoot Na+ under both
30% and 60% PS application (Figure 4b).

3.11. Calcium and Potassium in Root and Shoot

The amount of calcium (Ca2+) and potassium (K+) was significantly improved with the
application of PS application both in root and plant shoot. This increment (p < 0.05) in Ca2+

and K+ was more pronounced under 60% PS application compared to 30%. Inoculation
of different fungal species significantly increased the Ca2+ and K+ level but this increase
was maximum when F3 treatment was applied in both root and shoot of H. compressa
plants. The highest level of Ca2+ was observed in plant shoot when 60% PS was applied in
combination with F3 treatment (Figure 4b).

3.12. Translocation Factor (TF), Enrichment Coefficient (EC), and Biological Concentration
Factor (BCF)

The values of TF, EC, and BCF above 1 shows the high ability of the plant to absorb,
translocate, and accumulate heavy metals in its body (Table 4). In general, all the fungal
strains positively and significantly impacted Hemarthria compressa by enhancing the metal
ions in tissues, however, the fungal treatment F3 had the most pronounced effect in
increasing the values of TF, EC, and BCF.
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Table 4. Translocation factor (TF), enrichment coefficient (EC) and bio-concentration factor (BCF) of metals and mineral ions
in 90 days old plant of Hemarthria compressa L. grown at different concentrations of paper sludge containing fungal strains.

Ions PS Concentration
Translocation Factor (TF) Enrichment Coefficient (EC) Bio-Concentration Factor

(BCF)

F0 F1 F2 F3 F0 F1 F2 F3 F0 F1 F2 F3

Ca

0% 2.44 3.33 3.66 2.32 0.55 0.87 1.11 1.33 0.77 1.06 1.40 1.91

30% 2.07 2.03 1.88 1.98 0.81 0.93 0.99 1.16 1.20 1.38 1.51 1.74

60% 2.09 2.11 2.15 1.95 0.94 1.00 1.10 1.30 1.40 1.47 1.61 1.97

K

0% 3.5 2.5 2.60 2.2 2.91 3.75 5.00 7.33 3.75 5.25 6.91 10.66

30% 3.25 3.09 3.16 3.77 0.75 0.77 0.89 1.11 0.98 1.01 1.18 1.41

60% 3.71 3.57 3.83 3.20 0.86 0.9 1.01 1.20 1.1 1.15 1.27 1.58

Na

0% 1.5 1.60 1.54 1.49 0.43 0.53 0.58 0.68 0.65 0.80 0.90 1.15

30% 3.24 3.46 3.26 2.80 1.01 1.11 1.21 1.55 1.32 1.43 1.58 2.10

60% 3.87 3.87 3.23 3.09 1.04 1.07 1.15 1.36 1.31 1.35 1.50 1.80

Mg

0% 1.42 1.52 1.60 1.42 1.5 1.9 2.25 2.5 1.4 1.8 2.4 3.1

30% 2.67 2.80 2.47 2.00 1.87 2.23 2.47 2.63 2.575 3.037 3.475 3.95

60% 3.41 2.70 2.08 2.18 2.62 2.75 3.12 4.16 3.39 3.77 4.62 6.06

Cd

0% 3.33 3.5 3.29 3.03 0 0 0 0 0 0 0 0

30% 2.83 2.67 1.97 2.14 0.85 0.92 0.95 1.30 1.15 1.27 1.43 1.91

60% 3.92 3.79 3.66 2.87 1.14 1.16 1.20 1.43 1.44 1.46 1.53 1.94

Cu

0% 3.25 3.7 1.84 1.98 0 0 0 0 0 0 0 0

30% 3.07 3.23 2.86 2.65 0.74 0.79 0.85 1.04 0.10 1.04 1.14 1.43

60% 2.47 2.46 2.55 2.70 0.80 0.84 0.88 1.02 1.12 1.18 1.23 1.39

Pb

0% 1.7 2.08 2.69 1.9 0 0 0 0 0 0 0 0

30% 3.07 3.33 3.31 3.66 1.09 1.21 1.31 1.82 1.45 1.58 1.71 2.31

60% 2.87 2.95 2.94 2.90 0.96 1.04 1.05 1.11 1.30 1.39 1.40 1.50

3.13. Enzymatic Antioxidants and Malondialdehyde (MDA)

Application of 30% and 60% paper sludge substantially improved the activities of
enzymatic antioxidants in H. compressa plants (Figure 5). But this increase in the activity of
enzymatic antioxidants was more significant with fungal inoculation. Application of F3
treatment (A. niger + T. pseudokoningii) significantly increased (p < 0.05) the activity of SOD,
POD and CAT under both paper sludge concentrations (30% and 60%). However, with
respect to POD activity, F1 treatment was more effective as compared to F2. Maximum
enzymatic antioxidant activity was observed under F3 treatment in both control and paper
sludge applications. A similar result was obtained for MDA level in H. compressa. However,
the inoculation of different fungal strains considerably decreased the level of MDA in all
the treatments (Figure 5).
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3.14. Pearson Correlation and Principal Component Analysis

To estimate the association between various parameters in H. compressa and fungal
treatments supplied with paper sludge, Pearson correlation and principal component
analysis (PCA) was executed. Positive and negative Pearson correlations were recorded
between different parameters in H. compressa subjected to fungal treatments and PS. We
observed that PS exerted significant variations in physiological and biochemical attributes
antioxidant defense, and mineral nutrients and these were related with plant growth and
survival (Figure 6). A negative correlation was observed among shoot length with all other
attributes except fresh and dry biomass. Total chlorophyll after 30 days, as well as fresh
and dry weights were also negatively correlated under PS application and fungal treatment.
Mineral nutrients were positively correlated with antioxidative metabolism and MDA. CAT
showed no interaction with chlorophyll and morphological characteristics. Number of roots
presented a positive correlation with growth attributes. This correlation analysis showed an
obvious relationship between varieties of canola and plant characteristics (Figure 6). This
correlational analysis between studied characteristics of H. compressa, fungal treatments
and PS concentration levels is attested by PCA-Biplot. Figure 7 shows the relationship
between concentration levels and studied traits. PC1 and PC2 collectively exhibited 74.7%
and 13.7% of the variability in data. PC1 explains a very prominent response of H. compressa
parameters subjected to different concentrations of PS. In the dataset, the distributional
aspect of components highlights that PS toxicity in the rooting media was significantly
influenced by fungal treatments with respect to their studied parameters (Figure 7). This
evidently validates that variables in control plants did not significantly match with the
same variables in fungal treated plants under different concentrations of PS.
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Figure 6. Correlational matrix of all studied attributes in H. compressa subjected to different fungal treatments under various
concentration of paper sludge. CAT: catalase; DW: dry weight; FW: fresh weight; MDA: malondialdehyde; NR: number of
roots; POD: peroxidase; R_Ca: root calcium; R_Cd: root cadmium; R_Cu: root copper; R_K: root potassium; R_Mg: root
magnesium; R_Na: root sodium; R_Pb: root lead; S_Ca: shoot calcium; S_Cd: shoot cadmium; S_Cu: shoot copper; S_K:
shoot potassium; S_Mg: shoot magnesium; S_Na: shoot sodium; S_Pb: shoot lead; SL: shoot length; SOD: superoxide;
T_Chl: total chlorophyll.
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4. Discussion

Fungi can be used to remediate a large number of heavy metals like Cd, Cu, Cr, and
Pb [23,45]. Aspergillus niger and Trichoderma pseudokoningii have been found in remediation
of metal contaminated soils and stabilize plant metabolism [46]. Trichoderma sp. is most
commonly isolated from the ground, as they have ability to reduce toxic element and
pollutants in our environment. After changes in the physico-chemical properties of soil,
due to HM contamination, habitat becomes very suitable for fungal growth [47]. During
their growth, fungi secrete weak organic acids that hinders leaching down of HMs [46].
Therefore, use of different fungal types for bio-remediation of polluted soil is a promis-
ing technique as compared to use of synthetic compounds. Hence, our results reflect
clear changes in growth and metabolism of H. compressa after application of A. niger and
T. psuedokoningii.

The sludge from the paper industry exhibits great variability in its chemical compo-
sition [11]. Treated sludge can be used as a soil conditioner or fertilizer because it is rich
in organic matter, nitrogen, phosphorus, potassium and many other nutrients required
for the plant growth [2,4,12,13]. However, sludge contains various pollutants especially
toxic HMs in high quantities, as in our study, HM concentrations were quite high and
being a source of HMs, it could contribute to environmental pollution [48]. Thus, it is
necessary for HM concentrations to be remediated from such kind of wastes (sludges)
before their release into the environment. The results of our investigation indicated the
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presence of all pollution parameters in paper sludge, i.e., pH, EC, chlorides, BOD and COD
along with all cations and anions. The value of pH ranged between 8.20 to 8.55 in different
PS concentrations and indicated a basic solution. Our finding is directly supported by
the report of Torkashv et al. [49]. According to them, paper sludge increased soil pH in
a dose-dependent manner. Similarly, EC value of sludge and salt contents are directly
proportional [50]. These high EC values imply higher concentrations of heavy metals in
the sludge in a soluble form.

BOD and COD were maximum in 100% PS while the minimum values were observed
in the control (F0). The levels of all essential metals were enhanced significantly in 30%
and 60% PS concentrations as compared to control (without sludge). The minimum values
of cations were observed in control respectively and these were in the order of Ca >
Na > K > Mg. The maximum concentration of heavy metals was in the order of Cu >
Pb > Cd in paper sludge. Here, we see a clear correspondence between increasing PS
levels and soil properties. The rising cations and anions not only perturb chemical nature
of soil but also lead to changes in metabolism of plants [28,51–53]. Collectively, these
changes in soil and plant attributes exert negative influence not only on plants but also on
ecosystem [54,55]. The level of soil pollution directly relates to the initial concentration of
HM in the soil, as well as amount of inorganic and organic compounds. Our application
of two fungi, i.e., A. niger and T. pseudokoningii manifested positive changes in soil and
H. compressa attributes.

Heavy metals resistant microbes have the ability to survive in metal toxicity and
accumulate HMs at higher concentrations [56,57]. We recorded resistance to heavy metals
by A. niger and T. pseudokoningii isolated from contaminated site. A significantly highest
amount of metals was observed in F3 in higher concentration of PS followed by F2 treatment.
The minimum uptake of metals was observed in case of control. Trichoderma sp. (F2) was
more beneficial by increasing uptake of metal than Aspergillus sp. in F1 treatment. Our
stance is advocated by the survival potential of plants as well as microbes. Direct actions
of microbes on metals by making them more mobilize to roots and later movement into
plant tissues is reflective of positive influence exerted by both fungal species. This shows
survival ability of A. niger and T. pseudokoningii and potential benefits by decreasing HM
from soil and also in terms of plants that accumulate these HMs. These findings are in line
with the findings of Medfu-Tarekegn et al. [58]. Indigenous microbial species that are more
adapted to heavy metal containments of the environment have more ability of long-term
application in wastewater treatment. Such species can be economically more efficient for
bioremediation process.

We recorded maximum growth of seedlings, dry weight and total chlorophyll in F3
treatment (A. niger + T. pseudokoningii) as compared to control and other treatments. An
increase in chlorophyll content in the sludge grown plants of H. compressa was observed in
the combined fungal treatment. Such increase in morpho-biochemical parameters is due to
reduction in hazards of HMs that were actually detoxified by fungal species. Here, two
possible aspects can be seen. Either HMs were immobilized or these were solubilized and
plants were protected, in turn, from injuries. We are of the opinion that fungal species made
HMs soluble that move inside plants. The findings of Lin, et al. [59] support our results.
Investigational evidence recommend an array of fungi that produce organic acids that act
as chelates for HM [60]. For instance, gluconic acid, oxalic acid, acetic acid, and malic acids
solubilize HM by soil microbes [61,62]. The chlorophyll content was high in control plants
as compared to the other concentrations, as it was decreased with increasing concentrations
of effluents. A decrease in chlorophyll content may either be due to inhibition of chlorophyll
synthesis or its destruction or replacement of Mg ions [63]. Our stance is also advocated by
the fact that hydrophytes have high remediation potential for macronutrients because of
their general fast growth and high biomass production. The amount of essential metals in
roots and shoots of the plants was recorded in the order of Ca > Na > K > Mg.

HM tolerant Beauveria caledonica over secreted organic acids and solubilized Cd, Cu,
Pb, and Zn [64]. Additionally, mycorrhizal fungi produce oxalate crystals that immobilize
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as well as detoxify metals [65]. The hyphae penetrate deeply into the soil aggregates for
chelating or adsorbing HM. Presence of elevated concentration of heavy metals in the
plants indicates the biomagnification process [66]. A significant amount of sodium was
found in shoots of H. compressa. In the case of roots, the amount of all essential metals
like sodium, calcium and potassium, copper was minimum after 90 days of exposure.
However, response was antagonistic as far as Cd uptake is concerned. Cd uptake was
reduced to 1636 mg kg−1 in the shoots and 588 mg kg−1 in the roots after their exposure in
60% concentration of paper sludge. It can be inferred that fungal species more immobilized
Cd as compared to others and low amount was uptaken by H. compressa. In addition, the
absorbed quantity was translocated to shoot system from roots. It has already been on
record that HMs are stored/translocated in different hyperaccumulator plants [67,68]. This
absorbance and translocation of minerals and HMs is exhibiting growth losses and also
reflect the action of fungal species used in this study to minimize damages to plant life.

The most interesting facet of this study is the high accumulation of Cu in plant tissues
as compared to Pb. It is well known that a low amount of Cu is lethal in comparison with
other HMs at the same quantity [69]. H. compressa can be regarded as a new hyperaccumu-
lator of copper especially compared to a few other plants. A translocation factor (TF) lower
than 1.0 and higher than 1.0 is a feature of metal excluder and metal accumulator plant
species, respectively [70,71]. The recorded TF and EC values clearly reflect capacity of this
plant to accumulate metal and clean soil. The mainstream effect of combined application of
fungal species is also justified by these attributes. Further metal translocation from roots to
shoots in different plant species exhibited variation.

The present study reveals that heavy metals concentration in plant parts varied
significantly (p < 0.05) among the treatments. The maximum concentration of heavy
metals was found in F3 as compared to F1 and F2. The study shows that plants are
hyperaccumulators and have ability to reduce heavy metal concentrations from the paper
sludge. The removal of toxic and beneficial elements from the sludge is possible by using
selecting particular plant species or by crop rotation without the addition of any toxic
chemicals [72]. Furthermore, the influence of sludge concentrations effects the plant growth
positively, which is comparable to the findings recorded by others [73].

5. Conclusions

Phytoremediation efficacy of the plants largely depends upon their ability to accu-
mulate heavy metals and the total biomass produced by them. The present study reveals
that HM concentrations in plant tissues varied significantly after exposure to fungal treat-
ments and different paper sludge concentrations. Overall, F3 treatment (A. niger + T.
pseudokoningii) maximized dealing with HMs by H. compressa, which displayed remedi-
ation capacity of microbes and tolerance ability of H. compressa. Hence, the ability of H.
compressa plants for removing HMs from PS appeared more efficient with fungal treatment.
This is a promising arena for bioremediation of soil and water polluted with industrial
wastes. Therefore, post-treatment changes in availability, as well as translocation of HMs
had very significant effect on plant growth and their survival. This highlights changes
in availability and detoxification of the substrate by A. niger and T. pseudokoningii and its
inhibiting factors on metal uptake.
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