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ABSTRACT

This study aimed to check how herbicide 2,4-dichlorophenoxyacetic acid (2,4-D) affects
the production of EPS and its composition, growth, and biomass, as well as morphology
in a cyanobacterial species isolated from a rice field in Meghalaya, India. Compared to the
control cells, the growth of the organism measured in terms of chlorophyll concentration
increased after being exposed to 10 and 20 ppm 2,4-D. However, cultures treated with 30
and 40 ppm experienced a decrease in their growth. Likewise, the biomass content of the
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Key_ ‘_NordS: organism experienced a minuscule increase in content upon exposure to 10 and 20 ppm
Herbicide ) 2,4-D but was compromised upon exposure to higher doses. When exposed to 10 ppm, the
Cyanobacteria ] total EPS content, which includes the RPS and CPS content, showed a substantial increase.
Exopolysaccharide Maximum EPS production was seen at 20 ppm 2,4-D. However, exposure to 30 and 40 ppm
B!omass ) 2,4-D, EPS production in the organism experienced a significant reduction, respectively. All
ggjllocculanon components of EPS, such as uronic acid, neutral sugar, and proteins, individually showed an

increase in 10 and 20 ppm 2, 4-D. A similar trend was seen in the organism’s bio-flocculating
activity, which increased when exposed to 10 and 20 ppm, respectively. However, this activity
in cells exposed to 30 and 40 ppm 2,4-D was severely reduced. Not only the content of EPS
but the rate of EPS production was also enhanced in lower concentrations of 2,4-D. Although
exposure to 30 ppm 2,4-D, the rate of EPS production was not significantly compromised,
40 ppm exposure adversely affected the rate of EPS production. Furthermore, visualization
using scanning electron microscopy revealed the morphological changes induced by the
herbicide 2,4-D.

INTRODUCTION

sheaths, pellets, or slimes, or they can be discharged as
released polysaccharides into the environment (Pereira et al.
2011). The synthesis and production of EPS by cyanobacteria
are correlated to the ability of these organisms to survive
in unfavorable and stressful conditions. Its synthesis helps
create a microenvironment that is structurally stable and
hydrated and provides chemical and physical defense from
biotic and abiotic stress factors (Parwani et al. 2021). EPS
produced by cyanobacteria is a type of biopolymer that favors
the formation of complex microbial communities called
biofilms, where they serve key structural and defensive roles
(Rossi & De Philippis 2015). Also, the cyanobacterial EPSs
produced promote the formation of microbial associations
under stressed or hostile environments. Several important
elements influence cyanobacterial EPS production. Two

The most ubiquitous photosynthetic microorganisms in
nature are cyanobacteria (Frigaard 2018). They generate
their energy from photosynthesis and avail their nitrogen
requirement through nitrogen fixation. Thus, they have the
most simple nutritional requirements from the environment.
This allows them to adapt to a broad range of environments,
from marine to terrestrial ecosystems (Zahra et al. 2020).
These organisms have received a lot of attention in recent
years due to their potential applications in biotechnology.
They are employed in aquaculture, bioremediation,
fertilizers, and synthesis of secondary metabolites, including
exopolysaccharides, vitamins, toxins, enzymes, and
medicines (Abed et al. 2009).

Cyanobacteria are known to produce significant amounts
of extracellular polymeric substances or exopolysaccharides
(EPS), comprised of polysaccharides, lipids, and proteins
in the form of heteropolymer-like lipopolysaccharides or
glycoproteins (Decho 1990, Mishra 2020, Singh et al. 2019).
These EPS can either stay connected to the cell surface as

examples are energy availability and the C/N ratio (De
Philippis & Vincenzini 1998, Rossi & Philippis 2015). Other
key elements that influence cyanobacterial EPS synthesis
include nutrient level as well as growth conditions like light
intensity, salinity, and temperature (Rossi & De Philippis
2015).
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Structurally, cyanobacterial EPS have a complex
nature and are primarily due to the presence of proteins,
uronic acids (glucuronic and galacturonic acid), pyruvic
acid, and O-methyl, O-acetyl, and sulfate groups (Ozturk
et al. 2010). The presence of a significant amount of uronic
acids contributes to the anionic and sticky nature of the
exopolysaccharides. Also, substantial amounts of neutral
sugars such as xylose, arabinose, mannose, and glucose are
found in EPS, where glucose is the most common sugar
and accounts for a large amount of the EPS composition
(Plude et al. 1991, Rossi & De Philippis 2016). Owing to
their structural complexity, cyanobacterial EPSs have many
possible potential applications, including bioflocculants,
bioadhesives, soil conditioners, biopolymers, biofilms
formation, food supplements, in bioremediation, and useful
as medicinally important bioactive compounds (Singh et al.
2019).

Bacteria are the main removal/degradation agents
for environmental toxins such as herbicides, pesticides,
insecticides, and different petroleum hydrocarbons, among
which some of these chemicals can be used as the sole
source of carbon and energy (Fuller & Scow 1997). Several
studies have looked at the impact of pesticides, especially
herbicides, on exopolysaccharide synthesis (Ahemad &
Khan 2012, Sultan et al. 2019, Shahid & Khan 2022). In the
literature, it has been seen that herbicides like 2,4-D affect
the generation of EPS in several species. However, there is
very little information in the literature about anthropogenic
variables affecting EPS production in cyanobacteria, such as
excessive herbicide use in agricultural fields. As a result, the
goal of this study is to see how the herbicide 2,4-D (10, 20,
30, and 40 ppm) affects exopolysaccharide (EPS) synthesis
in the cyanobacterium Nostoc muscorum Meg 1.

MATERIALS AND METHODS
Growth Conditions

Nostoc muscorum Meg 1, a cyanobacterium used in the
present study, was previously isolated by Ahad et al.
(2017). The culture was grown in BG-11,, media (pH 7.5)
and maintained in a culture room under continuous light at
a photon fluence rate of 50 pmol.m™.s™! and a temperature
of 25 + 2°C (Rippka et al. 1979).

2,4-D Treatment

Different concentrations of 2,4-D, such as 10, 20, 30, and 40
ppm, were prepared from a 2,4-D stock solution (300 ppm).
To evaluate the effect of the herbicide 2,4-D on various
parameters, the cultures were incubated with the herbicide
for 7 days.
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Chlorophyll a Content

The organism’s growth was checked by arise in chlorophyll-a
concentration, as described by Mackinney (1941). Three mL
of culture was centrifuged for three min at 2500 g. The
supernatant was discarded, and 3 mL of methanol was added
to the pellet and left overnight for chlorophyll extraction.
After the incubation period, the solution was centrifuged
at 2500 g. A spectrophotometer was used to measure the
absorbance of the supernatant at 663 nm. The concentration
of chlorophyll-a was determined using the formula:

Chlorophyll-a (ug.mL ") = Absorbance at 663 nm x 12.63
Biomass Content

The biomass content was determined by placing 3 mL of
culture in pre-weighed filter sheets and drying them in a hot
air oven at 45°C until they reached a constant weight. The
filter papers were weighed again with a weighing balance,
and the difference was calculated as the biomass’s true
weight. The dry weight of the whole biomass content was
expressed in grams (g).

Extraction of Exopolysaccharide

The EPS was extracted using the procedures of Cérantola
et al. (2000) and Chi et al. (2007). Cell cultures were
centrifuged at 10,000 g for 10 min at 4°C after 30 days of
incubation. The supernatant, which contains the released
polysaccharide (RPS), was collected for extraction. For
Capsular or cell-bound polysaccharides (CPS) extraction,
5 mL of 0.05% NaCl, pre-heated at 60°C, was added to the
pellet and incubated in a hot water bath at 60°C for 30 min.
The mixture was then centrifuged for 30 min at 10,000 rpm,
and the supernatant was collected. An equivalent amount of
96% ethanol was added to the supernatant separately and
incubated at -20°C for 72 h. After incubation, the precipitate
was centrifuged at 10,000 rpm for 30 min at 4°C and rinsed
thrice with 96% ethanol. The final precipitate was dissolved
in 1 mL of distilled water and stored at — 20°C for further
experiments.

Determination of the Polysaccharide Content

Using glucose as a reference standard, the carbohydrate
content of extracellular polysaccharides was calculated using
the Phenol-Sulphuric acid method described by Dubois et
al. (1956).

Released polysaccharide (RPS) content: 200 uL of an
extract solution was mixed with 200 uLL of 5% phenol and 1000
pL of concentrated sulphuric acid. The tubes were vigorously
agitated before being immersed in a boiling water bath for 5 min
and then cooled before being left at room temperature for 30
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min. The absorbance was spectrophotometrically measured at
492 nm.

Capsular polysaccharide (CPS) content: An extract
solution (200 pL) was mixed with 5% phenol (200 pL)
and concentrated sulphuric acid (500 pL), and the tubes
were vigorously agitated before being immersed in a
boiling water bath for 5 min and cooled before being left
at room temperature for 30 min. The absorbance was
spectrophotometrically measured at 492 nm.

Total polysaccharide content: Total polysaccharide content
was obtained by calculating the sum of RPS and CPS content
for its control and treated cultures.

Exopolysaccharide Components

Uronic acid content: 1.2 mL sodium tetraborate was added
to 200 pL of the sample, and the mixture was vortexed before
being treated in a hot water bath for 5 min at 100°C. It was
then chilled in an ice bath. After that, 20 uL. of m-hydroxy
diphenyl reagent was added, mixed thoroughly, and allowed
to stand for 5 min (Blumenkrantz & Asboe-Hansen 1973)
before reading absorbance at 520 nm. D-glucuronic acid was
used as standard (5-50 pg/mL).

Neutral sugar content: The neutral sugar content was
estimated using Roe’s (1955) method. 4 mL of anthrone
reagent was added to 200 pL of extracted solution and
carefully mixed. After 10 min of incubation in a boiling water
bath, the mixture was chilled, and absorbance was measured
at 630 nm. D-glucose was used as standard (10-100 pg/mL).

Protein content: Bradford’s (1976) technique was used to
estimate protein levels. 200 pL of an extracted solution was
mixed with 3 mL of Bradford reagent. It was then incubated
in the dark for 5 min, and the absorbance of the solution
was read at 595 nm. BSA solution was used as standard
(10-100 pg.mL™).

Bioflocculating Activity

Cell culture was centrifuged for 5 min at 2900 x g. 0.5 mL
of the EPS-containing supernatant was then diluted with
4.25 mL of 0.5 N acetic acid and 0.25 mL of Alcian Blue
dye preparation (Alcian Blue 8 GX (1 mg.mL™) in 0.5
N acetic acid). It was then incubated for 30 min at room
temperature before being centrifuged for 10 min at 2900 x
g. The supernatant was spectrophotometrically read at 610
nm. Alcian Blue and acetic acid are used in the reference
assays with no EPS added.

Flocculating activity = {(B - A)/B} x 100%

where A and B are the absorbance values at 610 nm of
sample and control, respectively (Kurane et al. 1994).
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Rate of EPS Production

To check the rate of the production of EPS of the organism,
the increase or decrease in EPS during that period was
divided by the increase or decrease in biomass content
during that period.

Scanning Electron Microscopy (SEM)

To check the morphological changes in the organism,
control, and treated cultures were first centrifuged, and 4%
glutaraldehyde in phosphate buffer was added to the pellet,
followed by incubation at 4°C for 24 h. Next, the samples
were washed in 0.1 % sodium cacodylate buffer three times
(15 min each) and then dehydrated in acetone (20% — 100%)
at4°C at an interval of 15 min each. The dehydrated samples
were mounted on brass stubs, followed by gold coating before
viewing under SEM (JSM, 6360, JEOL, Japan).

Statistical Analysis

All experiments were performed in triplicate, and the data
were presented as mean * standard deviation. GraphPad
Prism 5 Software was used to do a one-way analysis of
variance (ANOVA) to check the significant differences
between the control and treated cultures (Dunnett test).

RESULTS AND DISCUSSION

Effect of 2,4-D on Growth (Chlorophyll Content and
Biomass)

Fig. 1a shows the chlorophyll content of Nostoc muscorum
Megl after exposure to 2,4-D (10, 20, 30, and 40 ppm).
Exposure to 10 and 20 ppm 2,4-D, the chlorophyll content
was increased by 20% (p < 0.01) and 1.7%, respectively,
compared to their control cells. However, cultures treated with
30 and 40 ppm 2,4-D, 27%, and 84.46% (p <0.01) reduction
were observed. Similarly, biomass content was significantly
enhanced by 12.1% upon 10 ppm exposure (p < 0.05). The
increase in biomass output was just 4.3%, with no significant
differences observed in cultures exposed to 20 ppm 2,4-D.
Upon exposure to 30 and 40 ppm, there was a drastic reduction
in biomass production by 21.5% and 42.13%, respectively,
with a significant value of p < 0.001, as shown in Fig. 1b.

Effect of 2,4-D on Exopolysaccharide (EPS) Content
and Rate of EPS Production

In the control culture, the total EPS content of the organism
was found to be 114.6 pg/mL, out of which 90.6 p,lg.mL'1
is the released polysaccharide (RPS) and 23.9 pg.mL™" is
the capsular/bound polysaccharide (CPS). These values for
control were taken as 100% to check the organism’s reaction

Nature Environment and Pollution Technology ® Vol. 23, No. 2, 2024
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Fig. 1: Effect of 2,4-D herbicide on (a) chlorophyll content and (b) biomass content. All values are in mean + standard deviation (N = 3), with asterisks
(*p < 0.05, **p < 0.01, and ***p < 0.001) above the histogram bars indicating significance in differences between control and 2,4-D treated cells.
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Fig. 2: Effect of 2,4-D on (a) EPS content and (b) rate of exopolysaccharide production. All values are in mean + standard deviation (N = 3),
with asterisks (*p < 0.05, **p < 0.01, and ***p < 0.001) above the histogram bars indicating significance in differences between control and 2,4-D
treated cells.

to 2,4-D at various concentrations in terms of percentage
outcomes. At 10 ppm, the total EPS content was increased
by 74.17%, in RPS by 45.6%, and in CPS by 182.5%. At
20 ppm, the concentration was increased by 136% (total),
89.16% (RPS), and 315.8% (CPS). At 30 ppm, there is a
reduction in the total EPS and also in RPS content by 28%.
Nevertheless, the CPS content was still inclined by as much
as 42%. The effect on EPS content upon exposure to 40
ppm 2,4-D was drastically affected. The total EPS content
was reduced by 64%. In addition, 66% and 56% reductions
were detected for RPS and CPS (Fig. 2a). Furthermore,
the rate of EPS production observed an increase of 58%
and 144% upon exposure to 10 and 20 ppm 2,4-D. The
increase in EPS production was still evident in 30 ppm
2,4-D (48%) and 16% in 40 ppm as compared to control
(Fig. 2b).

Vol. 23, No. 2, 2024 ® Nature Environment and Pollution Technology

Effect of 2,4-D on Uronic Acid, Neutral Sugar, and
Protein Content

Cultures exposed to 10 and 20 ppm 2,4-D showed an
increase in the total uronic acid content by 46% and 98.3%,
respectively, as compared to the control (Fig. 3a). Although
there was an increase of 11.8% in the content of the uronic
acid even at 30 ppm 2,4-D exposure, the concentration of
uronic acid was reduced by 22% in the presence of 40 ppm
2,4-D (p < 0.05).

There was an increase in the neutral sugar content by
10.3%, 41.7%, and 15.1% at 10, 20, and 30 ppm 2,4-D,
respectively. However, a significant (p < 0.05) decrease of
29.4% has been recorded at exposure to 40 ppm 2,4-D in
comparison to the control (Fig. 3b). Furthermore, the protein
content of the extracted EPS treated with 10 ppm 2,4-D
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Fig. 3: Effect of 2,4-D on (a) Uronic acid content, (b) neutral sugar content, and (c) protein content. All values are in mean + standard deviation (N =
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Fig. 4: Effect of 2,4-D on the bio-flocculating activity of Nostoc muscorum Meg 1. All values are in mean + standard deviation (N = 3), with asterisks
(*p <0.05, ¥*p < 0.01, and ***p < 0.001) above the histogram bars indicating significance in differences between control and 2,4-D treated cells.

observed an insignificant increase by just < 1%, but extreme
rise in the protein content was observed by as much as > 78%
in culture treated with 20 ppm 2,4-D. At 30 and 40 ppm, the
protein content showed a significant reduction (p < 0.001)
by ~ 30 and 87%, respectively (Fig. 3c).

Effect of 2,4-D on Bio-flocculating Activity
There was an increase in the bio-flocculating activity

fomom
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compared to control upon exposure to 10 and 20 ppm 2,4-
D by 39.5% (p < 0.001) and 15.8% (p < 0.05). In contrast,
the bio-flocculating activity was significantly reduced by
65.1% and 78.2% (p < 0.001) upon exposure to 30 and 40
ppm (Fig. 4).

Effect of 2,4-D Stress on the Morphology of the Organism

The morphological changes of Nostoc muscorum Meg, 1

Nature Environment and Pollution Technology ® Vol. 23, No. 2, 2024
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Fig. 5: Effect of 2,4-D on the morphology of Nostoc muscorum Meg 1. (a) Control and under-treatment of 2,4-D (b) 10 ppm (c¢) 20 ppm (d) 30 ppm (d)
40 ppm. NC: Normal cell; CS: Cell shrinkage; DC: Deformed cell.

under 2,4-D stress, were visualized under SEM. Control
cultures showed healthy cells with intact filaments (Fig. 5a).
At 10 ppm 2,4-D, the cells were intact, but minor shrinkages
of the cells were seen (Fig. 5b). A much higher percentage
of cell shrinkage was observed with increased 2,4-D doses
(20 and 30 ppm) (Fig. 5c and 5d). However, at 40 ppm, cells
were distorted and severely deformed (Fig. Se).

Discussion

Environmental contamination and its remediation have
recently gained a lot of worldwide attention (Ali etal. 2019).
Agrochemical contaminations such as pesticide/herbicide
from pesticide manufacturing plants, wastewater recharge
facilities (wells or basins), and waste disposal sites are
some substantial sources of environmental pollution (Pérez-
Lucas et al. 2018). As a result, it is critical to find ways to
reduce these agrochemicals from polluted areas to ensure that
environmental pollution is regulated (Pavlidis & Tsihrintzis
2018). On the other hand, chemical and physical procedures
for eliminating toxic agrochemical compounds are non-
specific, costly, and environmentally unfriendly (Bala et al.
2022). As aresult, finding suitable bioremediation processes
and technologies based on microbial sources becomes
critical. In this context, the usage of exopolysaccharides
as bio-flocculants is one of the probable bioremediation
possibilities in wastewater treatment since they are eco-
friendly, non-toxic, and biodegradable.

Even though cyanobacteria can be used as an excellent
tool for bioremediation of agrochemical pollution due to its

Vol. 23, No. 2, 2024 ® Nature Environment and Pollution Technology

bio-flocculating activity, an excessive and non-standardized
amount of polluting chemicals such as pesticides and
herbicides may impede the organism’s ability to bio-
remediate (Gouveia et al. 2019). Furthermore, pesticides have
been found to harm cyanobacterial growth, production, and
biomass when applied in a continuous and unstandardized
dose (Sachu et al. 2021).

In the present study, the herbicide 2,4-D was seen
to negatively affect the growth of the cyanobacterium
Nostoc muscorum Meg 1 at concentrations above 30 ppm
(Fig. 1). The effect of the herbicide on growth could be due
to changes in pigment synthesizing enzymes or by bringing
changes such as photochemical activity and/or disruption of
the light-harvesting complexes (Kalaji et al. 2016, Székacs
2021). The prominent change seen when cultures were
exposed to lesser doses of 2,4-D (< 20 ppm) was an increase
in growth compared to control cells. This observation finds
its explanation in the publication by Bellinaso et al. (2003),
where it was suggested that physiological changes that
occur in the organisms following exposure to lower limits of
stress cause microbial metabolism to develop an alternative
metabolic pathway to avoid a biochemical reaction that
is hindered by stressors such as herbicides or due to the
hormetic effect where the organism increases its metabolic
activities to overcome such immediate adverse exposure
(Sachu et al. 2021).

Excess synthesis of exopolysaccharides could be one of
the reasons which provide protection against environmental
stress like herbicides in soils (Ahemad & Khan 2012). In
the present study, the total EPS content, as well as the RPS
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and CPS contents, experienced a significant upsurge (p <
0.001) in their contents upon exposure to 10 and 20 ppm,
respectively, where the highest EPS production was observed
at 20 ppm {136% (total), 89.14% (RPS) and 315.8% (CPS)}.
An increase in the contents of EPS may be because these
extracellular polysaccharides are thought to present barriers
to compounds such as xenobiotics and prevent their access to
the organism by forming biofilms and inhibiting membrane
fusion (Rossi & De Phillippis 2015, Tiwari et al. 2019).
However, with an increase in the concentration of 2,4-D (30
and 40 ppm), the synthesis of EPS was affected. It was found
to be more severe at 40 ppm, where the total EPS content
was cut by 72.7%, with reductions of 88.2% and 31.5%
for RPS and CPS, respectively, in comparison to control
(Fig. 2a). Its reduction might be because herbicide-membrane
contact causes the outer protective polysaccharide layer to
be destroyed, which results in a decrease in EPS content
(Tiwari & Prasad 2022). Following this, it was found that
the rate of production of exopolysaccharide showed a similar
trend in which maximum production of EPS was found at
20 ppm. This can be attributed to the fact that the herbicide
at this concentration may have been perceived as a toxic
threat that, in turn, resulted in the induction of EPS synthesis
in the cyanobacterium. This is an example of a hormetic
response by the organism when lower concentrations of a
toxic substance like 2,4-D were present in its surroundings.
Ahemad and Khan (2010) have already explained this
phenomenon that excess EPS generation is most likely to
provide the microorganisms with additional protection while
they exist in stressful environments. The reduction in the
rate of EPS production at higher doses of exposure seen in
the study reiterated that the metabolic activities leading to
the production of EPS were severely compromised during
chronic exposure to the herbicide.

The compositions of EPS, such as neutral sugars, uronic
acids, and proteins (glycoproteins) produced by the organism,
were also affected in a similar fashion under herbicide stress.
The presence of uronic acids in EPS as one of its components
is significant as the negatively charged uronic acids give
EPS its anionic property. Due to this anionic nature, it gives
the whole macromolecule a sticky texture. Additionally, it
gives EPS its ability to bind positively charged ions. This
distinguishing property is advantageous in bioremediation
(Bender et al. 1994, Pereira et al. 2011). Similar conclusions
were reported by Redmile-Gordon et al. (2014).

An upsurge was seen in the neutral sugar concentration up
to an exposure to 30 ppm 2,4-D and above, which it declined
(Fig. 3b). Costa et al. (2018) and Liu et al. (2019) pointed
out that neutral sugars play an essential role in the formation
of microbial aggregates. Further, neutral sugars represent
intracellular carbon flux that is critical for the generation
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of cell energy and other molecular composites required for
microbial growth. As a result, changes in this carbohydrate
storage may have an impact on a variety of cell activities,
including carbon fixation (Mesquita et al. 2021).

It has been pointed out that the presence of soluble
proteins in the exopolysaccharide might be because of
the trapped exoenzymes in the EPS matrix (Frglund et al.
1996, Kaplan Can et al. 2019). Several researchers have
also reported the presence of tightly-linked peptide-sugar
moieties in cyanobacterial exopolysaccharides (Panoff et
al. 1988, Tiwari et al. 2020). Its presence provides varying
degrees of hydrophobicity, which significantly contributes
to the emulsifying property of the EPS (Alvarez et al. 2021).
Protein content present in EPS helps to bind to surfaces where
EPS and protein adhesins are involved in the primary steps
of microbial adhesions to surfaces (Costa et al. 2018). The
changes in EPS composition under 2,4-D stress may have
been due to alterations in the protein content observed in the
present study. This explanation has also been put forward
by Donot et al. in 2012.

The increase in the exopolysaccharide’s bio-flocculating
activity in lower concentrations of 2,4-D (39.5% 1 in 10 ppm)
indicated that the increase in uronic acid content positively
aided the flocculation mechanism (Khangembam et al. 2016).

The compromised level in all the parameters studied
under higher doses of 2,4-D exposure was reflected in the
biomass content of the organism. This finding was similar to
the reports of Galhano et al. (2009) and Shen et al. (2009),
who showed that excessive doses of herbicide could result in
lessened biomass content of cyanobacteria. The inference of
the present study is that the reduced EPS content registered
in the study could be because of (1) compromised synthesis
of EPS itself and/or (2) due to a reduction in biomass
production that indirectly affected EPS production. The
entire morphology of the cells was affected by the presence of
2,4-D was visible under SEM. Further, with the progressive
increase in the concentration of 2,4-D, these effects were seen
to be concurrently amplified, indicating that the higher doses
of 2,4-D had severe consequences on the cells themselves,
thus compromising their ability to mount any defense against
such exposures. The schematic representation of the effect
of herbicide on Nostoc muscorum Meg 1 is shown in Fig. 6

CONCLUSION

The outcome of this study undoubtedly established the
toxic nature of unstandardized doses of 2,4-D. That 2,4-D at
concentrations greater than 20 ppm can impair the production
of various EPS components such as neutral sugars, uronic
acids, and proteins, thereby severely restricting viable EPS
synthesis was also established. The toxicity of 2,4-D was
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Fig. 6: Schematic representation of the effect of herbicide on Nostoc muscorum Meg 1.

such that at higher concentrations, it could penetrate the EPS
barrier and affect the cellular metabolism, leading to reduced
biomass production. However, looking further in the better
part of this study, we found that when 2,4-D is present at
low concentrations, the EPS production is stimulated, and
the organism could mitigate the threat of 2,4-D at the EPS
level itself without exposing the cells to this harmful
herbicide.
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