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Abstract: Structural studies of proteins provide a comprehensive understanding of their functions, and form the basis 
for designing drugs that can modulate their activity. However, the structural characterization of membrane proteins 
is often challenging due to their hydrophobic nature. This article highlights key structural and functional aspects of 
a representative membrane protein, STY4874 – also known as styMdtM, which is an efflux transporter encoded by 
the genome of Salmonella Typhi, the causative agent of typhoid fever in humans. Our structural studies have, so far, 
been focused on obtaining diffraction-quality crystals of the protein. For this purpose, crystallization trials have been 
performed using both the wild-type and mutant forms of the protein, in the presence or absence of ligands (substrates or 
inhibitors). Crystals of the wild-type styMdtM and its thermally stable mutants diffracted anisotropically to resolutions 
between 4.5 and 8 Å, rendering the collected data not useful for structure solution. On the other hand, crystals of a 
13-amino acid deletion mutant isotropically diffracted to 10 Å, fueling our interest in engineering truncated styMdtM 
mutants for obtaining crystals suitable for diffraction to high resolutions for structure determination. Here, we discuss 
preliminary findings and key lessons learned from our studies, spanning over a decade.

Keywords: Major Facilitator, Efflux Transporter, styMdtM, STY4874, Membrane Protein, Salmonella Typhi.

1.    INTRODUCTION

Knowing the three-dimensional (3D) structure of a 
protein is of paramount importance to understand its 
functions. Experimental techniques, such as X-ray 
crystallography, cryo-electron microscopy [1] and 
nuclear magnetic resonance (NMR) spectroscopy 
[2], can be used to determine the 3D structure of 
proteins. Each method has its own advantages and 
limitations. For example, X-ray crystallography 
requires the production of well-diffracting crystals, 
cryo-electron microscopy is most suitable for 
determining the structure of large proteins or protein 
complexes, and NMR spectroscopy is generally 
restricted to smaller proteins because larger proteins 

produce highly complex and difficult-to-interpret 
spectra. However, solid-state NMR is increasingly 
used to resolve membrane protein structures 
[3, 4]. Among these experimental techniques, 
X-ray crystallography is still considered the gold 
standard for solving protein structures. A survey of 
Protein Data Bank, a repository of experimentally 
determined macromolecular structures, reveals that 
it predominantly consists of structures of soluble 
proteins, whereas membrane proteins constitute 
less than 2% of all deposited structures. Although 
membrane proteins generally make up less than 
half of all proteins encoded by a genome, they 
are important drug targets because they serve as 
gateways to the cell. Repositories of membrane 



proteins have been invaluable in elucidating 
key physiological aspects of their functions [5]. 
However, due to their intrinsic hydrophobicity, 
membrane proteins pose serious challenges for 
structure determination.

In this study, we highlight the challenges 
researchers often encounter when undertaking such 
studies. These challenges are discussed here in the 
light of key findings from our research work on 
structural and functional aspects of a representative 
membrane protein, STY4874 – also known as 
styMdtM. styMdtM is an efflux transporter encoded 
by the genome of Salmonella Typhi, the causative 
agent of typhoid fever in humans [6, 7]. styMdtM 
is an ortholog of the Escherichia coli transporters 
MdtM and MdfA [8]. MdfA serves as a prototype 
efflux transporter belonging to the major facilitator 
(MF) superfamily [9-12]. E. coli MdfA is the only 
MF superfamily transporter with a known structure 
[11, 13].

In our earlier study, the nucleotide sequence 
encoding styMdtM was cloned into an Escherichia 
coli-based expression vector, and the recombinant 
vector was transformed into a drug-susceptible 
strain of E. coli. The overexpression of this typhoidal 
membrane protein in E. coli was studied to assess 
substrate specificity, and it was found that styMdtM 
could expel structurally diverse substrates out of 
the cell [14]. Our next aim was to investigate the 
energy-driven mechanism of this efflux transporter. 
We found that the transporter used protons as its 
energy source, and that abolishing the proton 
gradient stopped its function [14].

Subsequently, we purified the membrane 
transporter and observed that the purified protein 
remained structurally stable in the sodium dodecyl 
maltopyranoside detergent. Further determination 
of binding constants revealed that the purified 
styMdtM transporter could bind different 
substrates with nanomolar affinity [15]. Next, we 
identified inhibitors of this transporter and found 
that reserpine could inhibit its function, possibly 
through competitive binding in the presence of 
ciprofloxacin [16]. We also identified Asp25 and 
Arg111 as key residues involved in the function 
of styMdtM [15]. Mutations involving these 
residues altered the activity of styMdtM, possibly 
by inducing structural perturbations in the protein 
[15]. Moreover, mutational analyses of residues 

at other positions (Tyr29, Tyr231, Cys185, and 
Gln294) provided valuable insights into the activity 
and structural stability of styMdtM [8].

The functionally stable, purified wild-type 
transporter was characterized using spectroscopic 
techniques (Fourier-transform infra-red (FTIR) 
spectroscopy and circular dichroism (CD) 
spectroscopy). Estimation of the secondary 
structure content of the purified wild-type styMdtM 
using the afore-mentioned techniques revealed 
that the α-helical content was approximately 55% 
(as estimated using FTIR spectroscopy) and 53% 
to 69% (as estimated using CD spectroscopy) 
[15]. The wild-type transporter, its mutant forms 
and a C-terminal truncated transporter were also 
subjected to crystallization studies. Preliminary 
results obtained from crystallization trials and 
X-ray diffraction studies have been discussed here 
in detail. 

2.    MATERIALS AND METHODS

2.1. Expression and Purification of Protein

Proteins (wild-type and mutants) were expressed 
and purified as described in our earlier reports [8, 
15]. The detergent for the solubilization of the wild-
type protein was chosen based upon initial detergent 
screening [8], and 1% (w/v) n-dodecyl-β-D-
maltopyranoside (DDM) was used for purification 
and solubilization. The purified and detergent-
solubilized protein was concentrated in the range 
of 8 to 20 mg/mL with the help of ultracentrifugal 
membrane filters.

2.2. FTIR and CD Spectroscopies of Protein

The FTIR and CD spectroscopies were performed 
as described earlier [8, 15]. Briefly, for FTIR, the 
protein was concentrated by lyophilization, and 
the spectrum was recorded for 2 to 3 mg/mL of 
the lyophilized protein sample on Bruker FTIR at 
wavenumber in the range of 4000 to 500 cm-1. For 
CD spectroscopy, the detergent-solubilized protein 
solution at a concentration of 0.02 mg/mL, taken 
in a 10-mm quartz cell, was used to record the CD 
spectra in an AVIV Model 400 spectropolarimeter. 
The CD spectra were recorded in the wavelength 
ranging from 185 nm to 250 nm. Thermal unfolding 
was recorded at a wavelength of 222 nm with 
temperature increments of 1 °C.
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2.3. Crystallization Trials

Hanging-drop and sitting-drop vapor-diffusion 
methods were used for setting up crystallization 
trials. Initially, a Mosquito Crystal® robot (TTP 
Labtech) was used to set up crystallization trials in 
96-well crystallization plates. Each crystallization 
droplet consisted of 0.1 μL of the purified protein 
solution and an equal volume of the reservoir 
solution, whereas 100 μL of the reservoir buffer 
was taken in each well.

Later, crystallization trials were set up 
manually using 24-well crystallization plates, 
containing 500 μL of the reservoir buffer in each 
well. The crystallization drop comprised of 0.5 μL 
of the protein solution and an equal volume of the 
reservoir buffer. The plates were sealed properly 
to ensure that a gradual equilibrium could be 
established between the reservoir buffer and the 
crystallization drop.

Crystallization conditions were initially 
screened using commercially available 
crystallization screening kits from Molecular 
Dimensions, Hampton Research, and Qiagen [17-
19]. In the second phase, buffers with pH values 
ranging from 4.0 to 8.0 were screened. In the 
third phase, commercially available detergent and 
additive screens were tested under conditions that 
had yielded crystals in initial trials. In the fourth 
phase, polyethylene glycol (PEG 400) and protein 
concentrations were systematically screened, with 

PEG 400 ranging from 27 to 48% (w/v) and protein 
concentrations ranging from 8 to 20 mg/mL [20]. 
The incubation temperature for crystallization 
plates was also changed in an attempt to get good-
diffracting crystals (Table 1). For setting up co-
crystallization trials, the Kd value of the substrate/
inhibitor was taken into consideration [15] (Table 
1). Substrates were mixed with the purified protein; 
each mixture was incubated on ice for ~10 min 
before setting up crystallization drops.

The growth of crystals was monitored after 
every 24 hrs. For X-ray data collection, crystals 
were harvested using appropriately sized nylon 
loops, flash frozen and sent to the Advanced Photon 
Source (APS) synchrotron at Argonne National 
Laboratory (Illinois, USA). Data were collected 
remotely using the ‘ADSC software’ either on a 
fixed-energy beamline (12.68 keV), ‘24-ID-E’, 
or on a variable energy beamline, ‘21-ID-D’. The 
energy used in our study on the 21-ID-D beamline 
was 11.9 keV (https://necat.chem.cornell.edu/) 
[20]. A crystal-to-detector distance of 0.6 μm was 
used for data collection.

2.4. Retrieval of AlphaFold Model of the Protein 
       and its Bioinformatics Analysis

The AlphaFold model of the protein was retrieved 
from the database [21] with the Uniprot ID: 
Q8XFG0. The structure was analyzed with the help 
of UCSF Chimera [22]. 

Composition of crystallization droplet Incubation 
Temperature (°C)

Composition of reservoir buffer

Only protein (styMdtM; 12-15 mg/mL) 19 100 mM MES (pH 5.5-6.5), PEG 400 (27 - 
30%, w/v), 100 mM NaCl, 100 mM Li2SO4styMdtM (12-15 mg/mL) + 500 μM 

kanamycin/ ciprofloxacin/reserpine/
benzalkonium chloride/norfloxacin
styMdtM (12-15 mg/mL) + 1 mM 
gentamycin
Only protein (styMdtM; 12-15 mg/mL) 4
Only protein (styMdtM; 8-10 mg/mL)
styMdtM (12-15 mg/mL) + 500 μM 
reserpine/berberine
styMdtM (12-15 mg/mL) + 500 μM 
reserpine/berberine

25

styMdtM (12-15 mg/mL) + 500 μM 
reserpine/berberine

4 100 mM MES (pH 5.5-6.5), PEG 400 (31-
34%, w/v), 100 mM NaCl, 100 mM Li2SO4

Table 1. Crystallization conditions employed for wild-type styMdtM in 24-well crystallization plates.
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3.    RESULTS AND DISCUSSION

3.1. Wild-type styMdtM

Spectroscopic analyses were followed by attempts 
to crystallize the purified styMdtM for structural 
studies. Results from crystallization trials revealed 
that crystals appeared under a variety of buffer 
conditions, namely MES (2-(N-morpholino)
ethanesulfonic acid) at pH 5.5-6.7, Tris (2-Amino-
2-hydroxymethyl-propane-1,3-diol) at pH 5.8-7.2, 
HEPES (2-[4-(2-hydroxyethyl)piperazin-1-yl]
ethanesulfonic acid) at pH 6.8-8.2, and MOPS 
(3-morpholinopropane-1-sulfonic acid) at pH 6.5-
7.9. Crystallization was also supported by a range 
of precipitants and salts, including NaCl, Li2SO4, 
MgCl2, CaCl2, and (NH4)2SO4. All positive hits 
contained PEG 400 in the crystallization mixture. 
It was observed that protein crystallization was 
favoured at pH ranging from 5.5 to 6.5, PEG 400 
ranging in concentrations from 15 to 30% (w/v), 
and protein concentrations ranging from 10 to 12 
mg/mL [20]. 

Crystals of styMdtM appeared in different 
morphologies (Figure 1) but were often fragile 
due to their high solvent content [23]. Crystal 
sizes ranged from 10 µm to ~200 µm, with growth 
continuing over time, and reaching a maximum 
size after two weeks. Initial data collection from 
styMdtM crystals showed high mosaicity, which 
limited diffraction to low resolutions. Anisotropy 
was also observed in diffraction patterns, indicating 
non-uniform diffraction in different directions. 

From initial diffraction experiments, a dataset up 
to 4.5 Å resolution was obtained. Indexing of this 
dataset performed with the iMosflm software (7.1.1) 
allowed calculation of the unit cell parameters of 
one tetragonal styMdtM crystal: a = b = 64.3 Å, c = 
245.4 Å, α = β = γ = 90°, with space group P4 [8, 15]. 
However, diffraction was not isotropic, preventing 
the collection of a complete dataset at a sufficiently 
high resolution for structure determination. Most 
crystals diffracted to resolutions ranging from 7 to 
9 Å. 

For data collection, crystals were rotated by 
1° per image, with a total of 180° collected. Due 
to high mosaicity, diffraction spots from the same 
lattice planes persisted for more than 1° under 
diffraction conditions, appearing in multiple 
consecutive patterns. In addition, styMdtM 
crystals were highly sensitive to radiation damage 
(Figure 1), with high-resolution diffraction fading 
during data collection [8, 20]. These conditions 
necessitate collection of diffraction data from 
multiple crystals to obtain a complete dataset. This 
study also provided preliminary insights into the 
relationship between crystallization conditions and 
the diffraction behavior of the wild-type styMdtM 
transporter.

3.2. Co-crystallization of Wild-type Transporter 
       with Substrates and Inhibitors

Since low resolution and high mosaicity hindered 
the determination of the protein structure from 
diffraction data of the wild-type apo form of the 

Fig. 1. Morphology of styMdtM crystals; triangular prisms, needlelike, and square plate crystal morphologies were 
observed for the apo and co-crystallized transporter [A]. The arrow points toward the radiation-induced damage in 
crystal during X-ray data collection [B]. The crystals appeared in the drop after 3 to 4 days of setting crystallization 
plates. For X-ray data collection, crystals were harvested with a nylon loop and flash frozen in liquid nitrogen.
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transporter, co-crystallization of the wild-type 
styMdtM with substrates/inhibitors was attempted. 
Co-crystallization trials were carried out in the 
presence of different substrates (kanamycin, 
ciprofloxacin, levofloxacin, gentamycin and 
benzalkonium chloride) and inhibitors (reserpine 
and berberine), which were added during 
crystallization [20]. 

Based on the screening of the apo styMdtM 
protein, optimized crystallization conditions 
were selected for these co-crystallization trials. 
Co-crystallization with substrates and inhibitors 
produced crystals morphologically similar (Figure 
1) to those obtained in the initial screenings. Data 
collection indicated that although the spot intensity 
had improved, diffraction remained anisotropic [20] 
(Figure 2(A, B)). Moreover, the resolution could 
not be improved beyond 7 Å [8, 20]. Therefore, 
attempts were made to generate structurally 
stable variants of styMdtM through site-directed 
mutagenesis.

3.3. Mutant styMdtM

Residues for mutagenesis were selected based 
on comparative sequence analysis of styMdtM 
and homologous protein sequences of well-
characterized transporters. The sequence analysis 
revealed that the amino acid sequence of styMdtM 
shares 39% and 87% identity with E. coli MdfA 
and MdtM, respectively, both of which are well-
characterized members of the major facilitator 
superfamily (MFS) transporters [24-30]. The 
charged residues, Glu26 and Arg112 in MdfA, as 
well as the analogous residues Asp22 and Arg108 
in MdtM, have been shown to play important roles 

in recognizing neutral and cationic antimicrobials 
[24, 31, 32]. To generate a conformationally less-
flexible mutant, the corresponding residues in 
styMdtM ̶ Asp25 and Arg111 ̶ were selected for 
mutagenesis. 

In addition, the AlphaFold model of styMdtM 
(Figure 3(A)) was used for docking studies, and 
subsequent analysis identified Tyr29 and Tyr231 
as residues of interest for further investigation 
[8]. Cys185 was also selected due to its location 
on the outer periphery of the transporter (Figure 
3(A, B)), where it may participate in disulfide 
bridge formation and contribute to oligomerization. 
Finally, Gln294 was chosen based on its unique 
position within a shorter helix in the Alphafold 
model of the protein (Figure 3) [8].

It was hypothesized that mutations of Asp25, 
Tyr29, Arg111, and Tyr231 in styMdtM to neutral 
amino acids (e.g., alanine) might increase structural 
rigidity, allowing the transporter to bind substrates 
but preventing the conformational changes required 
for substrate translocation across the membrane. 
In contrast, mutations at Cys185 and Gln294 
were expected to alter the physical properties of 
the transporter [8], potentially leading to better-
diffracting crystals.

The secondary structure content of the 
purified mutants was initially analyzed using CD 
spectroscopy, confirming typical α-helical spectra 
for all mutant transporters. The styMdtM(D25A) 
mutant showed an α-helical content of ~69% 
similar to the wild-type, and was therefore 
selected for crystallization studies. By contrast, 
the styMdtM(R111A) mutant displayed a 

Fig. 2. Representative diffraction patterns; For the co-crystallized styMdtM, a resolution limit of 7.5 Å could be 
achieved [A & B; where both images are perpendicular to each other]. Diffraction patterns of styMdtM(D25A) co-
crystallized with gentamicin showed spots well resolved in one direction [C], but a streaky pattern in the perpendicular 
direction [D]. This data was collected remotely using ‘ADSC software’ on 24-ID-E or 21-ID-D beamlines at the 
Advanced Photon Source (APS) synchrotron at Argonne National Laboratory (Illinois, USA).
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significantly higher α-helical content (~95%) 
[15], and was excluded from further analysis. The 
styMdtM(C185A) and styMdtM(C185L) mutants 
each exhibited ~74% α-helical content. Since both 
had comparable functional and physical properties, 
styMdtM(C185A) was chosen for conducting 
crystallization trials [8]. The calculated α-helical 
content for styMdtM(Y29A), styMdtM(Q294A), 
and styMdtM(Y231A) mutants was ~78%, ~79%, 
and ~80%, respectively [8]. 

Prior to conducting crystallization trials, 
styMdtM mutants were characterized for thermal 
stability using biophysical techniques. Thermal 
stability measurements showed that the wild-type 
styMdtM had a Tm of 52 °C [8, 15]. The D25A 
mutation did not affect the thermal stability, as 
determined by CD spectroscopy [15]. Among the 
other mutants, C185A/L and Y231A exhibited 
Tm values within ± 2 °C of the wild-type. The 
Y29A mutant displayed an increased Tm of 56.5 
°C, indicating enhanced stability [8]. In contrast, 
the Q294A mutant showed a reduced Tm of 47.27 
°C, suggesting decreased stability; therefore, this 
mutant was not selected for crystallization trials [8]. 

Crystallization drops of the mutant transporters 
(D25A, Y29A, C185A, and Y231A) were set under 
conditions optimized for the wild-type transporter, 
and crystals were obtained under all tested conditions 
[8, 20]. Co-crystallization was also attempted, 
producing crystals of varying morphologies similar 
to those observed for the wild-type [8, 20]. The 
diffraction patterns of the styMdtM(D25A) mutant 
co-crystallized with gentamicin showed spots that 

were well-resolved in one direction, but poorly 
resolved in the perpendicular direction, resulting 
in streaked patterns (Figure 2(C, D)). The presence 
of diffuse and streaky patterns in the diffraction 
image is suggestive of lattice disorder. Moreover, 
the diffraction was anisotropic [20]. Similar 
observations were made for the other mutant 
transporters, most of which diffracted in the range 
of ~6-8 Å [8], thereby limiting the utility of the 
diffraction data for structure determination.

It must be noted here that the only MFS 
transporter with a known structure i.e., MdfA 
is resolved in its singly, doubly and triply 
mutated forms, including MdfA(Q131R) [13], 
MdfA(Q131R/L339E) [33], MdfA(I239T/G354E) 
[9], and MdfA(E26T/D34M/A150E) [10]. All 
of these resolved strcutures are in susbstrate-
bound states. Since membrane transporters are 
highly flexible with continuous switiching of 
conformational states during loading of substrate 
from one side of memebrane and its unloading 
on the other side, this phenomenon likely makes 
it difficult to capture any single conformational 
state of the wild-type transporter in its apo form. 
In future, such a strategy of generating doubly and 
triply mutated forms of the styMdtM transporter can 
also be adopted to improve the quality of diffracting 
crystals.  

3.4. Truncated styMdtM

Crystallization is still considered more of an art 
than a science [34], although some governing 
principles such as changes in Gibbs free energy 

Fig. 3. AlphaFold model of styMdtM [A] (Uniprot ID: Q8XFG0): Targeted residues are indicated [B]. The transporter 
comprises of 12 transmembrane helices [A] and targeted residues are lying at different helices [B] within that part 
of transporter that is immersed in the membrane. The structure was visualized with the help of UCSF-Chimera [22].
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are taken into account. Crystal lattice formation 
involves changes in the enthalpy and entropy of the 
participating molecules (i.e., solvent and protein) 
[35]. In most cases, enthalpy changes are negligible 
[36-38], while, entropic factors dominate [39-41]. 
Entropy is particularly influenced by the presence of 
intrinsically unstructured elements, such as flexible 
termini or loops, especially in regions involved in 
protein-protein contacts during lattice formation 
[42]. To increase the likelihood of generating 
well-diffracting crystals, the target protein should 
therefore contain as few intrinsically unstructured 
fragments as possible such as solvent-exposed long 
loops at N- or C-termini [42]. 

Previous studies on polytopic inner membrane 
proteins of the MF superfamily have shown that 
deletion of the C-terminal cytoplasmic tail has a 
minimal impact on transporter functionality [27]. 
For example, in E. coli MFS transporters, such 
as LacY (lactose permease) and MelB (melibiose 
permease), the C-terminus is not essential for 
function [43-45]. Consistent with these findings, 
we attempted to improve crystallization of 
styMdtM by reducing its intrinsically unstructured 
elements through truncation of the C-terminal 
region. Notably, in E. coli MdfA (61% similar to 
styMdtM), deletion of the C-terminal loop does 
not significantly affect the multidrug resistance 
phenotype [27]. 

Accordingly, two deletion constructs were 
generated in parallel for styMdtM: one lacking 9 
amino acids and the other lacking 13 amino acids at 
the C- terminus [20]. Both truncated proteins were 
subjected to crystallization trials under conditions 

optimized for the wild-type transporter. The 
construct with a 13- amino acid deletion yielded 
cubic crystals (Figure 4(A, B)) that diffracted 
isotropically to ~10 Å (Figure 4(C, D)) [8, 20]. 
Efforts to obtain better-diffracting crystals from this 
construct are ongoing.

4.    CONCLUSIONS

This work provides preliminary insights into 
crystallization and X-ray diffraction of a multidrug 
efflux transporter, styMdtM, from Salmonella Typhi. 
So far, structure determination has not been achieved 
because of the resolution limit (~7.5 Å). However, 
along the structure determination way, the study 
has provided valuable insights into the function of 
this transporter and its analogs, contributing to the 
broader goal of structure elucidation. The ultimate 
aim of the structure determination endeavor always 
remains to elucidate the structural basis of the 
function. Importantly, recent advances in structure 
prediction using deep learning methods [46] 
offer a valuable alternative when experimentally 
determined structures are unavailable. However, 
these deep learning-based methods are trained 
on experimentally determined structures, and 
where such data exist, they can be used to more 
accurately predict transporter structures in different 
conformational states, thereby capturing the full 
transport cycle. For MFS transporters, each transport 
cycle comprises of at least 6 conformational states 
including two occluded states (empty and loaded), 
two inward facing (open and occluded), and two 
outward facing (open and occluded) states [47]. 
Currently, the only available structure for the close 
homologue of the styMdtM transporter is for an E. 

Fig. 4. Cubic crystals of truncated styMdtM [A and B] and their isotropic diffraction pattern with a resolution limit of 
10Å [C and D]. The truncated transporter had a deletion of 13 amino acids (i.e., V398RQHEAAELAAEK410) from the 
C-terminus of the transporter.
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coli MdfA mutant in inward-occluded and occluded 
(loaded with ligands) conformations. Following 
this training module, the Alphafold structure of the 
styMdtM also appears to be nearly in the inward-
occluded conformation. However, as mentioned 
above, capturing the full transport cycle calls for 
further experimental determination of structures in 
other conformations. 

The future work on the transporter under study 
may involve optimization of conditions for the 
growth of crystals, thereby minimizing anisotropic 
effects, generating doubly mutant forms of the 
transporter and whereby needed triply mutated 
forms to induce conformational locking. The co-
crystallization of the transporter with a soluble 
protein can also be followed to improve the quality 
of the crystals. To minimize the radiation-induced 
damage, the X-ray exposure time can be minimized 
as well as the intensity of the beam can be reduced. 
This will also be helpful in addressing the issue 
of the presence of streaky patterns in diffraction 
images. 
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Abstract: Current study described micropropagation of commercial date palm cultivar Gulistan through juvenile 
inflorescence explants. Immature spathes (20 cm in length) were excised before emergence from leaf axils in the 
crown at particular time i.e. early of February. For sterilization, the undissected spathes were dipped in NaOCl solution 
(40%) for 10 minutes on laminar air flow hood. Medium used for callus formation in the inflorescence explants was 
consisted of 0.1 mg/L 2,4-D, 0.1 mg/L IAA, 5.0 mg/L NAA induced significantly highest callus (87%) in primary 
explants. Highest somatic embryogenesis (84%) was obtained on the medium contained 0.1 mg/L NAA, 0.1 mg/L 
Kinetin. Shoot induction and multiplication (91%) was recorded on the medium consisted of 0.1 mg/L NAA, 0.05 
mg/L BA. Leaves number (4.1), leaves length (17 cm), roots number (4.0), roots length (7 cm) were recorded as 
significantly highest on the medium consisted of 0.1 mg/L NAA. Trimming of embryonic root at 1-2 mm distance 
from plantlets’ base produced 3-4 adventitious roots. In vitro hardening supported to choose healthy plantlets which 
survived well in greenhouse. Plantlets’ survival percentage in greenhouse after 1M (88%) as significantly highest was 
recorded on the soil mixture contained peatmoss, river sand, perlite (1:1:¼ v/v). 46 cm long plantlets produced 4 small 
fronds/compound leaves, were cultivated in open field. Fruiting in trees started after three years of cultivation in open 
field. Introduction of elite date palm cultivars like Gulistan via micropropagation will be an addition to the existing 
cultivars in the area.

Keywords: Micropropagation, Somatic Embryogenesis, Plantlet Regeneration, In vitro Hardening, Acclimatization.

1.    INTRODUCTION

Date palm (Phoenix dactylifera L.) a member of 
family Arecaceae is dioecious and diploid (2n = 
36), contains vast number of varieties cultivated in 
arid and semi-arid regions in the world [1-3]. Date 
palm is titled as ‘‘Tree of Life” due to its worldwide 
occurrence in Oasis and arid areas [4, 5]. Date palm 
yields up to 40-50 years; however, it may reach 
to 150 years age in certain conditions [6]. Dates 
contain vitamins, sugars, minerals, and various 
compounds used in the pharmaceutical industry for 
medicines’ production [7-10]. Date palm generates 
considerable chances for the peoples living in rural 
areas, earning source for the date growers, increases 
income and is a good source of food [11]. Generally, 
the traditional propagation methods of date palm 

are by seeds and offshoots, but are labour intensive 
and time consuming. Commercially valued date 
palms are hindered via seed propagation due to 
heterozygous nature of the plants [12]. Generally, 
the date palm propagated via seeds either become 
male or female, and also produce inferior quality 
fruits, slow growth (8-10 years up to fruiting). 
Offshoot-grown date palm yields true-to-type fruits 
but show slow growth up to fruiting [13]. A date 
palm tree produces only 10-20 offshoots in whole 
life, its low survival in the field (50% mortality 
rate), and threat of Red Palm Weevil, Bayoud and 
Bayoud like diseases; such as, sudden decline 
disease [4, 14]. Keeping in view, the current scenario 
of date palm cultivation and production, the tissue 
culture is an additional possible way to multiply 
the selected local and exotic cultivars in a shortest 



time and space under controlled environmental 
conditions [2, 14, 15]. Simultaneously, the tissue 
culture-derived plants of date palm remain free 
from pests and diseases compared to the date palms 
propagated via traditional propagation methods. 
Micropropagation is suitable means of date palm 
propagation in contrast to seeds and offshoots, 
which can fulfil the requirement of date palm plants 
for large scale cultivation [16]. 

Additionally, the micropropagation is widely 
applied for the rapid production of the plant material 
[17]. Explants of the offshoots and inflorescences of 
the date palms have been used largely. Inflorescence 
based micropropagation proved as an efficient way 
for producing huge number of plants in a shortest 
time and space without sacrificing the whole tree; 
instead, a single inflorescence is excised from the 
tree without harm. Micropropagation is also a means 
for multiplication of the male or female recalcitrants 
of commercially important date palm cultivars [18]. 
A complete tree of date palm is utilized to obtain 
meristematic shoot tip explants, whereas, the tree 
remains un-damaged during excision of a spathe.

Several workers [19-26] utilized inflorescences 
of female date palms as an alternative to shoot 
tip explants; and found as a potential explant for 
in vitro culture compared to male inflorescence 
regarding induction of somatic embryos [22, 
27]. Low somaclonal variation was observed in 
previous studies in the date palm plants derived 
from juvenile inflorescences [1, 28, 29]. Plant 
regeneration protocols of date palm through somatic 
embryogenesis were established through several 
studies [30-32]. Recently, inflorescence explants of 
date palm have been used widely in tissue culture 
[2, 15, 26, 33]. Commercial date palm cultivars in 
Pakistan are a few, simultaneously attacked by pests 
and diseases. Gulistan cultivar is a commercial 
semi-dry cultivar originally belongs to Dera Ismail 
Khan, Khyberpakhtunkhwa, Pakistan.

In this study micropropagation of commercial 
date palm cultivar Gulistan is an addition to 
existing cultivars in the area. Lot of work have 
been conducted on the micropropagation of 
several date palms in the world, but most of the 
studies were restricted to acclimatization stage, 
or if transferred in the open field produced fruits 
indistinguishable to the mother tree, or the trees 
were completely infertile due to irreversible genetic 

variations. On the contrary, this study described 
successful micropropagation of date palm produced 
fruits similar to mother palms; hence this study 
distinguishes to previously conducted studies on 
micropropagation of other date palm cultivars. 

Present study designed to optimize stage-wise 
procedures for in vitro propagation of date palm 
via inflorescence explants, somatic embryogenesis, 
acclimatization of plantlets on various soil mixtures, 
transfer of plants in open field, and finally to check 
fruit quality are key objectives. Established tissue 
culture protocols of date palm by the current study 
will be applicable to micropropagate the other 
varieties and cultivars on commercial level growing 
in the world.

2.    MATERIALS AND METHODS

2.1. Excision of Spathes and Explant Preparation 

Spathes were collected from Orchard of Date Palm 
Research Institute, Shah Abdul Latif University, 
Khairpur located at latitude 27.490418˚ N, 
longitude 68.761593˚ E. Annual rainfall average 
of Khairpur is 87.6 mm and temperature (50 ˚C) 
in July. 20 cm long spathes were excised from the 
tree during first week of February in 2006; grown 
in the district Khairpur, Pakistan. Any residual 
particles on spathes’ surface were removed with 
cotton. Later, spathes shifted to the laboratory, kept 
in closed ice box (4 ℃) to save from desiccation. 
Washing of spathes was carried out with tap water 
inside the laboratory. Further sterilization of spathes 
was carried out in culture room with NaOCl (40%) 
with 4-5 drops of tween-twenty for 10 min. After 
sterilization process, the spathe’s cover was excised 
vertically with scalpel from both sides, keeping the 
inflorescence bunch intact.

After excision of both sides, the spathe was 
dissected horizontally to remove spathe cover 
entirely. Spikelets of 2-3 cm isolated from bunch 
and cultured directly on initiation media (kept 
vertically in culture tubes on the medium in a way 
the lower side of explant touched the medium); 
whereas, long spikelets were excised into 2-3 
cm. Callus cultures were incubated under dark up 
to 7-9 months. Somatic embryos were induced 
under complete dark, and were multiplied under 
photoperiod 16/8 hours. Shoots (10 cm long) were 
shifted to elongation and rooting media for further 
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growth. After 1-2 subcultures, roots of the long 
plantlets were cut at 1-2 mm distance from plantlet’s 
rooting area for production of multiple roots.

2.2. Media Preparation and Culture Conditions

Initiation medium was based on MS micronutrients, 
B5 macronutrients, sucrose 30 g/L, agar 2.2 g/L, 
gelrite 1.4 g/L, MS vitamins, KH2PO4 170 mg/L, 
glutamine 100 mg/L, adenine sulphate 40 mg/L, 
2,4-Dichlorophenoxyacetic Acid (2,4-D) (0.1 
mg/L), Indole-3-Acetic Acid (IAA) (0.1 mg/L), 
Naphthalene Acetic Acid (NAA) (5.0 mg/L) (M1). 
Initiation medium was based on 2,4-D 0.2 mg/L, 
IAA 0.1 mg/L, NAA 5.0 mg/L (M2). Maturation 
medium was based on Activated Charcoal (AC) 1.5 
g/L, 2,4-D (5.0 mg/L), 2-Isopentenyladenine (2iP) 
(1.0 mg/L). Differentiation medium was consisted 
of full MS, NAA (0.1-0.2 mg/L) and Kinetin (0.1-
0.2 mg/L). Multiplication medium was based on 
NAA (0.1-0.2 mg/L) and 6-Benzylaminopurine 
(BA) (0.05 mg/L). Rooting media were consisted 
of MS (¼), calcium pantothenate (0.1 mg/L), AC 
(3 g/L), NAA 0.1 mg/L (M1); Indole-3-Butyric 
Acid (IBA) 0.1 mg/L (M2), NAA 0.2 mg/L (M3), 
IBA 0.2 mg/L (M4). Initiation and differentiation 
were carried out under full dark (24 °C); while the 
rooted plantlets were grown under photoperiod 
(16/8 hours), temperature (27 °C). Multiplication 
and rooting were achieved under photoperiod 16/8 
hours (fluorescent light intensity at 40-60 µmol 
m-2 s-1). Light intensity during elongation and 
rooting stages was 160 µmol m-2 s-1. At initiation 
stage, subculturing was carried out after every 
three weeks; while at multiplication and rooting 
stages; subculturing was done after every four 
weeks. pH of the media was fixed at 5.7 at all in 
vitro growth stages. Medium was dispensed either 
in 150 × 25 mm tubes or in 350 ml jars utilized for 
in vitro cultures. 20 ml medium dispensed in each 
culture tube or 25 ml medium dispensed per jar. 
Sterilization of the media was done by autoclave 
(Mitsubishi, Japan) for 15 min at 121 °C.

2.3. In vitro Hardening 

In vitro hardening was performed inside laboratory 
during June, 2008 for 2-3 days before shifting the 
plantlets in the greenhouse. Plantlets used for in 
vitro hardening were consisted of 2-3 roots and 
3-4 leaves. Liquid medium was used for in vitro 
hardening consisted of ½ MS, 15 g/L sucrose. 

Small holes were made in the cape of culture 
vessels for movement of gases in and out of the 
culture tubes 1-2 hours prior to transfer the plantlets 
in greenhouse.

2.4. Acclimatization

20 cm long plants with four simple leaves and 
adventive roots were transplanted in greenhouse 
during June, 2008. Plantlets directly exposed to 
greenhouse environment by removing the cap of 
the culture tubes for 1-2 hours prior to shift on soil 
mixture. Later, the plantlets taken out of vessels 
to remove gel from roots with sterilized water. 
Systemic fungicide (Carbendazim) solution (3 g/L) 
was used for washing the plantlets before shifting 
in 19 × 13 cm plastic bags on various mixtures 
of peatmoss, river sand, perlite (1:1:¼), (1:2:¼), 
(1:3:¼), (1:4:¼). Humidity was maintained to 85-
90% inside the tunnel in the greenhouse for few 
weeks. Ventilation of the tunnel was carried out after 
a week for 10 min. After one month, the plantlets 
were exposed to the environment of greenhouse 
and the tunnel/polyethylene cover was removed 
completely. At this stage no any fertilizer was 
applied to the plants. One and half years old plants 
were shifted in 41.5 × 21 cm bags on soil mixtures 
used during acclimatization, and left for two and 
half years (up to end of 2010) until formation of 
compound leaves (3-4 per plant), and capable 
to grow well in open field environment. Plants’ 
survival percentages were recorded subsequently at 
one and three months’ interval.

2.5. Open Field Transfer

Plants about 46 cm long with maximum 4 fronds/
compound leaves were cultivated in open field to 
evaluate true-to-typeness of tree and fruit. Fruiting 
in the plants started after two years of plantations 
in the field i.e. in the year 2012. NPK fertilizer 
was applied to the plants in the field as per need 
according to the age of the tree.  

2.6. Statistical Analysis 

Three spathes were obtained from cultivar Gulistan 
yielded total 150 explants. One explant per culture 
tube was cultured on initiation media. Completely 
Randomized Design was performed; whereas, the 
ANOVA and LSD tests were performed at p < 0.05 
according to Steel and Torrie [34].
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3.    RESULTS AND DISCUSSION

3.1. Callus Formation in Primary Explants

2,4-D is one of the important plant growth regulators 
(PGRs) induces callus in immature inflorescence 
explants. In this study different auxins and their 
concentrations induced callus in the floral bud 
explants (Figure 1(a)) during third week of the 
initial culture (Figure 1(b)). About 120 out of 150 
explants (on both treatments used during initiation 
stage) formed callus in the floral buds. Data in 
Table 1 show significantly highest callus formation 
(87%) in floral buds on the medium contained 
2,4-D 0.1 mg/L, IAA 0.1 mg/L, NAA 5.0 mg/L. 
On the contrary, callus formation was decreased 
significantly (55%) on the medium contained 
2,4-D 0.2 mg/L, IAA 0.1 mg/L, NAA 5.0 mg/L. 
Inflorescence explants can induce better callus using 
2,4-D up to 0.5 mg/L [26]; however, in the current 
study three auxins were used in order to induce 
callus in the floral bud explants. Increase in 2,4-D 
(0.2 mg/L) decreased callus induction percentage 
in primary explants. 2,4-D concentrations i.e. 0.5 
mg/L, 2iP 3.0 mg/L induced maximum callus; 
but further increase in 2,4-D to 1.0 mg/L showed 
vitrification [2]. Until maturation stage i.e. 7-9 
months (induction of globular embryos) (Figure 
1(c)); the cultures were retained on initiation media. 
Later, the callus cultures (7-9 months old) shifted to 
maturation medium contained 2,4-D (5.0 mg/L), 2iP 

(1.0 mg/L) for a single subculture. 2,4-D occurrence 
in calli initiation media exhibited positive effect on 
explants to induce highest callus, but higher 2,4-
D levels may sometimes bring variations in plants; 
therefore 2,4-D in the media should be excluded 
once the calli is formed and matured. 2.4-D might 
bring permanent genetic variations at callus stage 
which may persist throughout the whole life making 
whole the cycle useless. Medium contained 2,4-D 
(100 mg/L), 2iP (3.0 mg/L) and AC (3 g/L) was used 
for propagating the date palm in vitro from shoot 
tip [30]. Several workers [26, 35] reported the 2,4-
D a major callus inducing PGR in primary explants. 
Al-Khayri [36] obtained callus in shoot tip explants 
on the medium comprised of 2,4-D (100 mg/L), 
2iP (3.0 mg/L), AC (1.5 g/L). Badawy et al. [37] 
described the medium for callus formation in date 
palm cv. Sewi consisted of 2,4-D (100 mg/L), 2iP 
(3 mg/L). Auxins disrupt the normal development 
leading to callus induction in primary explants 

Fig. 1. (a) Inflorescence explants, (b) Callus formation in inflorescence explants, (c) Maturation stage of callus prior to 
differentiation, (d) Somatic embryogenesis and germination, (e) Small shoot clusters\, (f) Long plantlets in jars before 
separation, and (g) Isolated plantlets in culture vessels with healthy shoot and root ready for transfer in greenhouse.

PGRs (mg/L) Callus (%)
0.1 2,4-D + 0.1 IAA + 5.0 NAA 87±0.5a

0.2 2,4-D + 0.1 IAA + 5.0 NAA 55±0.2b

LSD (0.05) 0.000***

Table 1. Influence of various combinations of PGRs on 
callus induction in spikelet explants of cv. Gulistan.
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[2, 38, 39]. Callus cultures should be retained 
on 2,4-D contained medium until appearance of 
small globular structures in the callus, indicates 
maturation stage of the callus. Several workers [15, 
40, 41] studied callus induction behavior of soft, 
semi-dry or dry cultivars in inflorescence explants. 
Age of the spathe and explant size had the positive 
role in callus induction in the spikelet explants. 
2-3 cm long explants can be easily submerged in 
the nutrient medium for callus induction. Any part 
of the explant away from the nutrient medium 
undergoes necrosis. Juvenile inflorescence explants 
used in the present study obtained from 20 cm long 
spathes excised during 1st week of February, 2006 
induced significantly highest callus. 

Previous studies used juvenile inflorescence 
explants obtained from spathes (15 cm long) 
obtained during early of February [42] formed calli 
in bulk in the primary explants. Several workers 
[43-45] observed that in date palm calli induction 
was supported by explants’ age and PGRs’ types. 
Most workers observed that the 2,4-D is an effective 
PGR among auxins regarding callus formation in 
initial explants [46-48]. 

3.2. Somatic Embryogenesis

Data in Table 2 exhibit significantly highest (p < 
0.000) somatic embryogenesis (84% of the callus 
cultures obtained during initiation stage) on the 
medium containing NAA (0.1 mg/L), Kinetin (0.1 
mg/L). Contrary, the lowest percentage of embryos 
(51%) was achieved on the medium containing 
NAA (0.2 mg/L), Kinetin (0.2 mg/L). Use of 2,4-
D in the media was restricted up to maturation 
in callus, i.e., calli ready to produce embryos; 
however, the continued occurrence of 2,4-D in 
the media also retard somatic embryogenesis. 
Formation of somatic embryos require low 2,4-D 
concentration in the media or sometimes complete 
exclusion of 2,4-D. 2,4-D should be added up to 

the appearance of rounded structures in the callus 
cultures i.e. start of the differentiation stage [2, 26]. 
Embryogenic calli in inflorescence explants was 
also noted within six weeks on PGRs contained 
media [15]. Embryogenic callus cultures were 
declined gradually due to prolong subculture on 
the media consisted of 2,4-D under full dark. 
Shifting of callus on the media lacking 2,4-D 
retarded normal proliferation of callus under light. 
Furthermore, embryogenic clusters produced from 
friable callus under light developed into somatic 
embryos. Green photosynthetic leaves produced 
in plantlets upon germination (Figure 1(d)). 2,4-D 
concentrations i.e. 1.5, 5 and 10 (mg/L) also used 
for somatic embryogenesis in the callus [49-52]. 
Genotypic effects influence somatic embryogenesis 
which may take few to several months in different 
cultivars [46, 53].

3.3. Proliferation and Germination of Somatic 
       Embryos

Data in Table 3 indicate that highest germination 
(91%) of somatic embryos achieved on medium 
consisted of NAA (0.1 mg/L), BA (0.05 mg/L) 
(Figure (1d)). Contrary, the lowest germination 
(57%) of somatic embryos was recorded on the 
medium contained NAA (0.2 mg/L), BA (0.05 
mg/L). Increase in NAA concentration to 0.2 
mg/L significantly decreased the multiplication of 
somatic embryos. Individual shoots formed after 
germination of somatic embryos were isolated and 
shifted on rooting media for elongation of shoot/ 
root. Embryos exhibited highest multiplication 
and germination under light. Steward et al. [54] 
described the need of auxin in the medium until 
initiation of somatic embryos; whereas, complete 
removal of auxins from the media supports embryo 
maturation. Cytokinins bring maturation of somatic 
embryos [55], followed by cotyledon development 
[56]. Likewise, in this study the procedures were 
exploited for maturation of embryos at proper 

PGRs (mg/L)  Embryogenesis (%)
0.1 NAA + 0.1 Kinetin 84±1.1a

0.2 NAA + 0.1 Kinetin 51±2.1b

LSD (0.05) 0.000***

Table 2. Influence of various combinations of PGRs on 
somatic embryogenesis in callus of cv. Gulistan.

PGRs (mg/L)  Germination (%)
0.1 NAA + 0.05 BA 91±0.5a

0.2 NAA + 0.05 BA 57±2.2b

LSD (0.05) 0.000***

Table 3. Influence of various combinations of PGRs on 
somatic embryos germination in cv. Gulistan.
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growth stage. Two types of somatic embryos 
were recognized such as repeated i.e. cluster of 
embryos and non-repeated i.e. single embryos [2, 
42]. Germination of somatic embryos (repeated 
and non-repeated) resulted in formation of green 
shoots with roots (Figure 1(d)). Up on germination, 
covering of embryos opens vertically, results in the 
emergence of shoot and root. After 1-2 subcultures 
on the multiplication medium, the plantlets were 
shifted on shoots and roots elongation medium 
(Figure 1(e-f)). Previous studies also observed 
germination of single and clustered embryos 
[15, 26, 42]. A comprehensive study conducted 
on micropropagation of date palm via floral bud 
explants [14]. However, in this study several 
combinations of PGRs used at each in vitro growth 
stages differ greatly to those of Solangi et al. [2].

3.4. Shoot Elongation and Rooting

Data in Table 4 describe highest response of 
NAA than IBA for shoot and root growth (Figure 
1(g)). Total number of plantlets produced during 
elongation stage was 1100. About 100 plantlets were 
contaminated or died due to poor rooting, whereas 
remaining 1000 plantlets were survived after root 
trimming process. Results revealed that significantly 
highest (p < 0.000) leaves number (4.1), leaves 
length (17 cm), roots number (4.0) and roots length 
(7.2 cm) were achieved on the medium containing 
¼ MS, calcium pantothenate (0.1 mg/L), AC (3 
g/L), NAA (0.1 mg/L). Leaves number (3.2), leaves 
length (11 cm), roots number (3.1) and roots length 
(5.0 cm) were achieved on the medium contained 
¼ MS, calcium pantothenate (0.1 mg/L), AC (3 
g/L), IBA (0.1 mg/L). NAA and IBA (0.2 mg/L) 
induced lowest leaves and roots number. NAA and 
IBA (0.1 mg/L) have been widely exploited in the 
rooting media for date palm and other plants. 0.1 
mg/L BA, 0.1 mg/L NAA significantly enhanced 
leaves and roots growth [14]. Several workers [15, 
42] used BA 0.05 mg/L, NAA 0.1 mg/L for shoots 
and roots elongation in date palm. El-Sharabasy et 

al. [57] observed positive effect of 0.1 mg/L NAA 
on shoot length of cv. Zaghlool and cv. Sewi than 
IBA and IAA. Healthy root formation was acquired 
on the medium consisted of NAA (0.1 mg/L) [58]. 
Tisserat [59] also acquired adventive roots through 
re-culturing of isolated plantlets on the medium 
comprised of NAA (0.1 mg/L). Omar [60] obtained 
healthy plants of date palm by transferring small 
shoots on the medium comprised of NAA (0.1 
mg/L) for improved rooting, and BA (0.01 mg/L) 
for improved shoot. NAA is widely used PGR for 
the rooting in date palm [35, 59, 61, 62], and several 
other plant species.

3.5. Root Trimming

Better survival of plants in greenhouse at 
acclimatization stage was based on the healthy 
roots developed during in vitro growth. In this way, 
the embryonic roots were cut at 1-2 mm distance 
to lower side of 10 cm plantlets to induce multiple 
roots in each plantlet (Figure 2(a)). Multiple healthy 
roots enhance survival percentage of plants during 
acclimatization. Plantlets acquired after germination 
of somatic embryos consisted of single embryonic 
root (Figure 2(b)). Several studies [14, 15, 62, 64] 
exploited root trimming for formation of healthy 
adventive roots in each plantlet. Root trimming is 
the means of getting higher survivability of plants 
in greenhouse. Solangi et al. [14, 26] achieved 
healthy growth and maximum survival of plantlets 
in greenhouse. Plantlets with untrimmed roots 
showed weak growth in the greenhouse compared 
to the plantlets with multiple roots developed via 
root trimming at proper growth stage.

3.6. In vitro Hardening

In vitro hardening was performed few days before to 
transfer the plantlets in greenhouse. Liquid nutrient 
medium consisted of ½ MS and 15 g/L sucrose was 
used for in vitro hardening. An opening was made 
in the cap of culture tube for gaseous movement just 

PGRs (mg/L) Cv. Gulistan
Leaves number Leaves length (cm) Roots number Roots length (cm)

0.1 NAA 4.1±0.58a 17±3.10a 4.0±1.00a 7.2±2.00a

0.1 IBA 3.2±0.45ab 11±0.42b 3.1±0.58ab 5.0±1.14b

0.2 NAA 2.2±0.51b 9±1.12c 2.2±0.44b 2.3±0.46b

0.2 IBA 2.1±0.43b 8±1.16c 1.1±0.34c 2.1±0.58b

LSD (0.05) 0.03** 0.002** 0.04** 0.05**

Table 4. Influence of various combinations of NAA and IBA on shoot and root formation and elongation in cv. 
Gulistan.
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one hour prior to shifting the plants in greenhouse. 
Number of in vitro hardened plants was 1000. 
In vitro hardening helps to bring changes in the 
physiological nature of plants from heterotrophic to 
autotrophic [14, 42]. In vitro hardening helped to 
isolate healthier plantlets able for acclimatization. 
More than 85% survivability of plantlets was 
acquired in greenhouse. Poorly developed plantlets 
turned into wilted leaves via in vitro hardening; 
such plantlets were recognized easily, and isolated 
before acclimatization. Hassan et al. [63] suggested 
hardening in vitro to choose healthy plantlets 
prior to acclimatization. In vitro hardening is an 
important final stage of in vitro growth [64]. In 
vitro hardening was also performed for many other 
crops [65]. This technique helps to adapt plantlets’ 
physiology and anatomical features well suited to 
ex vitro environment to ensure maximum survival 
rate in greenhouse.

3.7. Plantlets’ Survival in Greenhouse 

Adaptation of in vitro grown plants in varied 
environmental conditions is called acclimatization 
[14, 42]. Plants develop varied physiology and 
anatomy grown under high humidity, low gaseous 
exchange, which needs to reverse to their normal 
structures by maintaining the humidity in the 

greenhouse during acclimatization [14, 42]. 
Number of plantlets acclimatized in the greenhouse 
was 980, which was 1000 before in vitro 
hardening. Only 20 plantlets showed wilted leaves 
during in vitro hardening and discarded before 
acclimatization. Table 5 shows highest survival 
(88% and 80%) of plantlets after 1M and 3M 
respectively on soil mixture contained peatmoss, 
river sand, perlite (1:1:¼). Gradual decrease was 
noted regarding survival of plantlets in greenhouse 
on soil mixture consisted of peatmoss, river sand, 
perlite (1:2:¼) (77% and 71% after 1M and 3M 
respectively). Results showed significantly highest 
values at p < 0.000 after 1M and 3M. Further 
decrease in the survival rate of the plants was 
noted on soil consisted of peatmoss, river sand, 
perlite (1:3:¼) and peatmoss, river sand, perlite 
(1:4:¼). Results showed that river sand is not 
rich in nutrients as peatmoss; however, river sand 
provides good aeration to the roots but deficient in 
nutrients compared to peatmoss. Peatmoss contains 
essential elements such as potassium, phosphorus, 
nitrogen, iron, magnesium, calcium etc. Peatmoss 
does not fulfil all nutrient requirements of the 
plants which always fulfilled with fertilizers when 
plants rooted in soil mixtures and start growing 
after acclimatization. Results revealed that total 
mortality rate of plants in greenhouse was 20% in 
3 months on a soil mixture contained peatmoss, 
river sand, perlite (1:1:¼) and no more plants were 
died until shifting in the open field. On the contrary, 
significantly highest plant mortality rate (45%) was 
noted on a soil mixture contained peatmoss, river 
sand, perlite (1:4:¼) after 3 months. Phenomenon 
indicated that higher ratios of river sand were not 
suitable for acclimatization of date palm. Peatmoss 
should always be added with river sand, but the ratio 
of river sand should not increase to peatmoss ratio; 
however, peatmoss ratio can be increased; whereas, 
the perlite always should be in little amount. Perlite 
is a light weight porous volcanic glass used as a soil 
conditioner to improve drainage and aeration in the 

Fig. 2. (a) Multiple roots produced at the base of date 
palm plantlets after trimming the embryonic root, (b) 
Single root developed in plantlets with untrimmed 
embryonic roots.

Soil Mixtures Cv. Gulistan
Peatmoss River sand Perlite 1 Month 3 Months
1 1 ½ 88±1.3a 80±2.2a

1 2 ½ 77±0.5b 71±0.2b

1 3 ½ 65±0.4c 60±1.2c

1 4 ½ 60±2.1c 54±2.2d

LSD (0.05) 0.000*** 0.000***

Table 5. Influence of various mixtures of Peatmoss, River sand, Perlite on plantlets’ survival in greenhouse cv. Gulistan.
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plants. It is created by heating volcanic glass, which 
causes it to expand. Perlite is pH neutral and helps to 
prevent soil compaction while creating air pockets 
for root growth. It also enhances water retention. 
In previous studies [63, 66, 67] low survival (25-
30%) in date palm plants was obtained during 
acclimatization due to improper soil mixtures. 
Kurup et al. [68] noted 60% survival of plants on 
a soil mixture contained peatmoss and vermiculite 
(2:1) in cv. Kheneizi. Othmani et al. [51] obtained 
survival (60%) in date palm cultivar Boufeggous 
and 80% in cultivar Deglet Nour. 72-84% survival 
rate of date palm plants was obtained by Al-Khayri 
[48] in cultivars Nabout Saif and Khasab. Solangi 
et al. [14] recorded survival (92%) of plants on soil 
mixture contained peatmoss and river sand (3:1). 
Various studies [69, 70] used a soil mixture of 
peatmoss and vermiculite (1:1) for growing 12 cm 
plantlets in greenhouse. 

Plantlets of date palm successfully acclimatized 
and established in the greenhouse (Figure (3a)). 
One and half year old plantlets in greenhouse with 
a compound leaf were transferred into 41.5 × 21 cm 
plastic bags (Figure (3b)). Two and half years old 
plantlets in greenhouse with four compound leaves 
(Figure (3c)) transferred in field showed 100% 
survival due to well established roots at base of 
plants grown in greenhouse. Fertilizer (NPK) was 
applied to plants in greenhouse and in open field 
according to the age of plants. Several studies [14, 
15] applied 3 g/L NPK on six months old plants in 
greenhouse; whereas, 20 g/L NPK applied to two 
and half years old plants.

3.8. Vegetative Growth and true-to-type Fruiting 
       of Date Palm in the Open Field Conditions

Plants grown in greenhouse up to two and half years 
produced 3-4 compound leaves and adventitious 
roots (Figure (3c)) were shifted in the open field for 
further vegetative growth and fruiting (Figure (3d)). 
Fruits of cv. Gulistan were similar morphologically 
to the fruits as in their native place (Dera Ismail 
Khan, Khyberpakhtunkhwa, Pakistan). Date palm 
cv. Gulistan started fruiting after three years of 
cultivation in the field (Figure 3(e-f)). Quality of 
ripened dates of the tissue cultured plants was also 
similar to the dates grown in their native place 
(Figure 3(g)). However, phenotypic abnormalities 
i.e. twisted inflorescence, fertilization failure, dwarf 
plants, bastard offshoots, ceased flowering, multiple 
carpels [71], were rarely noted after two years of 
cultivation in the open field, and were reversible. 
Mirani et al. [28, 29] observed epigenetic variations 
which were reversible to normal phenotypes after 
two years of cultivation in the field. Additionally, 
the variations like dwarf plants reverted to normal 
phenotypes were reported by Gurevich et al. [72]. 
Several workers [73-76] observed the epigenetic 
variations in tissue cultured plants of date palm 
reverted to normal phenotypes. Climate and soil 
conditions of Khairpur, Pakistan were suitable 
for growing date palm cultivars grown in other 
provinces of Pakistan. Mirani et al. [28, 29] 
conducted detailed study on somaclonal variations 
in tissue cultured date palm cvs. Gulistan, Dedhi, 
Kashuwari. Mirani et al. [28] conducted study on 
reversion of phenotypic variations in tissue cultured 

Fig. 3. (a) Acclimatized plantlets in greenhouse, (b) One and half year older plants in greenhouse, (c) Two and half 
years older plants in greenhouse, (d) Plants growing in the open field, (e) Date palm cv. Gulistan with true-to-type 
fruits, (f) Rutab stage dates of TC derived cv. Gulistan, (g) Tamar stage dates of TC derived cv. Gulistan.
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date palm, and observed that phenotypic variations 
occurred in tissue cultured plants were epigenetic 
variations (reversible variations). Solangi et al. [77] 
conducted comparative study on field performance 
of tissue cultured and offshoot-grown date palm 
cvs. Gulistan, Kashuwari, Dedhi, and observed that 
tissue cultured plants produced true-to-type fruits. 
Date Palm Research Institute, Shah Abdul Latif 
University, Khairpur witnessed to micropropagate 
around 2400 plants of date palm cvs. Gulistan, 
Kashuwari, Dedhi, Samany and Bertamoda, which 
were distributed among the active growers, belong 
to different areas of Pakistan produced true-to-type 
fruits. However, still there is need to have a tissue 
culture laboratory for production of huge number 
of plants for commercialization. Tissue culture is 
expensive; consume high cost; but simultaneously 
huge number of elite and rare plant species can be 
propagated within shortest time and space. In this 
study true-to-type fruits were obtained, which were 
also confirmed by genetic studies conducted by 
Mirani et al. [29].  

4.    CONCLUSIONS

Commercially valued date palm cultivar Gulistan 
was successfully micropropagated through 
immature inflorescence explants. PGRs exhibited 
significant role in promoting the growth in each 
in vitro growth stage. Improved germination and 
multiplication of somatic embryos were obtained, 
led to shoot formation and rooting.  Growth of 
shoots and roots improved on the media comprised 
of NAA or IBA. 3-4 adventive roots produced 
per plantlet by trimming the embryonic root. In 
vitro hardening helped to change slowly from 
heterotrophic mode of nutrition to autotrophic (to 
obtain food by photosynthesis). In greenhouse 
plantlets showed better survival rate on the soil 
mixtures contained equal ratios of peatmoss and 
river sand. 100% plants survived in open field due 
to well-formed roots. Normal tree growth (except 
reversible changes) and true-to-type fruits were 
noted showed similar colour, size, shape and taste. 
Results obtained in this study can be applied to 
micropropagate elite date palm cultivars grown in 
Pakistan and around the world. 
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Abstract: Gladiolus is a valuable ornamental crop, widely cultivated for its aesthetic appeal and commercial demand. 
However, its growth and flowering performance are often hindered by poor soil fertility and suboptimal nutrient 
management, which needs to be optimized for its commercial production under the agroclimatic conditions of Peshawar, 
Pakistan. Humic acid is a natural organic substance and is known to enhance soil properties and improve plant growth. 
Therefore, this experiment was conducted under RCBD split plot arrangement to evaluate the different humic acid 
levels and their influence on five different gladiolus cultivars. Results indicated that both humic acid and cultivars 
significantly influenced vegetative and reproductive attributes. The humic acid at the rate of 4 kg ha⁻¹ treatment was 
most effective, resulting in improved emergence, number of leaves, leaf area, spike emergence, 1st floret opening, 
florets per spike, field flower persistence, vase life, corm weight, and number of cormels. Enhanced performance was 
attributed to better nutrient uptake, chlorophyll synthesis, hormonal balance, and source–sink relationships under 
humic acid supplementation. Among cultivars, ‘White Prosperity’ showed superior vegetative growth and cormel 
production, while ‘Priscilla’ had longer vase life and heavier corms, indicating genetic differences in nutrient use and 
reproductive efficiency. The results show that humic acid not only promotes vegetative growth but also accelerates 
floral initiation, increases floret production, delays senescence, and enhances postharvest quality. It is concluded that 
humic acid at the rate of 4 kg ha⁻¹, in cultivars White Prosperity and Priscilla, was optimal for commercial gladiolus 
cultivation under Peshawar’s agro-climatic conditions.

Keywords: Bulbous Crops, Flowering, Gladiolus, Humic Acid, Vase Life.

1.    INTRODUCTION

Gladiolus (Gladiolus Grandiflorus L.) is a popularly 
grown bulbous ornamental which is a member of the 
Iridaceae family. It is indigenous to South Africa, 
but now grows in many countries because of its 
exquisite beauty, long petal spikes, and their great 
variation in colors. About 260 species and nearly 
1,000 cultivars have been identified with the genus 
with about 120 being cultivated as cut flowers [1]. 

The other cultivars are normally used in decoration 
of the garden, sales and display, and used in making 
seasonal flower displays. Gladiolus can also be 
called the “Queen of bulbous flowers” since it has 
a lovely look and excellent performance as a cut 
flower [2]. Its plant is popular due to its long shelf 
life after harvest and its beauty in decorative pots, 
in bouquet and flowers arrangements. The demand 
of gladiolus cultivation has increased tremendously 
in different states worldwide, the leading producers 



of gladiolus are the United States, followed by 
Netherlands, Italy, and Brazil etc. [3]. It has got 
a large export value particularly in Europe in the 
winter seasons where people use it a lot in its indoor 
decoration and landscaping [4]. Gladiolus has the 
potential to generate handsome revenue in cut 
flowers trade [5].

In order to increase growth, quality and 
commercial value of gladiolus careful nutrient 
management is necessary. Humic acid is one of the 
numerous types of organic amendments that are 
becoming of great significance due to its capability 
to enhance soil health and plant performance. 
Humic acid is a polymeric organic compound in 
nature, which increases nutrient adsorption, raises 
the activity of microorganisms, and improved the 
soil properties [6]. It improves soil fertility due 
to the fact that it forms chelates with applicable 
nutrients making them more readily available to 
the plants [7]. Humic acid enhances the capacity 
to absorb water and aerate the soils as well as 
drain the soils and also makes plants withstand 
environmental stress [8]. It encourages early 
germination, strong vegetative development and 
effective flowering. Also, Humic acid minimizes 
the use of synthetic fertilizers thus enhancing 
sustainable farming. Soils contain large quantities 
of humic substances such as fulvic and humic acids 
that are very vital in the developmental stages of 
plants [9]. Application of Humic acid can induce 
relevant and significant physiological processes in 
plants that include a rise in respiration, enhanced 
photosynthesis, enhanced root growth, and more 
chlorophyll synthesis [10]. Such advances are 
especially valuable to ornamental crops such as 
gladiolus, where marketability depends on plant 
aesthetics, flower size and duration. The climate 
in Khyber Pakhtunkhwa, Pakistan, is favorable to 
the gladiolus production, but most of the available 
cultivars are poor in performance and do not meet 
the required characteristics in the global market [11]. 
A rising interest in comparing local and introduced 
cultivars is aimed at establishing cultivars that 
perform better. Moreover, the effect of organic 
amendments like humic acid on gladiolus in the 
agro-climatic conditions of Peshawar can help in 
enhancing the quality of flowers, its yield and its 
market value.

Current research was aimed to test the 
performances of the various gladiolus cultivars to 

evaluate the best levels of humic acid in enhancing 
various growth, yield and quality attributes of 
gladiolus under the agro-climatic environment 
of Peshawar. The objectives of the study were to 
determine the interaction between levels of humic 
acid and gladiolus cultivars on the general plant 
performance in order to be able to recommend the 
best cultivar-nutrient combination that can be used 
in commercial production of gladiolus flowers in 
the area.

2.    MATERIALS AND METHODS

2.1. Experimental Design and Factors

This study was conducted at the Ornamental 
Horticulture Nursery, The University of Agriculture 
Peshawar. It was performed following the 
randomized complete block design with split plot 
arrangement. Main plots were consisted of four 
humic acid concentrations, i.e., 0, 2, 4, and 6 kg 
ha-1 whereas five cultivars, i.e., White Prosperity, 
Priscilla, Advance Red, Purple Flora, and Green 
Star were assigned to sub plots. There was a total of 
twenty treatments replicated three times.

2.2. Planting of Corms

The experimental site was thoroughly prepared 
before planting. Gladiolus corms were arranged 
from a reliable seed company in Islamabad. A basal 
dose of Nitrogen, Phosphorus, and Potassium at 
the rate of 100:75:75 kg ha⁻¹ was applied before 
planting, with nitrogen supplied in two split doses, 
the first at the time of planting and the second at 
the three-leaf stage. Urea, di-ammonium phosphate 
(DAP), and sulphate of potash (SOP) were used as 
sources of nitrogen, phosphorus, and potassium, 
respectively. Humic acid was also applied in two 
split doses: the first at planting and the second at the 
three-leaf stage. Corms were planted with a spacing 
of 30 cm between plants and 60 cm between rows, 
at a depth of 6 cm. All cultural practices, including 
irrigation, weeding, and hoeing, were carried out 
uniformly across treatments. Additionally, soil-
based application of humic acid was performed 15 
days before corm planting.

2.3. Soil Analysis

Before the application of humic acid and planting 
of corms, soil samples were collected from the field 
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at three depths (0-15 cm, 15-30 cm, and 30-45 cm). 
These samples were analyzed in the laboratory 
of the Department of Soil and Environmental 
Science, The University of Agriculture, Peshawar, 
to determine soil pH, electrical conductivity (EC), 
organic matter (OM), nitrogen, phosphorus, and 
potassium contents. These results are presented in 
Table 1, that gives the insights into the existing field 
conditions.

2.4. Cultural Practices 

Weeds were removed from the field as needed 
throughout the cropping period. Irrigation was 
carried out on a weekly basis from January to 
August. Bamboo sticks were used for staking when 
necessary to support taller plants that could not 
stand upright on their own. For data collection, five 
plants were randomly selected and tagged from 
each subplot.

2.5. Attributes Studied 

To evaluate the growth, flowering, and corm yield of 
gladiolus, various morphological and reproductive 
parameters were recorded during the experiment. 
Days to emergence of plants were calculated by 
noting the days from plantation of corms till the 
emergence of 50% plants in every treatment and 
replication and its mean was computed. The number 
of leaves per plant was determined by counting the 
total number of leaves on five randomly selected 
plants per treatment and calculating the mean. For 
leaf area (cm²), mature leaves from five randomly 
selected plants were measured using a leaf area 
meter, and the mean was computed. Days to spike 
emergence were recorded by counting the number 
of days from planting to the appearance of flower 
spike in each treatment, with averages taken across 
replications.

The days to first floret opening were calculated 
by recording the time taken from planting until the 
first floret opened on three randomly selected plants, 
and the average was determined. The number of 
florets per spike was counted from five randomly 
selected plants per plot, and the average value was 
used for analysis. Spike length (cm) was measured 
using a meter rod from the internode just above the 
fourth leaf up to the tip of the spike on five randomly 
selected plants, and the results were averaged. 
Field flower persistency was assessed by noting the 
number of days from the opening of the first floret 
until the fading of the last floret on selected spikes, 
with the average calculated accordingly.

To evaluate postharvest performance, vase life 
(days) was measured by harvesting spikes at the 
color-showing stage, placing them in distilled water 
at room temperature, and recording the duration 
until it lost its decorative value. For corm yield 
assessment, corm weight (g) was recorded using a 
digital balance after harvesting, and mean values 
were calculated for each treatment. The size of the 
corms (cm) was measured using vernier caliper, 
and average dimensions were determined for each 
treatment. Lastly, the number of cormels per plant 
was obtained by counting all the cormels produced 
per plant in each plot and computing the mean [11].

2.6. Statistical Analysis

The analysis of variance (ANOVA) was analyzed 
for the collected data using Statistix 8.1 using a 
RCBD design with split plot arrangement, and 
treatment means were compared using the Least 
Significant Difference (LSD) test at a 5% level of 
significance [12]. The bar graphs were made using 
sigma plot 15.0, the PCA, correlation matrix and 
heatmap were built with R-studio.

Property
Soil Depth

0-15 cm 15-30 cm 30-45 cm
pH 7.86 8.19 8.24
EC (ds m-1) 0.23 0.19 0.14
Soil Organic Matter (%) 0.78 0.61 0.42
AB–DTPA extractable N (mg kg-1) 0.15 0.12 0.09
AB–DTPA extractable P (mg kg-1) 5.34 5.10 4.32
AB–DTPA extractable K (mg kg-1) 73.2 68.4 66.1

Table 1. Soil analysis of the experimental area.
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3.    RESULTS

The statistical analysis revealed that humic acid 
levels and gladiolus cultivars had significantly 
affected days to plant emergence, whereas their 
interaction was found to be non-significant (Figure 
1(A)). Among the humic acid treatments, the earliest 
plant emergence (14.3 days) was recorded in plots 
treated with humic acid at 6 kg ha⁻¹, followed by 4 
kg ha⁻¹ (14.9 days) and 2 kg ha⁻¹ (16.6 days). The 
maximum days to emergence (17.1) were recorded 
in the control (untreated) plots. Regarding cultivars, 
the minimum number of days to emergence was 
observed in Priscilla (13.5), followed by White 
Prosperity (13.9) and Advance Red (16.3), while 
the highest emergence duration (18.4 days) was 
noted in Green Star.

There was significant variation in number of 
leaves in response to humic acid and cultivars, but 
their interaction was found to be non-significant 
(Figure 1(B)). The max no. of leaves per plant 
(8.5) were recorded in plots supplied with 4 kg ha⁻¹ 
humic acid, followed by 6 kg ha⁻¹ (8.0) and 2 kg 
ha⁻¹ (7.6), whereas the lowest (7.0) was noted in 
control plots. Among cultivars, White Prosperity 
produced highest no. of leaves per plant (8.5), 
followed by Priscilla (8.3) and Green Star (7.7), 
whereas Advance Red resulted in least no. of leaves 
(7.1).

The leaf area per plant was significantly 
affected by both humic acid levels and cultivars, 
though their interaction remained non-significant 
(Figure 1(C)). Maximum leaf area (290 cm²) 
was observed when the gladiolus cultivars were 

Fig. 1.  Effect of humic acid on different gladiolus cultivars, (A) Days to Emergence, (B) No. of Leaves, (C) Leaf Area, 
(D) Days to spike emergence, (E) Days to floret opening, and (F) No. of florets per spike.
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supplied with humic acid @ 4 kg ha⁻¹ while the 
least was recorded in control.  Among cultivars, 
the maximum leaf area was recorded in White 
Prosperity (312.1 cm²), followed by Priscilla (301.2 
cm²) and Advance Red (264.2 cm²), while Green 
Star produced the minimum leaf area (250.6 cm²).
The spike emergence was significantly influenced 
by humic acid levels, cultivars, and their interaction 
(Figure 1(D)). Plots treated with 4 kg ha⁻¹ humic 
acid recorded the earliest spike emergence (70.7 
days), followed by 6 kg ha⁻¹ (73.5 days) and 2 kg 
ha⁻¹ (74.7 days), while control plots took the longest 
(75.6 days). Among cultivars, White Prosperity 
produced the earliest spikes (69.9 days), followed 
by Priscilla (71.0 days) and Purple Flora (74.7 
days), while the highest days to emergence (76.7) 
was noted in Green Star.

For days to first floret opening, significant 
effects were observed for humic acid and cultivar, 
but not for their interaction (Figure 1(E)). Plots 
treated with 4 kg ha⁻¹ humic acid showed the 
earliest floret opening (76.0 days), followed by 
6 kg ha⁻¹ (78.7 days) and 2 kg ha⁻¹ (79.5 days). 
The maximum days to floret opening (82.6) were 
recorded in the control. Among cultivars, White 
Prosperity opened first (76.9 days), followed by 
Advance Red (77.6 days), Purple Flora (79.9 days), 
and Priscilla (80.2 days), with Green Star that took 
maximum days (81.5) to first floret opening.

The number of florets per spike was greatly 
influenced by both humic acid levels and cultivars, 
while their interaction remained non-significant 
(Figure 1(F)). Maximum florets per spike (14.7) was 
observed at 4 kg ha⁻¹, followed by 6 kg ha⁻¹ (14.5) 
and 2 kg ha⁻¹ (13.0), with the control resulted in least 
no. of florets per spike (12.30). Among cultivars, 
White Prosperity produced the highest number of 
florets (14.3), followed by Priscilla (14.1), Advance 
Red (13.4), and Purple Flora (13.3), with Green 
Star recording the minimum (12.9).

Spike length was significantly affected by 
humic acid levels, cultivars, and their interaction 
(Figure 2(A)). The longest spike (66.3 cm) was 
produced with 4 kg ha⁻¹ humic acid, followed by 6 
kg ha⁻¹ (66.2 cm) and 2 kg ha⁻¹ (60.4 cm), while the 
control had the shortest spikes. Among cultivars, 
White Prosperity produced the longest spikes (67.0 
cm), followed by Priscilla (63.2 cm) and Advance 
Red (62.5 cm), with Purple Flora producing the 

shortest (60.1 cm). Notably, the maximum spike 
length (71.5 cm) was recorded from the interaction 
in gladiolus cv. White Prosperity that received 4 kg 
ha⁻¹ humic acid.

Vase life of gladiolus cultivars was 
significantly influenced by the different levels of 
humic acid and cultivars, whereas their interaction 
was non-significant (Figure 2(B)). The longest vase 
life (9.3 days) was recorded cut flowers of plants 
treated with 4 kg ha⁻¹ humic acid, followed by 6 
kg ha⁻¹ (8.4 days) and 2 kg ha⁻¹ (7.5 days), while 
the control showed the shortest (6.1 days). Among 
cultivars, Advance Red had the longest vase life 
(9.9 days), followed by White Prosperity (8.4), 
Priscilla (7.8), and Purple Flora (6.7), with Green 
Star exhibiting the shortest vase life (6.3 days).

The analysis also indicated that both humic 
acid and cultivars had a significant effect on field 
flower persistency, though their interaction was 
non-significant (Figure 2(C)). The longest field 
persistency (12.5 days) was observed in plants that 
received humic acid @ 4 kg ha⁻¹, followed by 6 kg 
ha⁻¹ (11.6 days) and 2 kg ha⁻¹ (10.4 days), while 
the control exhibited the shortest duration. Among 
cultivars, White Prosperity showed the highest 
persistency (12.3 days), followed by Priscilla (12.0 
days) and Advance Red (10.2 days), while the 
lowest (8.8 days) was noted for Green Star.

In case of corm weight, there was significant 
variation in corm weight due to humic acid 
levels and cultivars, but their interaction was not 
significant (Figure 2(D)). The heaviest corms 
were obtained from plots supplied with 4 kg ha⁻¹ 
humic acid (20.7 g), followed by 6 kg ha⁻¹ (19.2 
g) and 2 kg ha⁻¹ (17.4 g), while the control plots 
that received no humic acid had the lowest weight 
(13.8 g). Priscilla had the heaviest corms (22.2 g) 
followed by White Prosperity (18.9 g) and Purple 
Flora (18.0 g) whereas Green Star produced the 
lightest corms (14.7 g).

The largest corms (4.3 cm) were obtained at 4 
kg ha⁻¹ humic acid, followed by 6 kg ha⁻¹ (3.9 cm) 
and 2 kg ha⁻¹ (3.7 cm), while the smallest corms 
were found in control plots (Figure 2(E)). Among 
cultivars, Priscilla produced the largest corms (4.3 
cm), followed by White Prosperity (3.9 cm) and 
Purple Flora (3.7 cm), while Green Star recorded 
the smallest corms (3.0 cm).
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Lastly, humic acid and cultivars had a 
significant effect on the number of cormels per plant 
but the interaction was not significant (Figure 2(F)). 
Plots treated with 4 kg ha-1 had the highest cormels 
(49.1) and were followed by 6 kg ha-1 (43.9), 2 
kg ha-1 (40.1) and the lowest number (30.6) was 
recorded in the control. White Prosperity recorded 
the highest number of cormels (50.7), however least 
no. of cormels (33.5) were noted in Green Star.

3.1. Principal Component Analysis

The principal component analysis (PCA) was 
conducted to reduce dimensionality and identify 
the most influential traits contributing to overall 
variation among the genotypes (Figure 3(A)). 
The first principal component (PC1) accounted 
for 55.9% of the total variance, while the second 
principal component (PC2) explained an additional 
9.6%, making the cumulative contribution of the 
first two components 65.5%.

The PCA biplot revealed that traits such as 
corm weight (CW), corm size (CS), number of 
cormels per plant (NOC), spike length (SL), and 
number of florets per spike (NOF) were strongly 
associated with PC1, indicating their dominant 
role in explaining variability. Conversely, days 
to first floret opening (DFO) contributed more 
significantly to PC2. The quality of representation 
(cos2) indicated by the color gradient revealed that 
DFO, CW, and CS were well represented in the 
two-dimensional space. The accompanying scree 
plot illustrated a sharp decline in explained variance 
after the first component, supporting the selection 
of PC1 and PC2 for interpretation and trait analysis 
(Figure 3(B)).

The Pearson correlation analysis elucidated 
the strength and direction of relationships among 
vegetative, phenological, reproductive, and yield-
related traits in gladiolus (Figure 4. Strong and 
highly significant positive correlations were 

Fig. 2. Effect of humic acid on different gladiolus cultivars, (A) Spike Length, (B) Spike Vase life, (C) Field Flower 
Persistency, (D) Corm weight, (E) Corm Size, and (F) No. of Cormels.
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observed among floral and yield attributes, 
indicating their coordinated contribution to overall 
plant performance. In particular, corm weight 
(CW) was positively and significantly correlated 
with corm size (CS; r = 0.85), number of cormels 
(NOC; r = 0.75), and spike length (SL; r = 0.65), 
suggesting that plants producing larger and heavier 
corms also express superior floral traits.

Conversely, phenological traits such as 
days to plant emergence (DTE), days to spike 
emergence (DSE), and days to first floret opening 
(DFO) exhibited negative correlations with most 
reproductive and yield-related attributes, indicating 

that earlier developmental progression favors 
enhanced flowering and corm productivity. These 
negative associations, particularly between DTE 
and CW or SL, were visually represented by red 
shades in the heatmap, highlighting the inverse 
relationship between delayed phenology and 
reproductive performance. Moderate positive 
correlations were also observed among vegetative 
traits, including number of leaves per plant (NOL), 
leaf area (LA), field flower persistency (FFP), and 
spike vase life (SVL), reflecting their indirect yet 
meaningful contribution to floral longevity and 
yield.

Fig. 3. Principal component analysis (A) and scree plot (B) of the studied attributes of gladiolus.

 

Fig. 4. Correlation matrix of the studied attributes of the gladiolus.

	 Humic Acid Improving the Production of Gladiolus Cultivars	 289



The correlation heatmap (Figure 5) provided 
an intuitive visualization of these relationships by 
integrating correlation strength and significance 
through color intensity and symbol size. Strong 
positive associations among CW, CS, SL, number 
of florets (NOF), and NOC were depicted by large, 
dark blue circles, reinforcing patterns observed 
in the correlation matrix. In contrast, traits 
such as DFO exhibited several non-significant 
associations, marked by ‘X’ symbols, suggesting 
that their variation may be regulated by different 
or more independent factors. Overall, the heatmap 
effectively complements the correlation matrix 
and PCA results by visually confirming key trait 
interrelationships that are critical for targeted 
breeding and selection programs.

4.    DISCUSSION

Humic acid is a well-known organic fertilizer 
that is very effective in the early emergence of 
gladiolus plants as it as soil conditioner and helps 
to improve soil structure, lower soil pH, and raise 
the availability of nutrients [13]. It enhances 
root development and metabolic activity, which 
increases the release of stored energy in corms, 
and hence increase the rate of emergence [14, 15]. 
Furthermore, soil consisting of humic acid is more 
porous, which makes sprouting more favorable 
[16]. The variability in days to emergence among 
different cultivars might be due to the differences 
in their genetic constitution, which influences their 
physiological responses in the prevailing soil and 
environmental conditions [17]. Our findings are 

in line with that of Rizwan et al. [18], they also 
reported significant differences in plant emergence 
in gladiolus cultivars grown in Peshawar condition.  
The positive effect of humic acid application on 
the number of leaves per plant is due to enhanced 
absorption of essential nutrients such as nitrogen, 
potassium, and trace elements [19]. They are 
essential nutrients having directly or indirectly a 
role in the biosynthesis of chlorophyll and cellular 
metabolism as well as continuous leaf formation 
[20]. The increase in nutrient availability causes a 
more vigorous shoot meristem encouraging growth 
in the leaves [21]. Our results are in agreement 
with that of Baldotto and Baldotto [22]; they also 
reported significant increase in no. of leaves in 
plants treated with humic acid. The variation in the 
number of leaves in the cultivars also depend on 
how efficiently they used the available nutrients 
and control their growth [19]. Likewise, Nasir et al. 
[11] also reported a significant variation in leaves 
no. among gladiolus cultivars grown under the 
agro-climatic conditions of Peshawar.

Being acidic in nature and a good soil 
conditioner, humic acid may cause better 
absorption of other essential plant nutrients such 
as nitrogen, potassium, and trace elements for 
improved vegetative growth [23]. The increased 
nutrient uptake causes an increase in the activity of 
the shoot meristem that stimulate the development 
of leaves [24]. Humic acid is also reported to 
improve shoot formation due to enhanced uptake of 
nutrients and development of chlorophyll and other 
pigmented compounds [25]. Humic acid improves 
the hormonal balance of the plants and increases 
cell division, and expansion, resulting in larger leaf 
area [10]. 

The earlier emergence of spike on treatment 
with humic acids suggests an accelerated shift in 
growth between vegetative and reproductive growth. 
Hormonal balance, and in particular gibberellins 
and cytokinins can regulate and stimulate flower 
bud initiation in plants raised on the soil with 
optimum level of humic substances [26]. Better root 
systems also facilitate the acquisition of nutrients 
which facilitates the development of reproductive 
organs [27]. This interaction between the level of 
humic acid and cultivars was significant and these 
findings indicated that there were some cultivars 
that are more sensitive to hormones or efficient 
in resource allocation in terms of being grown in Fig. 5. Heat map of the studied attributes of gladiolus.
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enriched conditions. Early floret opening is usually 
observed due to better physiological condition and 
optimal water and nutrient supply [28]. Humic acid 
helps in enhanced root development, which makes 
it easy to absorb nutrients, leading to fast growth of 
flowers [29]. Optimum concentrations of the humic 
acid improve flowering due to reduced stress and 
more allocation of resources to the reproductive 
organs with improved source-sink relationship [30].

Enhanced florets per spike in response 
to humic acid might be due to the enhanced 
photosynthesis and production of energy. The 
increase in availability of nutrients, in particular 
phosphorus and potassium, by the presence 
of humic acid favors the development of the 
floral meristem and floret differentiation [31]. It 
also stimulates hormonal messages that control 
flowering [32]. Variability occurred because 
cultivars differed in the intrinsic genetic ability to 
transform nutrients into reproductive output in the 
form of floret production [33]. Humic acid enhanced 
spike elongation considerably, due to the enhanced 
nutrient and water base uptake and regulated auxins 
that initiate cell elongation [14]. With a better soil, 
the vascular system grows stronger and internode 
grows big [34]. The profound interaction between 
humic acid and cultivar indicates that some 
genotypes including the White Prosperity are more 
responsive to such favorable growth conditions and 
hence exhibited taller spikes. Our results are similar 
as those of Hassan et al. [14] they also reported 
significant increase in spike length of gladiolus cv. 
White prosperity.

The higher persistency of field flowers is 
associated with better retention of reducing and 
non-reducing sugars and also due to the osmotic 
balance [35], and provision of humic acid to the 
plants. Producing better nutrient retention and 
stress tolerance, humic acid delays senescence and 
preserves cell integrity of floral tissues [36]. Such 
genotypes as ‘White Prosperity’ are less liable to be 
discolored in the fields as they have better quality 
metabolic and structural stability. The prolonged 
vase life on the use of humic acid is probably 
through increased calcium and other building 
nutritious intake which makes the cell walls stronger 
and less prone to oxidative stress [37]. Humic acid 
also plays a role in hormonal balance to slow down 
the process of senescence and maintain color and 
shape of petals [38]. Similarly, humic acid has 

significant role in calcium uptake of the plants that 
enhances the membrane stability and increase vase 
life in cut flowers of tuberose [39]. Changes in the 
cell structure, rate of transpiration, and post-harvest 
metabolism can explain variation in the vase life 
among cultivars.

Higher photosynthetic efficiency and nutrient 
transport result in greater biomass distribution 
of plants to corm development [36]. Higher 
corm weight of the cultivars probably indicates 
an increased sink strength and shows capacity to 
allocate biomass with the best possible growing 
settings [40]. The increased size of the corm can 
be attributed to increase of nutrient accessibility 
and hormonal activity that causes division and 
expansion of cells under the humic acid treatment 
[14]. The presence of more essential nutrients such 
as phosphorus and potassium due to the presence of 
humic acid contributes towards the growth of the 
corms [40]. Humic acid improves the calcium use 
efficiency of the plants which ameliorate the weight 
of corms in gladiolus thereby results in significant 
increase in corm production per unit area [41, 42].  
The variation between different cultivars can be 
attributed to genotypic differences where some 
cultivars are more vigorously growing [43]. Humic 
acid caused a significant improvement in vegetative 
attributes such as number of leaves and leaf area 
(Figure 1(B and C)), resulted in healthy plants with 
enhanced nutrient uptake [44] and hence resulted in 
better production of cormels in gladiolus.

5.    CONCLUSIONS

Applying humic acid at a rate of 4 kg ha-1 enhanced 
the vegetative and reproductive traits of gladiolus. 
It significantly improved almost all the measured 
vegetative and reproductive parameters. Among 
cultivars, White Prosperity showed improvements 
in spike length, leaf area, number of florets, number 
of cormels, and field flower persistence, while 
Priscilla demonstrated better vase life, corm size, 
and corm weight. Therefore, humic acid at 4 kg ha-1 
is recommended for better performance of gladiolus 
while cultivars White prosperity and Pricilla could 
be grown for better flowers and corm production 
under the agro-climatic conditions of Peshawar.
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Abstract: The life cycle and morphometric characteristics of fall armyworm, Spodoptera frugiperda (Lepidoptera: 
Noctuidae), on cotton were studied under laboratory conditions at the Stored Grain Research Laboratory, Department 
of Entomology, Faculty of Crop Protection, Sindh Agriculture University, Tandojam. Ten individuals of each stage, 
i.e., egg, six larval instars, pupae, and adults (males and females) were observed to observe their development 
duration and record various morphometric parameters which were then presented as mean ± SE calculated using MS-
Excel. The obtained results indicated that the mean egg hatching period was recorded as 2.33 ± 0.05 days. The mean 
developmental duration of six larval instars was recorded as 5.11 ± 0.30, 6.17 ± 0.27, 5.81 ± 0.21, 5.78 ± 0.26, 5.63 
± 0.27, and 4.53 ± 0.27 days, respectively, with total larval development completed in 32.06 ± 0.21 days. The mean 
pupal period was 9.63 ± 0.23 days, as the total life cycle of S. frugiperda was completed in 43.92 ± 0.72 days. Mean 
adult longevity of males was recorded as 7.90 ± 0.29 days and 9.60 ± 0.19 days for females. Mean fecundity of S. 
frugiperda was recorded as 407.50 ± 13.76 eggs per female. The lengths of the six larval instars were 1.68 ± 0.05, 3.32 
± 0.07, 6.94 ± 0.07, 12.87 ± 0.46, 19.78 ± 0.34, and 31.95 ± 0.27 mm, respectively, while their mean width was 0.30 ± 
0.01, 0.60 ± 0.02, 1.43 ± 0.06, 1.91 ± 0.04, 3.26 ± 0.11, and 4.41 ± 0.07 mm, respectively. The head capsule radius of 
all six instars was recorded as 0.14 ± 0.01, 0.23 ± 0.01, 0.37 ± 0.01, 0.76 ± 0.01, 1.02 ± 0.02, and 1.83 ± 0.03 mm. The 
mean larval weight from the 3rd to 6th instars and pupa was 0.08, 0.14, 0.23, 0.42, and 0.15 g, respectively. Therefore, 
obtained results clearly indicated that S. frugiperda has the potential to survive and grow on cotton, a major cash crop 
in Pakistan. Therefore, it is recommended that appropriate measures should be taken to restrict its spread on key crops 
of Pakistan, i.e., cotton, to reduce economic losses.

Keywords: Fall Armyworm, Invasive Insect Pest Species, Morphometrics, Cotton Crop.

1.    INTRODUCTION

Fall armyworm, Spodoptera frugiperda (J.E. 
Smith) (Lepidoptera: Noctuidae) has recently 
emerged as one of the most destructive insect 
pests of maize and other important crops [1, 2]. 
Spodoptera frugiperda is a polyphagous pest, 
damaging different crops such as maize, millet, 
cotton, rice, sorghum, sugarcane, and more than 

80 other crops in subtropical and tropical regions 
[3-5]. Spodoptera frugiperda is capable of feeding 
on almost all above-ground plant components of its 
hosts. On immature corn, larvae eat on the surface 
of the leaves, leaving behind just white papery 
areas known as windowpanes. Older larvae devour 
more tissues, have stronger mandibles, and cut 
huge parts of plant tissues with high silica content, 
such as seedlings, leaves, tassels, cobs, husks, and 



developing kernels [6]. Adults of S. frugiperda 
can travel 100 kilometers in a single night, hence 
contribute to its spread and invasiveness. The 
presence of this migratory pest also spread in Africa 
and Australia in 2016 and 2020 in Asia. In Asia, it 
causes more damage and becomes a major pest of 
maize [3]. 

Temperature has a significant impact on growth 
as the Fall armyworm completes its life cycle in 
one month during the summer at a temperature of 
28 °C, it takes between 60 and 90 days throughout 
the spring, fall, and winter months [7]. Spodoptera 
frugiperda has four life stages, i.e., egg, larva, 
pupa, and adult. The female lays 100-200 eggs in 
clusters during its whole life span on the underside 
or surface of the leaf, as well as on the top apex 
of the leaf and on other surfaces such as stems 
[7]. Duration of egg stage is only 2–3 days during 
warm conditions. Newly hatched larvae consume 
little amount of food but when they reach at fifth 
to sixth larval stage, they consume large amount of 
food [8]. Constant pest fecundity under favorable 
environmental conditions is expected to cause 
significant crop damage [6]. The larvae are the most 
harmful stage of S. frugiperda because early first 
and second instars eat on one side of the leaves, 
skeletonizing them, whereas final instars feed on all 
above-ground parts of their hosts [3]. Spodoptera 
frugiperda do the most harm between stages 3 and 
6 of maize, when they reach the whorls’ protective 
zones. Feeding in the early stages destroys the 
growth points, resulting in no further leaf or cob 
development. Normally, one or two larvae feed in a 
whorl as larger larvae might feed on smaller larvae 
to lessen competition [9].

Fall armyworms can quickly destroy a crop, 
causing significant economic damage to farmers. 
The fall armyworm is a very damaging pest of many 
economically essential crops throughout the world 
[9]. In 2018, S. frugiperda caused a massive loss in 
maize for the first time in India [10]. Spodoptera 
frugiperda can cause huge profit losses in various 
economically important crops as a notorious pest. 
Bannor et al. [11] observed that corn plant is favorite 
of S. frugiperda and normally causes 15-73% yield 
losses in maize; they concluded that the decrease 
in maize yield by S. frugiperda is about 8.3 to 20.6 
million tons annually. Mostly soft leaf parts are 
eaten by fresh caterpillars, creating holes in leaves; 
this is the characteristic loss sign of S. frugiperda 

[12]. All six instars of S. frugiperda caterpillars 
are the harmful stage for their host. The initial two 
instars of the caterpillar generally eat from the sides 
of the leaves and empty them, and the final instars 
eat all parts of their host’s plant [11]. Despite its 
importance, there is still a lack of knowledge 
on its biology and life cycle, which hampers the 
development of effective management strategies 
[13]. The life cycle of S. frugiperda is comprised 
of egg, six larval instars, pupa, and adult male and 
female, which make their effective management 
more difficult [7]. Therefore, continuous research 
on the various biological aspects and management 
options of S. frugiperda could be very helpful in its 
effective management [14].

Morphometrics analysis can reveal important 
information about the growth and development 
of insects [15]. The length and width of the head 
capsule of an insect can provide an estimate of its 
age and nutritional status, while the length and 
weight of the body segments can indicate the rate 
of growth and development [16]. S. frugiperda, 
previous studies have shown that the morphometrics 
of larvae can be influenced by various factors, such 
as temperature, humidity, and host plants [17]. 
As S. frugiperda is a highly polyphagous pests 
that can survive on alternate hosts in absence of 
its primary host (maize), therefore, this study was 
conducted to understand its life cycle parameters 
and morphometric on cotton, a cash crop of 
Pakistan under laboratory conditions. The obtained 
results could help to take appropriate measures to 
prevent S. frugiperda losses to cotton that is already 
vulnerable to many insect pests, and the same can 
result in improved cotton yield.

2.    MATERIALS AND METHODS

The research work was carried out at the Stored 
Grain Research laboratory, located within the 
Department of Entomology, Faculty of Crop 
Protection at Sindh Agriculture University in 
Tandojam during 2023-24.

2.1. Rearing and Handling of Spodoptera 
       frugiperda 

The initial culture of S. frugiperda was obtained by 
collecting larvae from a field near Tandojam. The 
culture was carefully collected from the growing 
maize in the field, put in plastic jars covered with 
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a fine mesh net, and brought into the laboratory. In 
the lab, the larvae were shifted into plastic bowls 
provided with freshly cut cotton leaves as food 
till the pupation. After pupation, the pupae were 
transferred into a glass cage covered with a net for 
adult emergence. The laboratory was maintained at 
a temperature of 28 ± 2 °C and a relative humidity 
of 75 ± 5% throughout the process [18]. After the 
emergence of adults, the adults were placed in an 
insect cage along with fresh cotton leaves for egg 
laying, whose petiole was surrounded with wet 
cotton to retain their freshness, and a 10% honey 
mixed with water solution was given to the adults 
as food. On a daily basis, the eggs deposited on 
cotton leaves were separated and placed in a petri 
dish for hatching. This process has been used to 
rear the culture of S. frugiperda [19].

2.2. Experimental Set-up and Data Collection

The bunch of eggs was kept in a Petri dish at a 
laboratory-maintained temperature until they 
hatched. When the eggs hatched, the 1st instar 
larvae were counted and then placed in a Petri 
dish and given soft cotton leaves regularly to eat 
until they reached the 3rd instar. After reaching the 
3rd instar, all the larvae were separated and put in 
plastic bowls separately to avoid cannibalism. 
All the life cycle parameters, i.e., hatching 
period, development period of larvae and pupae, 
along with longevity of adults (male and female) 
were observed. Ten individuals of respective S. 
frugiperda stages were observed to record various 
morphometric parameters, i.e., length, width, and 
head capsule radius. After adult emergence, the 
10 pairs of S. frugiperda adults were kept in glass 
cages, and observed regularly to recorded data 
regarding pre-oviposition, oviposition, and post-
oviposition period along with fecundity per female 
on cotton.

2.3. Egg Duration

The bunch of 370 eggs was kept in a petri dish at a 
controlled laboratory temperature of 28 ± 2 °C and 
humidity of 75 ± 5% for 2-3 days. The eggs were 
observed daily. After three days, the eggs were 
hatched, and the larvae were counted to determine 
the percentage of hatching. Then they were given 
soft cotton leaves as food for eating for their further 
development [18].

2.4. Larval Duration and Development

Ten fall army larvae were separately placed in 
plastic bowls with small holes in the bowls for 
aeration. They were fed fresh cotton leaves on a 
daily basis until they reached the pupal stage [3]. 
During the larval period, changes in shape and 
weight were recorded throughout six larval stages. 
The weight of 3rd to 6th larval instars was measured 
on an electronic weight balance; the weight of 1st 
and 2nd instars was not taken in this study because 
of their minimal weight, as the same was not 
possible using the available balance. The length 
and width of the 1st to 3rd instars were taken using 
a digital USB microscope. While the length and 
width of 4th-6th instar larvae were measured using 
a digital Vernier caliper. The head capsule’s radius 
was also measured using a digital USB microscope. 
Additionally, ten pre-pupae were placed in separate 
pupal glass containers to monitor the percentage of 
pupation, and their progress was observed for adult 
emergence [20].

2.5. Pupal Duration and Development

The newly developed pupae were placed inside a 
glass cage and observed until adult moths emerged. 
The time period between pupation and adult 
emergence was noted. The weight of pupae was 
measured on an electronic weight balance, and 
the pupal length and width were measured and 
recorded.

2.6. Adult Longevity

Adult male and female moths (with a ratio of 1 
male to 1 female) were placed in a glass cage. A 
cotton ball soaked in a 10% honey solution was 
given as food for eating. The number of male and 
female moths that died in each cage was recorded 
daily until the last adult in the cage had died. This 
data was utilized as an indicator of the adult moths’ 
lifespan [21].

2.7. Data Analysis and Presentation

MS-Excel was used to determine the mean and 
standard error values of the various recorded 
parameters [22].

	 Developmental Biology and Morphometric Studies of Fall Armyworm	 297



3.    RESULTS

3.1. Life Cycle of Spodoptera frugiperda on 
       Cotton Crop

3.1.1. Development period of various life stages of 
          Spodoptera frugiperda on cotton crop

Table 1 shows the results regarding the development 
period of various life stages of S. frugiperda on 
cotton. The data on the hatching period of S. 
frugiperda eggs indicated that they have an average 
hatching period of 2.33 ± 0.05 days, with the lowest 
and highest hatching intervals recorded as 1.85 and 
2.80 days, respectively. Spodoptera frugiperda 
larval development consists of six instars, each of 
which has a different color, shape, and size. The 
1st instar larvae of S. frugiperda were greenish with 
a black head and body covered with tiny hairs, as 
its average development duration was recorded as 
5.11 ± 0.30 days with a minimum and maximum 
developmental duration of 3.55 and 5.11 days, 
respectively. The 2nd instar larvae of S. frugiperda 
have shown morphological features like a yellow-
white body and brownish-colored head with 
inverted Y-line on frons which is the main character 
for its identification. The mean development period 
of 2nd instar larvae was observed as 6.17 ± 0.27 days 
with minimum and maximum duration of 4.98 and 
7.56 days, respectively. The 3rd instar S. frugiperda 
larvae was active having four black spots on its 
body, as it completed its development in mean 
duration of 5.81 ± 0.21 days as its minimum and 
maximum development durations were recorded 
as 4.55 and 6.43 days, respectively. Similarly, 
minimum and maximum development durations of 

4th instar S. frugiperda larvae were recorded as 3.93 
and 6.21 days, respectively, with mean development 
period of 5.78 ± 0.26 days. A change in color was 
observed in 5th instar which become greyish brown 
as its minimum and maximum development were 
completed within 4.23 and 6.54 days, respectively, 
whereas its mean period of development was 
observed as 5.63 ± 0.27 days. The final 6th instar 
larvae were flashy and cylindrical in shape which 
completed their development within mean duration 
of 4.53 ± 0.27 days, whereas their minimum and 
maximum development periods were observed as 
3.12 and 5.97 days, respectively. Overall, the entire 
larval period of S. frugiperda on cotton leaves 
was recorded as 32.06 ± 0.21 days. The newly 
developed pupa of S. frugiperda was soft and 
greenish in color, later it changed to dark brown 
color till the emergence of the adult. The observed 
data showed that the minimum and maximum 
durations of the pupal stages varied from 8.45 to 
10.55 days, respectively, with a mean duration of 
9.63 ± 0.23 days. Thus, the total life cycle (egg to 
adult) of S. frugiperda was noted as 43.92 ± 0.72 
days (Table 1).

3.1.2. Adult longevity (male and female) of 
          Spodoptera frugiperda on cotton crop

The results regarding the adult longevity of S. 
frugiperda feeding on cotton are given in Table 
2. It was observed in the study that female adults 
lived comparatively a little longer than males. The 
forewing of the male is shaded with gray and brown, 
with a triangular white patch at the apical region 
and a circular spot at the center of the wing. The 
mean observation longevity of S. frugiperda male 

Developmental period
Days

Minimum Maximum Average
Hatching Period 1.85 2.80 2.33 ± 0.05
1st instar Larva 3.55 5.11 5.11 ± 0.30
2nd instar Larva 4.98 7.56 6.17 ± 0.27
3rd instar Larva 4.66 6.77 5.81 ± 0.21
4th instar Larva 4.55 6.43 5.78 ± 0.26
5th instar Larva 4.23 6.54 5.63 ± 0.27
6th instar Larva 3.12 5.97 4.53 ± 0.27
Total Larval Duration (six instars) - - 32.06 ± 0.21
Pupal Period 8.45 10.55 9.63 ± 0.23
Total Life Cycle (egg to adult) - - 43.92 ± 0.72

Table 1. Development period of various life stages of Spodoptera frugiperda on cotton.
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adults was recorded as 7.90 ± 0.29 days, whereas its 
lowest and highest intervals were recorded as 6.55 
and 9.12 days, respectively. The forewing of the 
female is uniform grayish brown to a fine mottling 
of gray and brown. The hind wing is silver, white 
with a narrow dark border in both male and female. 
The result showed that S. frugiperda female adult’s 
minimum and maximum longevity intervals was 
observed as 8.77 and 10.56 days respectively, and 
its mean longevity was recorded as 9.60 ± 0.19 
days.

3.2.   Morphometric Parameters of Spodoptera 
         frugiperda on Cotton Crop

3.2.1. Morphometric of various larvae instars and 
          pupae of Spodoptera frugiperda on
          cotton crop

Table 3 describes the results of various morphometric 
parameters of S. frugiperda larval instars and pupa 
when reared on cotton. According to the results of 
the study, minimum and maximum lengths of 1st, 
2nd, 3rd, 4th, 5th, and 6th instar larvae were recorded 
as 1.44 and 1.91 mm, 3.11 and 3.71 mm, 6.54 and 
7.25 mm, 11.20 and 15.50 mm, 17.60 and 21.10 
mm, and 30.40 and 33.10 mm, respectively. The 
average length of S. frugiperda larvae from 1st to 
6th instars were recorded 1.68 ± 0.05, 3.32 ± 0.07, 

6.94 ± 0.07, 12.87 ± 0.46, 19.78 ± 0.34, and 31.95 
± 0.27 mm, respectively. Moreover, the mean width 
of S. frugiperda larvae from 1st to 6th instars were 
also recorded as 0.30 ± 0.01, 0.60 ± 0.02, 1.43 ± 
0.06, 1.91 ± 0.04, 3.26 ± 0.11, and 4.41 ± 0.07 mm, 
respectively. The minimum width of S. frugiperda 
larvae from 1st to 6th instars were recorded as 0.28, 
0.49, 1.15, 1.7, 2.6 and 4.2 mm, respectively. The 
maximum width of S. frugiperda larvae from 1st 

to 6th instars were observed as 0.34, 0.70, 1.71, 
2.11, 3.9 and 4.9 mm, respectively. The lowest and 
highest length of S. frugiperda pupae was recorded 
as 11.50 and 14.80, whereas their minimum and 
maximum widths were observed as 3.20 and 4.20 
mm, respectively. Moreover, the average length and 
width of the pupae were recorded as 12.87 ± 0.31 
and 3.81 ± 0.10 mm, respectively.

3.2.2. Morphometrics of eggs and various larval 
          instars and heads of Spodoptera frugiperda
          on cotton crops

During the studies, the radius of S. frugiperda 
eggs and larval instars was also observed and are 
given in Table 4. It was observed that the minimum 
and maximum radius of S. frugiperda eggs were 
recorded as 0.13 and 0.15 mm, respectively, with 
an average radius of 0.14 ± 0.00 mm. Moreover, the 
minimum radius of S. frugiperda larvae head from 
1st to 6th instars were observed as 0.10, 0.19, 0.32, 
0.69, 0.93, and 1.65 mm, respectively. Moreover, 
the maximum radius from 1st to 6th instars was 
recorded as 0.18, 0.26, 0.41, 0.81, 1.13, and 1.97 
mm, respectively. The mean radius of S. frugiperda 
larvae heads from 1st to 6th instars were observed as 
0.14 ± 0.01, 0.23 ± 0.01, 0.37 ± 0.01, 0.76 ± 0.01, 
1.02 ± 0.02, and 1.83 ± 0.03 mm, respectively. 

Life stage
Days

Minimum Maximum Average
Male 6.55 9.12 7.90 ± 0.29
Female 8.77 10.56 9.60 ± 0.19

Table 2. Adult longevity of Spodoptera frugiperda on 
cotton.

Life stage
Length (mm) Width (mm)

Minimum Maximum Average Minimum Maximum Average

1st instar 1.44 1.91 1.68 ± 0.05 0.28 0.34 0.30 ± 0.01
2nd instar 3.11 3.71 3.32 ± 0.07 0.49 0.70 0.60 ± 0.02
3rd instar 6.54 7.25 6.94 ± 0.07 1.15 1.71 1.43 ± 0.06
4th instar 11.20 15.50 12.87 ± 0.46 1.70 2.11 1.91 ± 0.04
5th instar 17.60 21.10 19.78 ± 0.34 2.60 3.90 3.26 ± 0.11
6th instar 30.4 33.10 31.95 ± 0.27 4.20 4.90 4.41 ± 0.07
Pupae 11.50 14.80 12.87 ± 0.31 3.20 4.20 3.81 ± 0.10

Table 3. Morphometrics of various larval instars and pupae of Spodoptera frugiperda on cotton.
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3.2.3. Weight of various larval instars and pupae 
          of Spodoptera frugiperda on cotton crop 

During the research work, the weight of S. frugiperda 
larvae instars and pupae was recorded in grams (g). 
Only the 3rd, 4th, 5th, and 6th instar larvae and pupae 
weights were recorded and given in Table 5. It was 
observed that the minimum weight of S. frugiperda 
larvae in the 3rd to 6th instars was recorded as 0.06 
g, 0.11 g, 0.19 g, and 0.36 g, respectively. The 
maximum weight of S. frugiperda larvae from 3rd 
to 6th instars were observed as 0.10 g, 0.17 g, 0.30 
g, and 0.50 g, respectively. Moreover, the average 
weight of S. frugiperda larvae from 3rd to 6th instars 
were also observed as 0.08 ± 0.00 g, 0.14 ± 0.01 g, 
0.23 ± 0.01 g, and 0.42 ± 0.01 g, respectively. The 
weight of S. frugiperda pupa was also recorded as 
its minimum and maximum weight was recorded as 
0.09 and 0.19 g, respectively, whereas its average 
weight was observed as 0.13 ± 0.01 g.

3.2.4. Various ovipositional parameters of 
          Spodoptera frugiperda on cotton crop

During the study, pre-oviposition, oviposition, 
post-oviposition period, and the average number of 
eggs were also recorded and given in Table 6. It was 
observed that S. frugiperda females, on average, 
started their oviposition on 3.33 ± 0.21 days, with 
a maximum and minimum interval of 4 and 3 days, 
respectively. The mean oviposition period of S. 
frugiperda females was recorded with a minimum 
and maximum interval of 3 and 4 days, with an 
average of 3.33 ± 0.21 days. After completion 
of egg laying, the S. frugiperda female lived an 
average of 2.33 ± 0.21 days, with a minimum and 
maximum interval of 2 and 3 days, respectively. 
The egg-laying capacity of females varied from 360 
to 449 eggs, with an average of 407.50 ± 13.76 eggs 
per female recorded during the study.

4.    DISCUSSION

Fall Armyworm is one of the most important invasive 
polyphagous pests due to its transcontinental 
migration, highly destructive nature, and 
adaptability to a wide host range of about 353 
plant species [23]. In this study, the life cycle and 
morphometric parameters of S. frugiperda were 
examined on cotton to understand the behavior 
of the pest, which enables it to feed on so many 
plants of economic importance, and the same will 
be helpful to design an effective control strategy. 
It was observed in our studies that cotton greatly 
affected the developmental period of S. frugiperda 
as compared to its preferred host maize, as it took a 
longer time to complete the development of various 
life stages. 

During the present study, it was observed that 
the mean developmental time of six instars of S. 
frugiperda was recorded much higher than those 
observed by Sharma et al. [20], who observed 
much lower developmental duration of all six 

Life stage
Radius (mm)

Minimum Maximum Average
Eggs 0.13 0.15 0.14 ± 0.00
1st instar 0.10 0.18 0.14 ± 0.01
2nd instar 0.19 0.26 0.23 ± 0.01
3rd instar 0.32 0.41 0.37 ± 0.01
4th instar 0.69 0.81 0.76 ± 0.01
5th instar 0.93 1.13 1.02 ± 0.02
6th instar 1.65 1.97 1.83 ± 0.03

Table 4. Radius of Spodoptera frugiperda eggs and head 
of larval instars on cotton.

Life stage
Weight (g)

Minimum Maximum Average
3rd instar 0.06 0.10 0.08 ± 0.00
4th instar 0.11 0.17 0.14 ± 0.01
5th instar 0.19 0.30 0.23 ± 0.01
6th instar 0.36 0.50 0.42 ± 0.01
Pupae 0.09 0.19 0.13 ± 0.01

Table 5. Weight of various larvae instars and pupae of 
Spodoptera frugiperda on cotton crop.

Life stage
Days

Minimum Maximum Average
Pre-oviposition period 3 days 4 days 3.33 ± 0.21 days
Oviposition period 3 days 4 days 3.33 ± 0.21 days
Post-oviposition period 2 days 3 days 2.33 ± 0.21 days
Eggs per female 360 eggs 449 eggs 407.50 ± 13.76 eggs

Table 6. Various ovipositional parameters of Spodoptera frugiperda on cotton.
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instars of S. frugiperda when reared on maize 
as the developmental time from 1st to 6th larvae 
instars were noted as 2.98 ± 0.37, 2.90 ± 0.39, 
1.98 ± 0.021, 2.19 ± 044, 2.63 ± 0.076, and 3.63 ± 
0.048 days, respectively, whereas, the total larval 
developmental of S. frugiperda on maize was 
recorded as 16.31 ± 0.205 days.

Keerthi et al. [24] studied the larval 
developmental duration of S. frugiperda on 
sorghum from the 1st to 6th larval instars, which 
were recorded as 2.26 ± 0.11, 2.00 ± 0.08, 1.95 
± 0.20, 2.05 ± 0.05, 2.28 ± 0.20, and 4.79 ± 0.73 
days, respectively. While the larval development 
of S. frugiperda on maize from 1-6 larval instars 
was recorded as 2.40 ± 0.36, 2.11 ± 0.36, 2.00 ± 
0.05, 2.00 ± 0.00, 2.21 ± 0.29, and 5.08 ± 0.74 
days, respectively. The larval developmental period 
on artificial diet was recorded as 2.54 ± 0.22, 2.31 
± 0.35, 2.25 ± 0.33, 2.38 ± 0.40, 2.56 ± 0.10, and 
5.88 ± 0.58 days, respectively. Moreover, the 
overall larval development was recorded as 13.88 ± 
0.76, 14.04 ± 0.25, 16.07 ± 1.66 days on sorghum, 
maize, and artificial diet, respectively. In addition, 
Praveen and Mallapur [25] also studied various 
hosts; the entire larval developmental duration of 
S. frugiperda was recorded as 28.40 ± 0.51, 18.51 
± 1.19, 19.80 ± 1.31, 29.40 ± 0.51, and 21.00 ± 
1.05 days on cotton, sorghum, maize, cabbage, 
and wheat, respectively. The results of Keerthi et 
al. [24] and Praveen and Mallapur [25] showed 
variance between our findings and their results, the 
genetic strain, the environment they grow in (such 
as temperature and laboratory techniques), the 
food they consume (nutrition and plant defenses), 
and the experiences of their mother all influence 
the surprisingly different larval development times 
of Spodoptera frugiperda. For instance, the high 
protein and low fiber content of maize promotes 
growth, whereas cotton or cabbage slows it down, 
and warmer, ideal temperatures (27 ± 2 °C) further 
accelerate development.

Moreover, the pupal period was also influenced 
by the cotton, as larvae reared on the cotton had a 
longer pupal period, it takes 9.63 ± 0.23 days on 
cotton. However, the results of Sharma et al. [20] 
are almost similar to our findings; they recorded 
9.69 ± 0.145 days on maize. Bankar and Bhamare 
[26] found the lowest pupal duration while reared 
on various hosts; the pupal duration of S. frugiperda 
was recorded as 6.76 ± 0.44, 7.99 ± 0.24, 7.61 ± 

0.38, and 8.49 ± 0.42 days on maize, pearl millet, 
sorghum, and sugarcane, respectively. In addition, 
Praveen and Mallapur [25] also studied various 
host crops, the pupal period of S. frugiperda on 
cotton, maize, and sorghum was mostly similar to 
our findings, it was recorded as 9.00 ± 0.00, 9.00 ± 
0.00, and 8.00 ± 0.00 days, respectively. However, 
the results of pupal duration on wheat and cabbage 
were much higher compared to our findings on 
cotton. Pupal period of S. frugiperda on wheat and 
cabbage was recorded as 13.00 ± 0.00 and 12.00 ± 
0.00 days, respectively.

The mean hatching period was observed 2.33 
± 0.05 days; when compared with the recent studies 
on different host crops, the number of S. frugiperda 
eggs laid on cotton was much lower. The mean egg 
laying capacity in the present study was recorded 
as 407.50 ± 13.76 eggs per female. Keerthi et al. 
[24] observed variation in the fecundity period of 
S. frugiperda reared on maize and sorghum. It was 
much higher and recorded as 1009.24 ± 133.31 eggs 
on maize, and 1086.6 ± 188.13 eggs on sorghum. 
However, Bankar and Bhamare [26] noted almost 
similar results of S. frugiperda fecundity on maize, 
which was recorded as 436.44 ± 22.44 eggs. In 
addition, Praveen and Mallapur [25] experimented 
on various host crops, as she noted 650.45 ± 88.53, 
680.54 ± 91.52, 565.23 ± 27.78 eggs on sorghum, 
maize, and wheat, respectively. Such huge variation 
in the fecundity in the fecundity of S. frugiperda 
observed in above-mentioned studies may be 
attributed to different host plants used in the studies, 
experimental conditions, and the insects used in the 
study. Moreover, the results of Acharya et al. [27] 
were very low, with a record of 231.54 ± 28.48 
eggs on potato. The reasons behind the highest 
and lowest fecundity on different hosts can be due 
to the fact that some host plants may not provide 
the nutritional requirements required for growth 
and development, thereby resulting in decreased 
fecundity. As we know, maize, sorghum, millet, 
and some other fodder crops are the favorites of S. 
frugiperda; on these hosts, their egg laying capacity 
was much better compared to sugarcane and potato.

Regarding morphometrics, various stages 
of S. frugiperda larvae instars and pupae were 
observed on the cotton crop. The morphometric 
analysis revealed that diet did significantly affect 
the radius of S. frugiperda eggs on cotton as the 
mean radius of eggs were recorded as 0.14 ± 0.00 
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mm. Navasero and Navasero [28] observed much 
higher radius and diameter of eggs on maize than 
our findings, as she noted 0.195 ± 0.00 and 0.39 
± 0.00 mm, respectively. However, it did influence 
the weight of various S. frugiperda larvae instars 
and pupae. The result showed that the mean length 
of S. frugiperda larvae from 1st to 6th instars was 
recorded as 1.68 ± 0.05, 3.30 ± 0.07, 6.94 ± 0.07, 
12.87 ± 0.46, 19.78 ± 0.34, and 31.95 ± 0.27, mm, 
respectively. The measurement of width was also 
noted; it was observed as 0.30 ± 0.01, 0.60 ± 0.02, 
1.43 ± 0.06, 1.91 ± 0.04, 3.26 ± 0.11, and 4.4 ± 0.07 
mm, respectively. The present results are in line 
with the findings of Sharma et al. [20] on maize, as 
they observed that the mean length of S. frugiperda 
larvae from 1st to 6th instars was recorded as 1.5 ± 
0.013, 3.56 ± 0.017, 7.12 ± 0.052, 11.60 ± 0.181, 
18.5 ± 0.212, 34.39 ± 0.351 mm, respectively. The 
mean width of S. frugiperda larvae from 1st to 6th 
instars was observed shortened on maize, noted 
0.35 ± 0.011, 0.47 ± 0.03, 0.80 ± 0.04, 1.37 ± 0.06, 
2.11 ± 0.13, and 2.70 ± 0.13 mm, respectively. In 
addition, Navasero and Navasero [28] observed 
that the mean length of S. frugiperda larvae from 
1st to 6th instars was recorded as 1.77 ± 0.49, 2.79 ± 
0.35, 7.41 ± 0.58, 14.57 ± 2.09, 21.25 ± 1.47, and 
30.79 ± 3.14 mm, respectively. The mean width 
was observed 0.23 ± 0.30, 0.35 ± 0.05, 0.89 ± 0.28, 
1.86 ± 0.18, 2.99 ± 1.47, and 3.82 ± 0.26 mm, 
respectively. Some variance can be observed in the 
2nd, 4th, 5th, and 6th instars’ length with our findings, 
whereas width was also observed shorter in the 2nd, 
3rd, 5th, and 6th instars with our results.

Moreover, the weight of various S. frugiperda 
larvae instars was measured on cotton, during 
study mean weight of 3rd, 4th, 5th, and 6th instars was 
recorded as 0.8 ± 0.00, 0.14 ± 0.01, 0.23 ± 0.01, 
and 0.42 ± 0.01 g, respectively. The observations 
of previous studies also supported our findings as 
the weight of the 3rd instar larvae of S. frugiperda 
when fed on corn was recorded as 0.08 g [29]. 
Similarly, Firake and Behere [30] found that the 
larval weight of the final instar was recorded as 0.42 
g. Furthermore, the mean weight of S. frugiperda 
pupae was also observed on cotton, and it was 
recorded as 0.13 ± 0.01 g. The results of Sari et al. 
[31] showed that the pupal weight of S. frugiperda 
was directly affected by the host plant cotton. As 
he noted 0.16 g on corn and 0.18 g on mustard, 
respectively. 

The findings of this study have shown that S. 
frugiperda is capable of feeding and successfully 
completing its various life stages on cotton and the 
same highlighted the importance of the host feeding 
in controlling the duration of the various life stages, 
i.e., larvae, pupae, and adult longevity of both males 
and females [31]. Accordingly, such findings could 
provide a base for its proper management because 
it confirmed the significant role of host range in 
feeding, development, and population dynamics of 
S. frugiperda [32].

Besides its main host maize, recent studies 
have shown that S. frugiperda is also capable of 
feeding and developing on cotton, hence confirming 
its polyphagous feeding niche [33]. Despite the 
minimal development duration of larvae, highest 
survival of various life stages, and relatively higher 
fecundity was recorded on maize; Ahmad et al. [33] 
confirmed that cotton and sorghum can also support 
significant growth, survival, and reproduction of S. 
frugiperda. In another comparative study regarding 
biological parameters of tow armyworm species, 
i.e., S. littoralis and S. frugiperda on cotton, maize, 
coriander, and tomatoes, coriander was found 
to be the preferred host for both the species as it 
causes lowest larval mortality along with shortest 
development period, maximum pupal weight, 
highest fecundity and net reproductive rate [34]. 
All the observed parameters of S. littoralis and S. 
frugiperda were not significantly different from 
those recorded on maize, their main host. Moreover, 
cotton was also found suitable for the growth 
and reproductive parameters of S. frugiperda and 
S. littoralis, whereas tomato was found to be the 
most unfavorable host [34]. Additionally, exploring 
the specific nutritional components of the natural 
diet that contribute to the observed effects on 
the biological parameters of S. frugiperda could 
be valuable for understanding the underlying 
mechanisms driving these differences and can be 
exploited for its adequate management [35].

5.    CONCLUSIONS

Life cycle and morphometrics data generated 
from the present study confirm that the pest can 
shift to other hosts in the absence of its main host, 
i.e., maize, to continue its survival. The average 
incubation period was 2.33 ± 0.05 days, larval 
duration from 1st to 6th instars was 32.06 ± 0.21 
days, and pupal development was 9.63 ± 0.23 days, 
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whereas the entire life cycle was completed in 43.92 
± 0.72 days. Adult longevity was 7.90 ± 0.29 (for 
males) and 9.60 ± 0.19 days (for females), whereas 
the mean fecundity was 407.50 ± 13.76 eggs. The 
results of this study are useful for designing the S. 
frugiperda management strategy.
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Abstract: Malaria is a protozoan disease caused by the Plasmodium parasite and is moderately endemic in Pakistan.  
This study examined the correlation among malaria prevalence, ABO blood groups, and environmental risk factors 
in District Battagram. A total of 200 participants were screened  for malaria by blood smear microscopy,  and an 
agglutination test was performed  to determine the blood group. The malarial prevalence was found to be 11.5%, 
reporting Plasmodium vivax 10.5% (n = 21) and falciparum 1% (n = 2). The highest number of malaria cases were 
in people with blood group B (10.35%), followed by blood group A (4.27%), and AB (0.07%), while no case was 
reported in participants having blood group O. Among the risk factors, sleeping outdoors and not having a past malaria 
history were two of the risk factors that were significantly associated with malaria positivity (p < 0.05). Other variables 
such as age, gender, closeness to stagnant water, and utilization of mosquito nets showed the prevalence but did not 
demonstrate a significant statistical correlation. It is suggested that blood group and malaria susceptibility can inform 
the targeted public health strategies for malaria prevention and control.

Keywords: Malaria, ABO Blood Group, Plasmodium, Epidemiology, Risk Factors.

1.    INTRODUCTION

Malaria is a protozoan disease cause by Plasmodium 
and transmitted via female Anopheles mosquitos. 
To date, 120 species of Plasmodium are known so 
far; 5 species of the Plasmodium cause malaria: 
P. malariae P. vivax, P. falciparum, P. ovale, and 
P. knowlesi. P. falciparum causes high mortality, 
constituting over 99% of global malaria-related 
fatalities. While P. vivax has traditionally been 
considered a causative agent of mild malaria; 
however, evidence indicates its potential to induce 
severe illness [1]. Similarly, P. malariae P. ovales, 
and P. knowlesi are known to cause malaria in 
humans. In a study, 128 malaria patients were 
studied in Parma Italy, 8 Plasmodium ovale curtisi 
and 4 Plasmodium ovale wallikeri infections were 

discovered, but no P. knowlesi infections were 
found [2]. Malaria affects about half of the global 
population and is endemic in tropical and subtropical 
regions, which encompass, Eastern Mediterranean, 
South-East Asia, Western Pacific, the Americas, 
and, Sub-Saharan Africa [3]. 2.38 million cases per 
annum were reported in India from 1990 and 2000 
which have been declined by 91% from 2011-2022 
due to advancement in treatment and vector control 
strategies. The decline can be attributed to significant 
interventions, including the Intensified Malaria 
Control Project (IMCP), Enhanced Malaria Control 
Project (EMCP), artemisinin-based combination 
therapy (ACT), bivalent rapid diagnostic tests 
(RDT-Pf/Pv), and the participation of Accredited 
Social Health Activists (ASHAs). Holt’s models 
and Autoregressive Integrated Moving Average 



(ARIMA) forecast zero indigenous cases in India by 
2027-2028. The population density, literacy rates, 
health facilities, and accessibility to healthcare 
facilities have reported to greatly impact malaria 
incidence and outcome [4]. The case fatality rate of 
malaria in Sub-Saharan Africa constituted 94% of 
total deaths. Children under five years old represent 
the highest proportion of severe disease burden, 
constituting 67% of global mortality [5]. Pakistan 
has a high malaria incidence, with over 670,000 
cases and 3159 deaths reported cases in 2013 [6].

According to the WHO report, Pakistan has 
~700,000 cases of malaria in year 2019 [7]. In 
2024, WHO published its yearly report on global 
malaria control and elimination trends [8]. Despite 
advancements in malaria prevention, the data 
indicates that routine vaccinations, there were still 
over 11 million more cases in 2023 compared to 
2022.  WHO predictions indicate that there were 
263 million cases of malaria globally in 2023 (95% 
CI 238 million to 294 million). According to the 
WHO report published in 2023, by 2025, the Global 
Technical Strategy for Malaria 2016-2030 aims to 
reduce the malaria fatality rate by 75% [5]. 

Malaria is highly endemic in the region and 
a study from neighboring district “Shangla” in 
2017 reported Plasmodium in 13.9% (n = 87) of 
the suspected cases. The percentage of positive 
cases was greater in males 65.24% while females 
had a positive rate of 34.76%.  In the study sample, 
the highest prevalence of malaria was found in 
Group B 51.34%, followed by Group A 33.68%. In 
Pakistan P. falciparum and P. vivax are common [9]. 
In another study conducted in a neighbor district 
Mansehra, malaria was found in 154 cases 1999-
2004, which includes 114 males and 46 females. 
There were 142 cases of P. vivax and 12 of P. 
falciparum [10].

The clinical symptoms of malaria vary 
significantly between children and adults. Patients 
with uncomplicated malaria may show modest 
symptoms such as fever and chills. Severe malaria, 
on the other hand, can cause life-threatening 
complications such as severe anemia, acute 
respiratory distress syndrome, hypoglycemia, shock, 
metabolic acidosis, acute renal injury, and cerebral 
malaria. This diversity emphasizes the importance 
of quick identification and treatment, particularly in 
youngsters, who are more likely to experience poor 

disease consequences. Understanding these clinical 
manifestations is critical for malaria management 
in endemic areas [11].

The antigens of human ABO blood types exhibit 
distinct phenotypes and glycoconjugate structures 
on the surface of red blood cells, influencing both 
physiology and disease. Researchers have been 
studying the association between blood type and 
disease since the early 1900s. It was found that 
antibodies and antigens are inherited traits. Some 
blood types lack antigens, leading to debate over 
the link between blood group and susceptibility to 
specific diseases [12]. In 1967, Athreya and Coriell 
[13] conducted an early review, suggesting a 
possible association between ABO blood groups and 
malaria. Later, Rowe et al. [14] demonstrated that 
P. falciparum rosetting, a virulence factor linked to 
severe malaria, occurs at lower levels in blood group 
O erythrocytes compared to blood groups A, B, and 
AB. A study proposed that blood group O provides 
resistance to severe falciparum malaria through a 
mechanism involving reduced rosetting. Malaria 
remains to be a significant global health challenge, 
especially in tropical and subtropical areas, causing 
significant morbidity and mortality. Prevalence of 
malaria and its association have not been studied in 
district Battagram. Some of the previous studies in 
Pakistan have tried to establish correlation between 
ABO blood groups and malaria susceptibility 
and severity. However, exact dynamics of the 
relationship might vary across different population. 
The specific problem is determining the prevalence 
of malaria in targeted population with different 
blood groups and socioeconomic parameters and 
understanding if certain blood groups are more 
susceptible or resistant to malaria infection in the 
study population.

The present research aimed to investigate the 
statistical relationship among blood group types 
and the incidence of malaria. Malaria is prevalent 
in district Battagram due to environmental factors 
favorable to mosquito breeding. Certain blood 
groups have been implicated to offer some degree 
of protection against severe malaria, while Blood 
groups A and B show greater susceptibility. A few 
global studies have looked into the relationship 
between malaria and blood groups, but there is 
limited data on this association in Pakistan, district 
Battagram in particular.
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2.    MATERIALS AND METHODS

2.1. Study Area

The present study was carried out in District 
Battagram which shares geographical boarders 
with Kohistan to the North, Mansehra to the East 
and South East, Torghar to the South, and Shangla 
to west. It has an elevation of approximately 1038 
meters from sea level and located in 34°41’N 
latitude 73°1’E longitude as shown in Figure 1. 
The research study was conducted from September 
2024 to May 2025 in the District Battagram. The 
rainfall varies throughout the year, from July to 
September, with the monsoon season contributing 
the precipitation, resulting in providing favorable 
condition for mosquito’s reproduction and growth. 
The average annual rainfall is estimated to be 
around 800 to 1,000 millimeters. The rainy season 
provides significant moisture to the area.

2.2. Blood Typing (Agglutination Test) for ABO 
       Blood Group 

A total of 200 individuals were randomly selected 
in District Battagram but the sample classes were 
not balanced. Finger prick was performed on each 
participant using aseptic blood lancet. A drop of 
blood was placed on a clean microscopic glass slide 
and antisera was added to performed agglutination 
test followed by documenting of results [15]. 

2.3. Preparation of Blood Smear for Malarial 
       Parasite (MP) Test

Blood smears were prepared from each blood 
sample collected from participant in targeted 
population. Sample collection will be performed 
via finger pricking, thick and thin smear were made 
followed by soaking the prepared slides in methanol 
for chemical fixation. The chemically fixed smear 
were stained with Giemsa stain and incubated for 
fifteen minutes. Finally, the sample were washed 
with clean water with precaution to avoid any 
damage to smear. The resulting slides was stored 
in a designated slide box for future microscopic 
reconfirmation in the college laboratory [16].

2.4. Microscopy

The stained blood smears were examined under a 
microscope at 100x objective lens. After carefully 
identifying any Plasmodium parasites, the data were 
recorded in excel sheets. According to Maqsood et 
al. [17] detection of malaria from the microscopic 
blood smears was 96.82% accurate.

2.5. Data Analysis Using SPSS Software 

Data collected via questionnaires were summarized 
and input into Microsoft Excel 2013. A chi-square 
test was applied to examine the relationship 
between test results and associated risk factors 
utilizing SPSS [15]. 

Fig.1. Geographical map of district Battagram.
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3.    RESULTS AND DISCUSSION

Plasmodium species are usually spread by an 
arthropods, most often the female Anopheles 
mosquito [18]. The prevalence rate of malaria in 
(200) blood sample was 11.5% (n = 23). Among 
them, 91.3% (n = 21) was P. vivax and 8.7% (n = 
2) was P. falciparum. According to WHO,  >1.8 
million cases were being reported every year in 
Pakistan [19].  In 2020, the cases were reduced by 
40% compared to 2015 but again soar to over 2 
million in 2022 [20]. 

ABO Blood group is a system for compatibility 
and ABO antigen association with infection 
[21]. The result of ABO Blood group showed a 
percentage prevalence of 10.35% (n = 15) in blood 
group “B”, 4.27% (n = 7) in blood group “A”, 
0.07% (n = 2)  in blood group “AB” while no case 
was found positive in “O” blood group (Figure 
2). The research demonstrates that individuals 
possessing blood group O may have a comparative 
protective benefit against malaria infection. This 
finding supports other studies showing that RBC’s 
of blood group O are less able to clump together, 
which is a process that helps parasites stick and 
can cause serious illness. As a result, the lower 
ability of blood group O to form rosettes may 
play a vital role in reducing the susceptibility to 
malaria. Although blood groups A and B have the 
same percentage exposure to malaria in the studied 
population, blood group B is observed to be more 
prevalent. Similar results were reported by Tadesse 
et al. [15] showing higher prevalence in A (40%) 

and B (34.1) blood group followed by AB (14.3%) 
and O (5.1%), respectively. Likewise, Panda et al. 
[22] reported that the prevalence of blood group 
‘B’ was significantly higher in patients with severe 
malaria relative to those with uncomplicated cases 
(P < 0.0001). Regardless of clinical severity, blood 
group ‘B’ demonstrated a significant relationship 
with cerebral malaria (P < 0.0001).

Many risk factors associated including 
demographic and epidemiological variables were 
studied. The study documented the prevalence of 
malarial is 25.49% in patient who slept outdoor 
while 6.76% was recorded in patients sleeping 
indoor. Parameters Like, sleeping area and past 
malaria history showed a significant relationship (p 
< 0.05) with the presence of malarial parasites in 
blood, which is mentioned in Table 1. The results 
indicate that both sleeping area  and past malaria 
history are strongly linked to the infection caused by 
Plasmodium. The finding suggests that both factors 
may be  important in how malaria spreads in the 
study population. This aligns with previous research 
that outdoor sleepers  and night time  activities 
were prevalent and could substantially increase 
the risk of malaria. The study documented 42% of 
the participants sleeping  outdoors were at risk of 
malaria infection in southern Ghana [23]. Studies 
have demonstrated a 50% decrease in indoor vector 
density, resulting in a subsequent drop in malaria, 
due to the screening and windows doors [24]. Most 
of the positive malaria cases have been seen in 
homes that don’t have window screens. Therefore, 
windows mesh is very significant for lowering the 
number of malaria cases in malaria endemic regions 
[25].

The parameters like patient age, gender, 
standing water, rice paddies, use of mosquito 
repellent coils, use of anti-malarial spray, and use 
of mosquito nets showed trend and act as a risk 
factor but are found to be non-significant (p > 0.05) 
with the presence of malarial parasites in blood. 
Higher prevalence was observed in patients over 
the age of 20 years (10.44%), and the percentage in 
the patients of the age group less than 20 years was 
(4.69%). Our study co-relates with the population-
based study  that identified the prevalence of malaria 
across several age groups in Colombia, identifying 
the highest risk age range as 20-30 years [26]. On 
the other hand, factors including gender, closeness 
to standing water and rice paddies, and the use of 

Fig. 2. Percentage prevalence of Malaria in different 
blood groups.
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mosquito repellents, and mosquito nets did not 
demonstrate a significant correlation. Our study 
report contrasting results with the study conducted 
in Ethiopia [27]. The use of anti-malaria spray in 
homes has been identified as an effective method 
for decreasing the risk of malaria. The health of 
individuals can have a significant impact on the 
probability of individuals to suffer from malaria as 
well. Winskill et al. [28] conducted research study 
in north-east Tanzania and using anti-mosquito nets 

demonstrated to be highly effective in preventing 
malaria, reducing the risk by 25%, children aged 
5 to 13 exhibited a 71% increased risk of malaria 
compared to those under five, because they were less 
likely to sleep under insecticide-treated mosquito 
nets compared to younger children. Similarly, 
another study was conducted in Charsadda and 
Swabi districts of Pakistan reported contrasting 
results which demonstrated that the effective 
implementation of barriers such as window screens, 

Variables Prevalence (%) Significant 
difference (df)

Chi-square 
value P-value

Patient Age 6-10 0.4 3 1.196 0.754
11-15 1.23
15-20 3.06
>20 10.44

Gender Male 13.3 1 1.797 0.132
Female 9.36

Sleeping Area Outdoor 25.49% 1 13.022 0.001
Indoor 6.76%

Standing Water Yes 19.05 1 0.009 0.561
No 5.68

Rice Paddies Yes 11.76 1 0.089 0.469
No 11.11

Past Malarial History Yes 1.52 1 19.176 <0.001
No 27

Symptoms Chills 3.1 3 4.753 0.191

Episodic Fever 8.1

Anemia 0
Other 3.96

Anti-Malarial spray Yes 2.52 1 0.388 0.350
No 26.69

Mosquito Net Yes 5.44 1 0.004 0.559
No 19.65

Health Facilities Yes 19.05 1 0.022 0.539
No 5.76

Family member 1-5 3.1 2 1.197 0.550
6-10 8.1
>10 4.48

Climate Dry 32.8 1 0.371 0.394
Rainy 1.05

Blood Group A 4.27 3 15.151 0.002
B 10.35

AB 0.07
O 0

Table 1. Demographic features, epidemiological variables, and risk factors associated with malaria.
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housing types, and bed nets significantly decreases 
the incidence of malaria [29]. The study documented 
episodic fever in 8.1% of patients, followed  by 
chills in 3.1% and other related symptoms in 3.96% 
of the patients. Laboratory findings do not report 
anemia in any of the participating patient. 

4.    CONCLUSIONS

The current study reported that patients 
having blood group B are more vulnerable to 
Plasmodium infection. Participants sleeping in 
open environments were commonly affected due 
to exposure to vector-related factors, and those 
who sleep indoors but are affected by Malaria are 
due to lack of protective measures, such as using 
mosquito nets and mosquito repellent coils. This 
study shows the prevalence of malaria in a number 
of cases but is not statistically significant in the 
District Battagram. The findings of this study will 
be helpful in raising awareness among the local 
population about the association between blood 
group, sleeping area, and the risk factors associated 
with malaria.
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Abstract: Malathion, a widely used organophosphate pesticide, poses serious environmental and health risks due 
to its persistence and toxicity. This study investigates the bioremediation potential of bacterial consortia and plant-
bacterial systems in constructed wetland settings for the degradation of malathion-contaminated soil at varying 
concentrations (50, 100, and 200 mg/L). The four consortia (C1-C4) were constructed from three purified soil isolates 
and mixed in equal proportions and two plant species (Canna indica and Mentha arvensis) were tested individually 
and in combination over an eight-week period. All isolates were characterized by Gram staining and basic biochemical 
tests and identified as Gram-positive, catalase-negative Bacillus spp.; species-level molecular identification was 
not performed. Colorimetric analysis revealed that all bacterial treatments (bacteria + soil) achieved high removal 
efficiencies, showing degradation rates between 99.2% and 99.78% at 50mg/L and 100mg/L, reaching up to 99.99% at 
200 mg/L in seventh week. Plant-based treatments also exhibited robust degradation, achieving up to 99.8% efficiency 
by the first week and reaching 100% in the third week at higher concentrations. Efficiency was generally higher 
at greater malathion concentrations, suggesting possible enzyme induction or microbial adaptation. Soil parameter 
analysis confirmed active microbial and plant-based remediation, with shifts in pH, organic matter, nitrate, sodium, and 
potassium supporting degradation processes. While bacterial consortia acted more rapidly, plant systems contributed 
significantly to sustained removal. Two-way ANOVA confirmed significant effects of time and pesticide dose on 
degradation efficiency across all treatments. Overall, all treatments achieved > 99% malathion degradation, with 
bacterial and plant-bacterial consortia showing promise as effective, low-cost, and environmentally friendly strategies 
for remediating pesticide-contaminated soils.

Keywords: Biodegradation, Organophosphate Pesticide, Colorimetric Analysis, Constructed Wetlands, Plant 
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1.    INTRODUCTION

According to Al-Saeed et al.[1] one of the most 
used pesticides, malathion (MLT) poses multiple 
hazards to humans and animals. The wide use of 
malathion, an organophosphate insecticide, as both 
a tool of agriculture and a chemical weapon in 
urban areas poses a great environmental challenge 
due to this insecticide’s persistence and associated 
health risks. Many research works have been 
carried out to meet the need to address malathion 
contamination, and through it, much attention is 
paid to bioremediation strategies in constructed 
wetlands. A major investigation was carried out by 

Uniyal et al. [2]  investigating the biodegradation 
of malathion in constructed wetlands by indigenous 
bacterial plant associations. As one of the dominant 
organophosphate insecticides embedded in 
agricultural and urban settings, it requires the 
rigorous analysis of effective remediation methods. 
The U.S. Environmental Protection Agency (U.S. 
EPA) [3] highlighted  the effectiveness of malathion 
as a pest control agent. Malathion is one of the most 
widely used organophosphate insecticides  both 
in agriculture and public health, especially in 
Mosquito control operations for crop protection and 
vector born disease management. Although, U.S. 
Geological Survey (USGS) [4] reported an alarming 



information: malathion and its metabolites occurs 
in over 80% of the tested streams in more than 30 
states during year of 1992-2001, highlighting an 
uninviting presence  within aquatic environment. 
This widespread identification, despite close 
label  compliance, demonstrates the environmental 
mobility and persistence of malathion.

Malathion is bioactivated to malaoxon, an 
oxon derivative which is more toxic  than the 
parent compound, and a stronger inhibitor of 
acetylcholinesterase; hence, its toxicity is greater. 
A study of toxicity on zebrafish by Cui et al. [5] 
showed that malaoxon is about 32 times more 
toxic than malathion, indicating the increased 
danger associated with its formation. Hydrolysis of 
malathion yields malathion monocarboxylic acid 
(MCA) and malathion dicarboxylic acid (DCA). 
These are metabolites that are less toxic and 
participate in the mammalian detoxification process. 
Urinary analyses in human studies showed more 
malathion monocarboxylic acid than dicarboxylic 
acid, suggesting efficient excretion of these 
metabolites. More DCA and dimethylthiophosphate 
(DMTP) were found in zebrafish, indicating that 
the carboxylesterase pathway of hydrolysis is 
the major metabolic pathway [5]. The human 
body efficiently eliminates malathion, primarily 
through urinary excretion of its metabolites. 
Malathion monocarboxylic acids have been found 
to be the predominant urinary metabolites post 
ingestion because the body is able to detoxify 
and eliminate the compound within 12-24 hours. 
Environmental factors such as temperature and pH 
alter degradation pathways (ester hydrolysis and 
elimination) according to computational studies 
by Lamb et al. [6]. According to Vaishali et al. [7] 
Moreover, microorganisms, such as Pseudomonas 
stutzeri bacteria, also play a role in malathion’s 
environmental breakdown through microbial 
degradation resulting in monocarboxylic and 
dicarboxylic acid derivatives.

The detoxification of malathion is thus carried 
out by diverse methods which include chemical 
treatment, photodecomposition, volatilization and 
incineration. Unfortunately, they are inefficient, 
costly, and environmentally unfriendly, so their 
application for complete removal of contaminants 
from solutions at low concentration is not viable. 
Bioremediation methodologies, mainly microbial 
and Phyto degradation have been adopted in recent 

years for pesticide removal. Bacterial genera such 
as Bacillus [8], Pseudomonas [7], Flavobacterium 
[9], Sphingomonas [10], and Agrobacterium 
[11] have shown efficacy towards malathion 
biodegradation.	

Malathion exposure poses critical 
considerations in genotoxic and carcinogenic 
hazards. Acetylcholinesterase inhibition activity 
and its subsequent interference with the transmission 
of nerve impulse, accumulation of acetylcholine at 
synaptic junctions, and ultimately induction of its 
associated adverse health effects such as headache, 
dizziness, nausea, vomiting, bradycardia, and miosis 
have been associated with toxicity. According to 
Olakkaran et al. [12] Malathion toxicity in humans 
has been reported as oxidative stress. In vitro 
studies in human cell cultures and animal cells 
exposed to malathion demonstrated DNA damage 
and chromosomal alterations. In vivo experimental 
studies by Bastos et al. [13] have shown sufficient 
evidence regarding the potential of pesticides both 
in inducing genetic damage and inducing neoplasms 
in mammals. Epidemiological studies have shown 
statistically significant positive associations for 
thyroid, breast, and ovarian cancer in menopausal 
women. Malathion has been commonly used in 
the world in arbovirus control programs. In 2015, 
the International Agency for Research on Cancer 
(IARC) classified it as a probable carcinogen to 
humans [13].

Petsas and  Vagi [14] conducted a study in 
which indigenous soil bacteria, like Pseudomonas 
sp., were used to degrade malathion. This 
indicates how these bacteria could provide a viable 
bioremediation contribution to wetland systems. 
Specific bacterial strains with the ability to degrade 
malathion provide a basis for developing plant‐
bacterial consortium for higher removal. The aim 
was to isolate and characterize malathion degrading 
bacteria from agricultural soil. They had identified 
Pseudomonas sp. through their experiments as a 
potential candidate for the degradation of malathion.

Further studies confirming the potential of 
plant-bacterial associations to enhance malathion 
degradation, are drawn from foundational work [2].
Additionally, the study by Cedillo-Herrera et al. 
[15] also further supports the role of wetland plants 
as hosts for malathion degrading bacteria as pointed 
out by Uniyal et al. [2]. In their work with microbial 
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consortium enriched from activated sludge, they 
show that microbial communities in wetlands can 
be used to promote increased malathion removal.

In the study conducted by Dar and Kaushik [16] 
bioremediation potential of pure bacterial strains 
and their consortia isolated form agricultural soil 
for degradation of the organophosphate pesticide 
malathion was evaluated. Individual strains degraded 
50.16 - 68.47% malathion in 15 days, but complete 
degradation was observed in a mixed bacterial 
consortium of Micrococcus aloeverae, Bacillus 
cereus and Bacillus paramycoides. The degradation 
rates of partial consortia showed lower values 
(70.95 - 88.61%). Several intermediate metabolites, 
namely malaoxon, malathion monocarboxylic acid, 
diethyl fumarate, and trimethyl thiophosphate 
accumulated and disappeared successively during 
bioremediation process.

Study by Geed et al. [17] used the response 
surface methodology (RSM) to optimize the 
biodegradation parameters for malathion. They 
investigated malathion removal efficiency vs. pH 
and hydraulic retention time (HRT) in a batch and 
continuous flow system. However, their findings 
illustrated that under optimal conditions, the 
biodegradation process was greatly improved and 
were thus offered as a means for improving treatment 
systems where environments are contaminated with 
malathion. Isolation of bacterial strains capable 
of mineralizing malathion from agricultural soil 
revealed complete mineralization of malathion with 
butanedioic acid as the major metabolite. According 
to Jimenez-Torres et al. [18] the presence of non-
oxidative degradation pathway is further supported 
by the absence of harmful intermediate metabolites. 
The use of such bacterial strains in wetlands may 
promote the removal of malathion and may open 
the possibility of using plant-bacterial consortia in 
bioremediation.

Although pesticide use in Pakistan is known 
to be heaviest on cotton—accounting for more 
than half of national consumption—other major 
crops such as rice, vegetables, fruits, sugarcane, 
and various horticultural crops are also treated 
with insecticides, including Malathion. However, 
no recent nationwide database provides crop-wise 
Malathion application patterns, and available 
information is limited to scattered residue studies 
and supplier recommendations reporting its 

presence in rice, pulses, vegetables, and mango. 
This lack of localized, site-specific data indicates 
a large disparity in knowledge and emphasizes 
the need to study Malathion  degradation under 
Pakistan-specific conditions. The  convincing 
results of the previous work suggested that plant-
bacterial consortia hold great bioremediation 
potential for organophosphate pesticides in wetland 
settings. Wetlands  harbor dynamic microbial 
communities and plant-microbe interactions, 
increasing the degradation pathways. Accordingly, 
the present study  aims to enhance the performance 
of Malathion degradation utilizing wetland plants 
and plant-bacterial consortia in conjunction with 
monitoring efficiencies concurrently. Continued 
development of optimized bioremediation strategies 
and effective degraders can establish constructed 
wetlands as a sustainable solution for mitigating 
Malathion contamination in local ecosystems.

2.    METHODOLOGY

2.1. Study Area and Sample Collection

This study evaluates the effects of plant-bacterial 
consortia for the removal of malathion from 
contaminated soil and water under controlled 
laboratory conditions. Soil samples were collected 
from agricultural land in Islamabad, Pakistan. 
Samples were taken at a depth of 0 - 15 cm using a 
sterile soil auger. Soil was collected, stored airtight 
and transported to the laboratory and then stored 
at 4 °C to prevent microbial degradation before 
analysis. To prepare a uniform soil matrix, large 
debris, plant matter and rocks were first removed 
with 2 mm sieve. After mixing the soil to make 
it homogeneous, physicochemical analyses and 
bioremediation experiments are conducted.   

In this research, the bioremediation potential 
of plant associated bacterial consortia to remove 
malathion was explored, a method of colorimetric 
quantification was employed. In this approach, 
we combined the advantages of plant-bacterial 
interactions and analytical capability to meet  the 
challenge of sustainable pesticide remediation. 
Early reports exposed bioremediation as a 
greener  solution to pesticide pollution. Knowing 
plant associated bacteria and their ability to degrade 
different types of pollutants, we base our work on 
this knowledge. The overall aim was to test the 
reserve of plant bacterial consortia to disintegrate 
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malathion by using a colorimetric method [19]. The 
symbiotic relations between plants and bacteria 
were hypothesized to enhance Malathion removal 
rate and colorimetric approach was suggested for 
remediation monitoring.

2.1.1. Selection of plant-bacterial consortia

For development of a cost-effective bioremediation 
strategy for malathion degradation, the plant 
species which host pesticide degrading bacteria 
in their rhizosphere were identified carefully. This 
was primarily selected from a review of existing 
literature and past studies which indicate that certain 
plants associated with microbial communities could 
degrade organophosphate pesticides, like malathion 
[16].

After shortlisting the potential plant species, 
bacterial strains capable of proven pesticide 
degradation were isolated from its rhizosphere [20]. 
To accomplish this task soil from the root zone of 
these plants was collected, cultured, and screened 
to find many of the bacterial populations of these 
plants that can degrade malathion. The bacterial 
isolates were analyzed by microbiological and 
molecular techniques used to confirm their identity 
and degradation efficacy. The most effective strains 
for further experimentation were identified through 
analysis of key enzymatic pathways that degrade 
malathion. 

Four bacterial consortia (C1 - C4) were 
prepared from the isolates obtained from malathion-
contaminated soil. All isolates were characterized 
using Gram staining, oxidase and catalase tests, and 
were identified as Gram-positive, catalase-negative 
Bacillus spp. Although species-level molecular 
identification was not performed, isolates were 
grouped based on their biochemical profiles 
and malathion-degrading ability. The consortia 
were formulated by mixing the isolates in equal 
proportions: C1 (Isolate 1 + Isolate 2), C2 (Isolate 
1 + Isolate 3), C3 (Isolate 2 + Isolate 3), and C4 
(Isolate 1 + Isolate 2 + Isolate 3). These consortia 
were used for all subsequent biodegradation 
experiments.

2.1.2. Experimental design

To evaluate the efficiency of biodegradation of 
plant bacteria consortia, experimental design 

setup involved setting up controlled environments 
with different malathion concentrations [16]. The 
plant species associated with known degrading 
bacteria were selected for isolating some pesticide 
degrading bacteria from their rhizosphere and 
they were introduced into the plant rhizosphere 
in the experimental setups. The rate of malathion 
degradation over time was determined through 
colorimetric assays. This research opted for the 
colorimetric method as it is simple and low-cost, as 
well as effective in checking how malathion degrades 
in constructed wetlands. The color change that 
takes place during a chemical reaction with certain 
reagents helps quickly and accurately determine 
the concentration of malathion. As colorimetry 
does  not depend on any of these expensive analysis 
tools but is easily performed, it is a convenient 
method for treating and comparing the samples from 
different laboratory experiments. Moreover, the 
data collected was obtained from credible  sources 
and compatible with statistical analysis of assessing 
the effectiveness of bioremediation options. 
The colorimetric technique adopted a procedure 
similar to that suggested in the previous study 
by Sharma et al. [21], based on the variation 
of color produced by malathion  degradation, 
analyzed using spectrophotometry. Differences in 
degradation between treatments were tested with 
ANOVA, and bacterial population dynamics and 
colorimetric  data were related to determine the 
influence of plant-bacterial consortia on malathion 
removal efficiency.

2.2. Experimental Procedure

The soil samples were collected from malathion 
sprayed soil in the screening and isolation of 
malathion degrading bacteria [20]. Soil samples 
are spread on nutrient agar media using the spread 
plate method and the streak plate method is used to 
select and purify morphologically distinguishable 
colonies. 

2.2.1. Isolation of bacteria 

Soil samples where malathion was already 
introduced were used to isolate the bacteria for 
bioremediation [22]. Soil samples from malathion-
treated sites were air-dried, sieved (2 mm) and 1 
g of each sample was suspended in 9 ml sterile 
saline, followed by serial ten-fold dilutions up to 
10⁻⁶. Aliquots (100 µL) from appropriate dilutions 
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were spread on nutrient agar plates and incubated 
at 37 °C for 24 - 48 h. Distinct colonies were 
picked based on morphology, purified by repeated 
streaking, and maintained on nutrient agar slants. 
Representative isolates were stored as glycerol 
stocks at 4 °C for further characterization and used 
to prepare consortia.

2.2.2. Identification of bacteria

1.3 g of Nutrient broth was added to 100 milliliters 
of distilled water to enrich Bacterial culture. The 
solution was then sterilized by autoclaving at 121 °C 
for 15 mins [23]. Then, 10 ml of the nutrient broth 
was poured into a test tube, and a bacterial culture 
was added with a micropipette after autoclaving. To 
allow bacterial growth, the test tube was incubated 
at 37 °C for 48 hours. A total of three distinct 
bacterial isolates were purified from malathion-
treated soil and used for consortium development.

2.2.2.1. Bacterial enrichment:

Nutrient broth was prepared by dissolving 13 g of 
the nutrient  powder in one liter of distilled water. 
For a 100 ml solution, the amount was calculated 
as (13/1000) × 100 = 1.3 grams. This correctly 
weighed quantity was dissolved in 100 ml distilled 
water to obtain the culture medium for growth  of 
bacteria. The nutrient broth was sterilized at 121 
°C for 15 min by  autoclaving [23]. Water boils at 
100 °C and when the temperature rises to 121 °C, 
steam is formed which provides wet sterilization 
in autoclave. The autoclave was not immediately 
opened after the completion of  15 min sterilization 
run. The sample was cooled to a temperature of 
less  than 72 °C and then opened [24].

The laminar flow hood was disinfected 
with  spirit after being autoclaved for the sterility of 
working areas. The blower was turned on  for clean 
airflow generation. Then, 10 ml of the sterilized 
nutrient broth was transferred into a test tube. Using 
a micropipette, 5 ml of the nutrient broth was taken, 
and the bacterial culture was added to the medium 
(Figure 1). The test tube was then incubated under 
controlled conditions at 37 °C for 48 hours to allow 
bacterial growth, facilitating enrichment of the 
bacterial culture. The bacterial characterization was 
done through gram staining according to standard 
protocols [25].

2.2.3. Constructed wetland 

A constructed wetland [26] was established using 
pots filled with coarse and fine gravel, coarse 
gravel (20-30 mm diameter), fine gravel (2-10 mm 
diameter), sand, and soil from a specific site as 
shown in Figure 2. The local plants Canna indica 
and Mentha arvensis were selected. A total of 12 
constructed wetland arrangements were maintained 
under different conditions: control, with isolated 
bacterial strains, soil alone, with plant and soil 
alone, and with a bacterial-plant consortium. The 
constructed wetland units were maintained in batch 
mode, and malathion-spiked soil/water remained in 
each system until the next sampling interval. Thus, 
the effective retention time was 14 days between 
consecutive samplings, consistent with common 
practice in small-scale wetland studies [16, 17]. 
All treatments were conducted in triplicate for each 
malathion concentration. Each replicate acted as an 
independent unit, and mean values were used for 
analysis to ensure statistical reliability and reduce 
experimental variation.
                 
2.2.4. Soil parameters analysis

The  soil of the constructed wetland used for 
malathion treatment was also examined for various 
properties such as saturation, pH, texture, organic 
matter, nitrogen content, P and K. The soil was 
51% saturated and had a basic pH of  8.12. Its 
texture was considered as clay loam having 0.059% 
organic  matter, 16 ppm N, and 131 ppm K. The pH 
value of the  soil samples was analyzed by a pH 
meter for alkaline or acidic character. The organic 
matter proportion was  determined using the same 
approach as above. All values of NO₃⁻ in soil samples 
were determined  by UV spectrophotometer 
[27]. Moreover, concentrations of potassium and 

Fig. 1. Enrichment cultures in selective media for 
bacterial growth under controlled conditions.
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sodium in  soil samples were determined by flame 
photometer. The test may be performed on any 
water sample  and the results are detected in terms 
of flame color. Standards were originally  run with 
sample in photometer. The blue changed to yellow 
in the flame colors,  indicating that sodium and 
potassium are present. Measurements are easy to 
read on the  meter. The parameters represented the 
conditions of  an experiment to study the potential 
for bioremediation by a bacterial consortia in 
constructed wastelands. Beginning  at a pH of 10 
signified an extremely alkaline condition. This was 
applicable because certain bacterial populations 
dominate the acidic conditions which in turn are 
major contributors  to biodegradation. The test  was 
designed to study the way these modified bacteria 
led to remediation within wastelands. The presence 
of 1 g of organic matter acted as  a carbon source 
for the bacteria.

This material was used as substrate for growth 
of and energy source  for microorganisms; in fact, 
it allowed the biodegradation of pollutants in the 
constructed wasteland. One gram of total nitrate 
was added for its nitrogen, a second nutrient 
necessary for bacteria to proliferate and  be active. 
Both potassium and sodium contents were  5 g. 
These components were  necessary for various 
processes with bacterial cells. Potassium functioned 
for the activation of enzymes while sodium 
maintained  cell turgor and osmotic pressure. 
They promoted  bacterial growth and activity for 
bioremediation. By controlling initial conditions 
for the experiment, a suitable environment is 
established which allows growth and working  of 
certain bacterial communities. These consortia are 
capable of  degrading a variety of pollutants and 
providing remediation in the constructed wetlands. 
All soil characteristics (pH, organic  matter, nitrate, 
potassium and sodium) were determined with 
triplicate samples for each treatment and sampling 

week. Three subsamples from each wetland unit 
were extracted and  analyzed separately to maintain 
spontaneous soil parameter variation.

The removal efficiency (%) of malathion was 
calculated using the following formula:

Removal efficiency =
  

This approach allowed for precise tracking of 
malathion degradation across different treatments 
over time.

3.    RESULTS AND DICUSSION

3.1. Bacterial Characterization and Malathion 
       Removal 

Bacterial consortia isolated from the constructed 
wetlands have shown potential for malathion 
degradation. Biochemical characterization revealed 
that the four bacterial consortia used in this study 
consisted of different combinations of Gram-
positive, catalase-negative Bacillus isolates. 
Since all isolates belonged to Bacillus spp., the 
performance differences observed among consortia 
likely reflect variations in enzyme activity and 
synergistic interactions rather than taxonomic 
differences. This isolated group of bacteria 
was identified as Gram‐positive and catalase‐
negative, like the Bacillus spp. which are well-
known to break down malathion. It is known that 
bacilli can degrade organophosphates by using 
carboxylesterases and related pathways [16]. Using 
Bacillus alone or in mixed cultures, it has been 
found to completely degrade a lot of malathion in 
soil. For instance, in a previous study, when both 
Bacillus and Micrococcus species were present, 
they mineralized 500 mg/kg malathion much faster 

Fig. 2. Lab based constructed wetland setup.
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than single cultures, finishing the process within 15 
to 20 days. Because our isolates were oxidase and 
catalase negative, they may use a unique mechanism 
to break down pesticides. They are consistent with 
recent findings suggesting Gram-positive Bacilli 
are good for removing organophosphates [16].

3.1.1. Biochemical characterization 

Additionally, oxidase and catalase tests were 
conducted to further understand the metabolisms of 
the consortium. Results from the oxidase test were 
negative indicating that these bacteria do not have 
an enzyme (cytochrome c oxidase) normally used 
in aerobic respiration [28]. Furthermore, catalase 
test was negative, which means catalase enzyme, 
which breaks down hydrogen peroxide was absent 
[29]. These results provide useful indications of the 
metabolic profile of the consortium and degradation 
pathways. Gram staining was performed to 
differentiate bacterial cell wall structures. The 
Gram-negative staining pattern was characterized 
by a thin peptidoglycan layer and outer membrane 
[30], as Gram positive bacteria resist the crystal 
violet staining leaving the bacteria purple, while 
Gram negative bacteria do not retain the crystal 
violet staining and so appear pink [31]. The catalase 
test is performed to separate bacteria based on the 
formation of an enzyme called ‘catalase’, which 
helps in decomposing the hydrogen peroxide to 
form water and oxygen [32]. The lack of catalase 
activity in the isolates is consistent with the 
properties of certain Bacillus species.

3.2. Analysis

3.2.1. Bioremediation of Malathion through plant 
          in soil 

Sample collection and parameter checking was 
done after introducing pesticide. Each sample 
was collected with a gap of 2 weeks. The total 
time of bioremediation and sampling was eight 
weeks. Wetland plants contribute to malathion 
removal in several ways. First, plant roots can take 
up small amounts of pesticide from soil water, 
translocating it into root/shoot tissue where it may 
be sequestered or transformed. However, for non-
volatile organophosphates like malathion, direct 
uptake tends to be limited compared to microbial 
breakdown [33]. The more important effect is 
indirect: the plant roots engineer the habitat for 

microbes. As noted, emergent macrophyte roots 
leak oxygen into the rhizosphere and exude sugars, 
amino acids and other carbon sources [34].

3.2.1.1. Treatment of Malathion through Canna 
             indica and Mentha arvensis in soil sample
             taken from wetland media in first week of
             treatment process:

Figure 3 showcased remarkable bioremediation 
potential, reducing malathion concentrations with 
stunning efficiency across all initial levels. With 
a mere 3.2 mg/L remaining at the lowest starting 
concentration (50 mg/L), it achieved a near-perfect 
99.34% degradation. This efficiency further increased 
to 99.68% and 99.9% for initial concentrations of 
100 mg/L and 200 mg/L, respectively as shown in 
Figure 4. These findings indicate a strong metabolic 
potential of the  bacterial consortium, when 
challenged with various malathion contamination 
levels. Efficiency was found to increase seismically 
with initial  concentrations, suggesting possible 
induction or adaptation of the enzyme in the 
bacteria. This adaptability is crucial for real-world 
bioremediation where contaminant levels can vary 
significantly. Canna indica and Mentha arvensis 
therefore, emerges as a strong contender for effective 
malathion removal in constructed wastelands. 
Microbial communities in the rhizosphere engage 
in cooperative and competitive interactions, root 
exudates (sugars, amino acids, organic acids) boost 
microbial biomass and catabolic activity; microbes 
cometabolize malathion using enzymes induced by 
root-derived carbon or the pesticide itself [35].

3.2.1.2. Treatment of Malathion through Canna 
             indica and Mentha arvensis in soil sample
             taken from wetland media in third week of
             treatment process:

Both canna indica and mentha arvensis exhibited 
consistent and high biodegradation efficiency 
across all malathion concentrations. As illustrated 
in Figure 5, initial concentrations of malathion at 
50 mg/L, 100 mg/L, and 200 mg/L were reduced 
to 17 mg/L, 4 mg/L, and 2.3 mg/L respectively 
after treatment. This demonstrates the effective 
phytoremediation potential of the plant-soil system 
in degrading or removing malathion. Furthermore, 
Figure 6 highlights the removal efficiency across 
different concentrations. Efficiency increases 
with the dose from around 99.4% at 50 mg/L to 

	 Malathion Removal by using Plant-Bacteria Consortia in Wetlands	 321



about 99.8% at 200 mg/L. These findings indicate 
that the treatment is marginally more effective at 
higher initial concentrations, which implies that 
the plant-soil system has a high ability to accept 
more pesticide. Despite greatly elevated resistance, 
it retained its functionality and is  therefore a 
potential tool for bioremediation projects in 
which predictable outcomes are important. The 
composition and  metabolism of this engineered 
consortium may potentially be further explored to 
understand its stable performance.

3.2.1.3. Treatment of Malathion through Canna 
             indica and Mentha arvensis in soil sample
             taken from wetland media in fifth week of
             treatment process:

The treatment of malathion-contaminated soil using 
Canna indica and Mentha arvensis in a wetland 
media showed highly effective results by the fifth 
week of the treatment process. As illustrated in 
Figure 7, the efficiency of malathion removal 

increased with the dosage applied, reaching 
approximately 99.31% at 50 mg/L, 99.68% at 
100 mg/L, and nearly 99.9% at 200 mg/L. This 
demonstrates a strong positive correlation between 
malathion concentration and phytoremediation 
efficiency, indicating the robustness of the treatment 
system even at higher contamination levels. 
Correspondingly, Figure 8 shows a significant 
reduction in malathion concentration in the third 
treatment i.e. plant + soil. Initial concentrations of 
50 mg/L, 100 mg/L, and 200 mg/L were reduced to 
9 mg/L, 3 mg/L, and 5.5 mg/L, respectively, after 
five weeks. The residual malathion concentration 
was lowest in the sample with 100 mg/L 
initial  malathion concentration, indicating better 
performance at this level. In general, these results 
have revealed that the mixture of  Canna indica 
and Mentha arvensis has an excellent efficiency for 
phytoremediation of malathion in soil at wetland, 
making it an eco-friendly tool for the control of 
pesticide contamination.

Fig. 3. Concentration of malathion before and after treatment with time (1st Sample (Plant + Soil)).

Fig. 4. Plant efficiency for treatment of different concentrations of malathion in wetland.
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3.2.1.4. Treatment of Malathion through Canna 
             indica and Mentha arvensis in soil sample
             taken from wetland media in seventh week
             of treatment process:

In the seventh week of treatment, the removal 
of malathion from soil using Canna indica and 
Mentha arvensis continued to show exceptional 
results. Figure 9 shows that the malathion 

concentrations decreased significantly from 
50, 100, and 200 mg/L to 2.4, 12, and 10 mg/L, 
respectively. The most significant reduction was 
observed at the 50 mg/L dosage, showing a drop 
to just 2.4 mg/L, indicating the high efficacy of the 
phytoremediation system at lower concentrations. 
Figure 10 presents the corresponding efficiency of 
malathion removal. The data shows that the system 
achieved an efficiency of around 99.8% at 50 mg/L, 

Fig. 5. Concentration of malathion before and after treatment with time (2nd Sample (Plant + Soil)).

Fig. 6. Plant efficiency for treatment of different concentrations of malathion in wetland.

Fig. 7. Concentration of malathion before and after treatment with time (3rd Sample (Plant + Soil)).

	 Malathion Removal by using Plant-Bacteria Consortia in Wetlands	 323



slightly above 99.91% at 100 mg/L, and maintained 
a similarly high level close to 99.98% at 200 mg/L. 
The near-complete removal of malathion across all 
concentrations by the seventh week confirms the 
potential of Canna indica and Mentha arvensis as 
reliable phytoremediators for treating pesticide-
contaminated wetland soils over time. In practice, 
planted wetlands consistently outperform unplanted 
controls for pesticide removal. For example, Tang 

et al. [36] reported that Canna indica wetlands 
removed more pesticide mass than unplanted 
system.

Table 1 shows how increasing malathion 
concentrations (50, 100, and 200 mg/L) influenced 
soil properties under plant treatments P1-P4. Soil 
pH remained slightly alkaline across all setups, 
ranging from 7.30 to 7.76, with only minor shifts 

Fig. 8. Plant efficiency for treatment of different concentrations of malathion in wetland.

Fig. 9. Concentration of malathion before and after treatment with time (4th Sample (Plant + Soil)).

Fig. 10. Plant efficiency for treatment of different concentrations of malathion in wetland.

324	 Nasir et al



as concentrations increased. Organic matter varied 
widely depending on the treatment, from as low as 
8-10% in P1 to as high as 40 - 60% in P3. Total 
nitrate generally increased in several setups, 
such as in P3 where it rose from 251.66 mg/L at 
50 mg/L to 500.83 mg/L at 200 mg/L, and in P4 
where it remained high (340 - 503.33 mg/L) across 
treatments. Potassium values ranged between 3.1 
and 10.7 mEq/kg, while sodium fluctuated between 
22 and 54 g/mol, without a clear concentration-
dependent pattern. Overall, these values indicate 
that plant treatments show moderate but variable 
nutrient responses to malathion exposure. 

The significant results from these experiments 
prove that phytoremediation has great potential. 
Many species growing in wetlands, including Canna 
indica and Mentha arvensis, help clean up pollutants 
by using their vast root systems and rhizobacteria 
[26]. According to other studies, organophosphate 
removal is successful when carried out by wetland 
plants and the bacteria living in wetlands. When 

Canna indica, Mentha arvensis and pesticide-
degrading bacteria were added to a constructed 
wetland, chlorpyrifos was fully broken without 
leaving any toxic substances. As with malathion, 
we find that plants can quickly absorb or transform 
it and speed up their decomposition, resulting in 
> 99% removal within just a few weeks [26]. Our 
results show that plant-assisted systems achieved > 
99% removal but took slightly longer than bacteria 
alone. Plants reached near-complete removal by 
Weeks 3-5, likely because their roots improved 
aeration and supported microbial activity, helping 
maintain continuous malathion degradation [37].

3.2.2. Bioremediation of Malathion through 
          bacteria in soil 

Sample collection and parameter checking was 
done after introducing pesticide. Each sample 
was collected with a gap of 2 weeks. Total 
time of bioremediation and sampling was eight 
weeks.  Many bacteria use organophosphorus-

Samples Parameter 50 mg/L 100 mg/L 200 mg/L

1st week (P1) pH 7.38 7.43 7.30

Organic matter (%) 10 8 8

Total nitrate (mg/L) 196.6 245.8 237.5

Potassium (mEq/kg) 3.1 3.1 3.1

Sodium (g/mol) 54 28 22

3rd week (P2) pH 7.30 7.36 7.70

Organic matter (%) 20 20 20

Total nitrate (mg/L) 170 295.83 319.16

Potassium (mEq/kg) 10.7 6.7 5.7

Sodium (g/mol) 42 40 38

5th week (P3) pH 7.54 7.64 7.66

Organic matter (%) 60 20 40

Total nitrate (mg/L) 251.66 330 500.83

Potassium (mEq/kg) 7.7 5.1 7.4

Sodium (g/mol) 38 30 34

7th week (P4) pH 7.55 7.67 7.76

Organic matter (%) 10 20 20

Total nitrate (mg/L) 503.33 340 405.83 

Potassium (mEq/kg) 7.4 6.2 7.9 

Sodium (g/mol) 30 34 32 

Table 1. Soil properties under plant treatments (P1–P4) at different malathion concentration.
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degrading enzymes (organophosphorus hydrolases/
phosphotriesterases/carboxylesterases) to cleave 
the P-O or ester bonds in malathion, producing 
monocarboxylic/dicarboxylic acids and ultimately 
mineralization products [38].  

3.2.2.1. First soil sample extracted from wetland 
             media at first week to determine treatment
             of malathion through bacteria:

In the first week of treatment, the bacterial 
remediation of malathion-contaminated soil 
extracted from wetland media showed encouraging 
results. As illustrated in Figure 11, initial malathion 
concentrations of 50 mg/L, 100 mg/L, and 200 
mg/L were reduced to 6.1 mg/L, 5.5 mg/L, and 
4.2 mg/L, respectively, after treatment. These 
reductions demonstrate that the bacterial activity 
began to effectively degrade malathion even within 
a short time frame. The efficiency of removal, 
shown in Figure 12, was approximately 99.40% at 

50 mg/L, increasing to around 99.65% at 100 mg/L 
and 99.70% at 200 mg/L. The trend indicates that 
the bacterial system performs well across varying 
contamination levels, with slightly higher efficiency 
observed at greater concentrations. Malathion is 
degraded by carboxylesterases to its monoacid 
and diacid derivatives; this is the main metabolic 
mechanism for the degradation of malathion by 
microorganisms [39]. Overall, these findings 
confirm the potential of bacteria as a rapid and 
efficient means for the biodegradation of malathion 
in soil, especially useful for early-stage treatment in 
wetland-based remediation systems. 

3.2.2.2. Second soil sample extracted from wetland 
             media at 3rd week to determine treatment
             of malathion through bacteria:

In the third week of treatment, the second soil 
sample extracted from wetland media and treated 
with bacteria continued to show significant 

Fig. 11. Concentration of malathion before and after treatment with time (1st Sample (Bacteria + Soil)).

Fig. 12. Efficiency of bacteria for treatment of different concentrations of malathion in wetland.
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degradation of malathion. As seen in Figure 13, 
malathion concentrations of 50 mg/L, 100 mg/L, 
and 200 mg/L were reduced to 10 mg/L, 9 mg/L, 
and 4.2 mg/L, respectively, after treatment. These 
data suggest that  the bacterial activity was also 
retained over time, especially with larger dosages. 
The corresponding removal rates are illustrated in 
Figure 14 and they exhibited an  increasing trend: 
about 99.15% for 50 mg/L, 99.56% for 100 mg/L, 
and finally rose to nearly 99.78% at the concentration 
of 200 mg/L.. The degradation power of malathion 
depends predominantly on the microorganism 
enzymatic activity. Enzymes are the biocatalysts 
which can enhance the rate of certain biochemical 
reaction by decreasing the activation energy [40]. 
This pattern demonstrates both the persistent and 
dose-responsive biodegradative capacity  of the 
bacteria, which further supports its viability for use 
as a dependable candidate organism for treatment 
of malathion in wetland-based soil systems.

3.2.2.3. Third soil sample extracted from wetland 
             media at 5th week to determine treatment
             of malathion through bacteria:

In the fifth week of sampling, bacteria and wetland 
media  soil were screened for the ability to degrade 
malathion at different concentrations. The results 
presented in Figures 15 show  a significant reduction 
in malathion levels after bacterial treatment. At 
50 mg/L initial concentration, the removal of 
malathion was found to be 64% and  decreased 
its concentration down to 18 mg/L. When the 
initial concentration was  100 mg/L, it decreased 
to 9.4 mg/L (removal efficiency reached 90.6%); 
while at the highest concentration of 200 mg/L, 
malathion remained at only 3.3 mg/L with removal 
efficiency of about 98.35% as shown in Figure16. 
The efficiency graph also shows that the rate  of 
malathion removal was positively correlated with 
its initial concentration and reached 99.4%, 99.6%, 

Fig. 13. Concentration of malathion before and after treatment with time (2nd Sample (Bacteria + Soil)).

Fig. 14. Efficiency of bacteria for treatment of different concentrations of malathion in wetland.
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at 50 mg/L, 99.94% at 100 mg/L and 99.97% at 
200 mg/L as shown in Figure 18  indicates the 
high performance of bacterial system to detoxify 
malathion in environment. The low increase in 
efficiency with higher doses indicates a possible 
adaptation of the bacterial population or better 
performance under  heavy pollution.

Table 2 illustrates the stronger chemical shifts 
observed under bacterial treatments B1 - B4. Soil 
pH stayed between 7.12 to 7.80, showing slight 
decreases at higher malathion concentrations in 
some setups. Organic matter ranged from 10% to 
40%, depending on the treatment. A pronounced 
response was observed in nitrogen and nitrate 
levels: for example, in B1 total nitrogen increased 
sharply from 657.5 mg/L at 50 mg/L to 1303.3 
mg/L at 100 mg/L, while B2 recorded nitrate 
values as high as 1747.5 mg/L at 100 mg/L. Sodium 
concentrations ranged from 26 to 76 mEq/kg, and 
higher values were found in B2 with 200 mg/L, 

and 99.9% for doses of 50, 100, and 200 mg/L, 
respectively. These results demonstrate that the 
bacterial activity in the wetland media is extremely 
effective for malathion degradation, especially  at 
higher concentrations and has potential for use in 
bioremediation.

3.2.2.4. Fourth soil sample extracted from wetland 
             media at seventh week to determine
             treatment of malathion through bacteria:

As can be seen from Figure 17 the malathion 
concentrations after  treatment significantly reduced 
for all concentration tested. The concentration 
decreased from 50 mg/L to 4.6; at dosage of 100 
mg/L reduced  to 5.8, and dosage of 200 mg/L 
fell to 5.6 mg /L. This visibly suggests that a 
significant amount of malathion was degraded by 
bacteria existing in soil/wetland media and proved 
it that are effective against high dosages too. In 
addition, degradation efficiencies of about 99.80% 

Fig. 15. Concentration of malathion before and after treatment with time (3rd Sample (Bacteria + Soil)).

Fig. 16. Efficiency of bacteria for treatment of different concentrations of malathion in wetland.
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whereas  potassium varied between 4.9 and 20 g/
mol, the same type of treatment led to intense 
changes on this element. These numbers indicate 
that bacterial activity induces stronger  nutrient 
modifications than plant treatments when applied 
in combination with malathion.

Prior research showed that Bacillus-based 
groups could completely remove a high level of 
malathion, while single strains were much less 
effective [16]. In addition, Pseudidiomarina strains 
present in deep-sea waters degraded malathion at 
500 mg/L to below detection levels in just 36 h 
[16]. The consortium’s high performance and the 
trend we noticed with more pollutants indicate 
that enzymes are being made or microbes are 
becoming more tolerant of the contaminant. 
The same phenomenon has been spotted in other 
biodegradation systems, where these systems 
exhibit greater catabolic activity when there is a 
high contaminant concentration. 

All systems showed almost complete malathion 
decomposition after eight weeks. Initially, bacterial 
consortia were the most effective, followed by plant 
systems that increased both uptake and stability. It 
proves that using these interactions in wetlands is 
a great, inexpensive way to address and clean up 
pesticide-polluted waters and soils

3.2.3. Two-Way ANOVA results for Malathion 
          removal efficiency

In the plant-based treatment system, a two-factor 
ANOVA with replication (Table 3) was conducted 
to evaluate the effects of sampling week and 
treatment dose on the measured response variable. 
The analysis revealed a statistically significant main 
effect of week (F = 228.44, p < 0.001), indicating 
that the response values changed consistently 
across Week 1, Week 3, Week 5, and Week 7. There 
was also a highly significant main effect of dose 
level (F = 932.59, p < 0.001), demonstrating that 

Fig. 17. Concentration of malathion before and after treatment with time (4th Sample (Bacteria + Soil)).

Fig. 18. Efficiency of bacteria for treatment of different concentrations of Malathion in wetland.
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increasing the dose from 50 to 100 and 150 resulted 
in progressively higher mean values. There was 
also a significant week dose interaction (F = 52.18, 
p < 0.001) showing that  the dose effect decreased 
or increased depending on week of sampling. This 
interaction suggests that the disparity in dose levels 
was not constant  over time and response profile to 
treatment also varied as a function of time. Certainly, 
both factors had independent (and combined) 
effects in determining the resulting behavior, and 
very low within-group variation  indicated strong 
statistical power.

For the bacteria-based treatment system, 
a  2-factor ANOVA with replication (Table 4) was 
performed to determine the influence of treatment 
level (50, 100, 150) and time points (weeks: 1, 3, 5, 
and 7) on response values. The analysis revealed a 
strong main effect of time (F = 111.05, p = 3.31 × 
10⁻¹⁴) and treatment level (F  = 204.61, p = 8.36 × 
10⁻¹⁶), thereby demonstrating that both factors were 
independently associated with positive outcomes, 
with higher treatment levels producing higher 
averages. A significant interaction effect was also 
found (F = 16.33, p = 2.05 × 10⁻⁷), showing that 

Samples Parameter 50 mg/L 100 mg/L 200 mg/L
1st week (B1)  pH 7.80 7.58 7.36

Organic matter (%) 40 10 10
Total nitrate (mg/L) 657.5 1303.3 577.5
Sodium (mEq/kg) 54 59 46
Potassium (g/mol) 14.1 12.5 12.1

3rd week (B2)   pH 7.48 7.36 7.30
Organic matter (%) 30 10 20
Total nitrate (mg/L) 417.5 1747.5 1245.8
Sodium (mEq/kg) 28 38 76
Potassium (g/mol) 4.9 7.4 20.0

5th week (B3)   pH  7.53 7.36 7.40
Organic matter (%) 20 10 10
Total nitrate (mg/L) 427.1 1847.6 1045.7
Sodium (mEq/kg) 26 30 45
Potassium (g/mol) 14.1 13.6 12.1

7th week (B4) pH 7.20 7.12 7.40
Organic matter (%) 10 10 20
Total nitrate (mg/L) 412.5 1303.3 577.5 
Sodium (mEq/kg) 27 36 40 
Potassium (g/mol) 14.1 13.5 12.1 

Table 2. Soil properties under bacterial treatments (B1 - B4) at different malathion concentrations.

Source of Variation SS df MS F P-value F crit
Sample 0.4702 3 0.156733 228.4372 8.93E-18 3.008787
Columns 1.279717 2 0.639858 932.587 1.77E-23 3.402826
Interaction 0.214817 6 0.035803 52.18219 1.35E-12 2.508189

Within 0.016467 24 0.000686

Total 1.9812 35        

Table 3. Two-factor ANOVA results for the removal of malathion using plant-based wetland treatment across different 
dose levels and sampling weeks.
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the impact of treatment varied across weeks. The 
very small within-group variance reflects strong 
consistency in the repeated measurements. Overall, 
the results confirm that both treatment level and 
time significantly affected the response variable. 

3.2.4. Comparative performance and synergy

All the treatments effectively removed > 99% 
malathion, but they worked differently. Initially, 
bacteria-only wetlands caused a quicker drop: in 
just days, they brought pollutant removal close 
to its maximum, but plants needed weeks to clear 
as much. In addition, plants helped continue the 
loss of soil quality and structure as time passed. A 
wetland created with a plant–bacterial consortium 
would probably benefit from both methods. 
Scientists in constructed wetland science believe 
this complementary effect is strongly linked, as 
all removal of contaminants often results from 
combined efforts of substrates, plants and microbes 
[41]. Mechanistically, plants and microbes 
complement each other. Established macrophytes 
continuously oxygenate the rhizosphere and leak 
nutrients (e.g., low-molecular-weight carbon) that 
“awaken” soil bacteria [34]. Rapidly, malathion is 
attacked by microbes and plants prevent anything 
from the effluent coming back into contact with 
the soil. Our findings agree with what others 
have observed, that plant–microbe systems deal 
with pesticides effectively without leaving any 
harmful residues [26, 27]. Higher efficiency at 
higher concentrations likely reflects microbial 
adaptation: high malathion loads induce stronger 
biodegradation. For example, our consortia’s 
near-100% removal at 200 mg/L (within 7 weeks) 
suggests that bacterial enzymes were fully engaged. 
In contrast, at 50 mg/L the process was slightly 
slower, perhaps because enzyme expression was 
lower. This inverse concentration-dependency is 

supported by other reports: degrading bacteria often 
shows greater catabolic activity under elevated 
pollutant stress. In summary, the observed trends 
can be explained by the underlying biochemistry of 
malathion breakdown and the synergistic ecology 
of the wetland rhizosphere.

4.    CONCLUSIONS

The present study demonstrates that both bacterial 
consortia (Bacillus spp. isolates) and plant-based 
systems (Canna indica and Mentha arvensis), 
alone and in combination, achieved very high 
malathion removal from spiked soil: all treatments 
reached > 99% removal by Week 7 across tested 
concentrations (50, 100, 200 mg/L). Bacteria-only 
treatments produced the most rapid initial decline 
(significant main effects of time and dose: F = 
111.05 and F = 204.61, respectively; p < 1 × 10⁻¹³), 
while planted systems provided sustained removal 
and habitat support for microbial activity (plant 
ANOVA: F = 228.44 and F = 932.59 for week 
and dose, respectively; p < 1 × 10⁻¹⁶). The higher 
apparent removal at larger initial doses is consistent 
with induction or up-regulation of catabolic activity 
under greater pollutant stress, although enzyme 
activity and metabolite profiles were not measured 
here and thus this remains a testable hypothesis. 
Mechanistically, the results are consistent with 
microbial hydrolysis (e.g., carboxylesterase activity) 
and rhizosphere-stimulated microbial degradation: 
bacterial consortia gave rapid biodegradation 
while plant roots likely enhanced oxygenation 
and exudation that sustained breakdown over 
weeks. However, this study is limited to lab-scale, 
colorimetric quantification and morphological/
biochemical bacterial identification (no species-
level molecular ID or metabolite analysis). Future 
work should (i) confirm degrader identity by 
sequencing, (ii) measure enzyme activities and 

Source of Variation SS df MS F P-value F crit
Sample 0.832875 3 0.277625 111.05 3.31E-14 3.008787
Columns 1.02305 2 0.511525 204.61 8.36E-16 3.402826
Interaction 0.24495 6 0.040825 16.33 2.05E-07 2.508189

Within 0.06 24 0.0025

Total 2.160875 35

Table 4. Two-factor ANOVA results for the removal of malathion using bacteria-based wetland treatment across 
different treatment levels and sampling weeks.
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malathion metabolites to validate pathways, and 
(iii) evaluate pilot-scale constructed wetlands 
under field conditions. Overall, plant-bacterial 
consortia show strong potential as a low-cost, 
environmentally friendly option for remediation of 
malathion-contaminated soils, but field validation 
and mechanistic confirmation are required before 
deployment.
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Abstract: Nipah virus (NiV) is a highly lethal zoonotic paramyxovirus with no licensed vaccines or targeted antiviral 
therapies, posing a serious global health threat. Recurrent outbreaks in South and Southeast Asia highlight the critical 
need for efficacious and broadly protective vaccine strategies. In this research, an immunoinformatics-based approach 
was utilized to construct a multi-epitope vaccine (MEV) targeting the highly conserved NiV fusion protein (NCBI 
ID: AAY43915.1). The protein exhibited high antigenicity, non-allergenic potential, and favorable physicochemical 
properties. Cytotoxic T-lymphocyte (CTL), Helper T-lymphocyte (HTL), and B-cell epitopes were predicted 
and rigorously screened for immunogenicity, non-toxicity, and sequence conservancy, resulting in the selection 
of epitopes with over 90% identity across Bangladeshi and Malaysian NiV strains. Population coverage analysis 
confirmed the broad applicability of Human Leukocyte Antigen (HLA), particularly in endemic regions. The finalized 
MEV construct, incorporating appropriate linkers and a 50S ribosomal protein adjuvant, showed structural stability 
following modelling, refinement, and validation. Molecular docking revealed strong binding affinity with TLR3 and 
TLR4, Computational immune simulations predicted robust adaptive immune responses, and codon optimization, 
along with in silico cloning, confirmed favorable expression in E. coli. Although these findings are supported by 
computational analyses and should be validated experimentally, the proposed MEV demonstrates strong cross-
protective and immunogenic potential, offering an encouraging platform for the design of a pan-strain NiV vaccine.

Keywords: Nipah Virus, Multi-epitope Vaccine (MEV), Fusion Protein, Molecular Docking, Immunogenicity, 
Vaccine.

1.    INTRODUCTION	

The Indian subcontinent is a hotspot for zoonotic 
infections due to dense human-animal interactions, 
inadequate disease monitoring, and limited public 
health infrastructure [1]. Among these threats, Nipah 
virus (NiV) is known to be a highly fatal zoonotic 
paramyxovirus capable of both animal-to-human, 
and human-to-human transmission, with mortality 
rates reaching up to 100% in some outbreaks [2, 
3]. Despite multiple outbreaks in Bangladesh, 
India, and Malaysia, there isn’t a licensed human 
vaccination against NiV at the moment, posing a 
persistent threat to regional and global health [4, 5].

Nipah virus (NiV) is a membrane-bound 
negative-sense RNA virus of the genus Henipavirus 
within the Paramyxoviridae family. Its genome 
encodes the six structural proteins, of which the 
fusion protein (F) is essential for viral uptake by 

regulating membrane coalescence between the 
virus and host cells. Given its essential function 
and relatively conserved nature, the F protein is an 
attractive target for vaccine development aimed at 
providing broad-spectrum protection across NiV 
strains.

Traditional vaccine approaches for NiV, 
including live-attenuated, viral vector-based, 
and protein subunit vaccines, are still in clinical 
or preclinical phases [6]. These strategies face 
challenges such as biosafety level 4 (BSL-4) 
restrictions, high production costs, and prolonged 
development timelines [7, 8]. In contrast, a 
multi-epitope vaccine (MEV) design using 
immunoinformatics offers a safer, faster, and 
more cost-effective alternative for targeting highly 
pathogenic viruses like NiV [9, 10]. Several in 
silico studies have previously proposed multi-
epitope vaccine (MEV) constructs against NiV, 



primarily targeting surface glycoproteins or 
combinations of viral antigens [11-13]. While these 
studies demonstrated preliminary immunogenic 
potential, many were limited to epitope prediction 
and basic antigenicity assessments, with insufficient 
integration of population coverage analysis, innate 
immune receptor interactions, structural dynamics, 
or expression feasibility. Consequently, the 
cross-strain protective capacity and translational 
relevance of earlier MEV designs remain 
inadequately explored. In the present study, we 
tackle these limitations through the development 
of a novel multi-epitope vaccine based on the 
highly conserved NiV fusion protein, incorporating 
carefully selected B-cell, Cytotoxic T-lymphocyte 
(CTL), and Helper T-lymphocyte (HTL) epitopes 
that are safe, non-allergenic, and immunogenic. 
Our MEV design integrates molecular docking 
with innate host defence receptors TLR3 and 
TLR4, structural flexibility assessment through 
intrinsic dynamics analysis, immune response 
computational modelling via C-ImmSim, and 
codon optimization with virtual cloning for E. coli 
expression, alongside comparative evaluation to 
highlight its enhanced antigenicity and stability.

This study marks a major advancement in 
computational vaccinology by combining the 
design of a potent MEV candidate against NiV 
with comprehensive validation of its structural 
and immunological performance using multi-
tiered bioinformatics strategies. The findings have 
strong implications for preclinical development and 
pandemic preparedness in NiV-endemic regions. 
To achieve broad coverage, we assessed epitope 
conservancy across NiV strains from diverse 
geographical outbreaks [14]. The selected epitopes 
showed high sequence identity in both Malaysian 
and Bangladeshi isolates, indicating potential 
cross-strain protection. Human Leukocyte Antigen 
(HLA) allele mapping predicted binding to widely 
distributed alleles, enabling extensive population 
coverage, especially in Southeast Asia, and it 
supports the translational feasibility of the construct 
for practical application in endemic regions. 
By combining these multi-tiered computational 
validations, this study aims to provide a 
comprehensive and translationally relevant MEV 
framework with strong potential for preclinical 
development and pandemic preparedness in NiV-
endemic regions.

2.    MATERIALS AND METHODS

A computational method was employed to identify 
a candidate protein and design the vaccine 
construct, analyze its structure, and perform in 
silico validation and immune simulation. Detailed 
methodology is outlined in Figure 1. 

2.1. Retrieval and Examination of NiV Fusion 
       Protein Sequence

The surface fusion protein sequence of NiV was 
sourced from the NCBI protein repository utilizing 
the accession number AAY43915.1. This protein 
is critical for viral entry and a prime target for 
immune recognition. The antigenic properties were 
evaluated utilizing the VaxiJen v2.0 computational 
platform (https://www.ddg-pharmfac.net/vaxijen/
VaxiJen/VaxiJen.html) with a threshold of 0.4 for 
viral proteins. Sequences that scored more than 
0.4 on antigenicity were chosen. Using AllerTOP 
v2.0 (http://www.ddg-pharmfac.net/AllerTOP/), 
Allergenicity was determined using a machine 
learning–based approach that employs auto- and 
cross-covariance (ACC) transformation of protein 
sequences [15]. 

2.2. Epitope Prediction

2.2.1. Linear B lymphocyte (LBL) epitope 
          prediction

Linear B-cell epitopes (LBL) were predicted using 
BepiPred 2.0, available through the IEDB Analysis 
(https://www.iedb.org/). Epitopes ranging from 10 to 
30 amino acids were selected based on their location 
in surface-exposed, flexible, and hydrophilic 
regions. Subsequent validation was performed for 
antigenic potential (VaxiJen v2.0) and allergenic 
profile (AllerTOP v2.0). Linkers including GPGPG 
and EAAAK were incorporated to maintain proper 
spacing and improve immunogenicity [16]. 

2.2.2. Cytotoxic T-Lymphocyte (CTL) epitope 
          prediction

CTL epitopes were identified using the IEDB 
MHC-I binding prediction tool. Epitopes with 
IC₅₀ values ≤ 500 nM and percentile ranks ≤ 1% 
were selected to ensure strong binding affinity 
to prevalent HLA class I alleles. These epitopes 
were validated for antigenicity and allergenicity, 
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and connected using AAY and GPGPG linkers to 
minimize junctional immunogenicity [17]. 

2.2.3. Helper T-Lymphocyte (HTL) epitope 
          prediction

The IEDB MHC-II binding tool was employed to 
predict HTL epitopes (https://tools.iedb.org/main/
tcell), and their ability to induce cytokine responses 
was evaluated using IL4Pred and IL10Pred servers. 
Epitopes exhibiting IL-4 and IL-10 induction scores 
exceeding 2.0 and 0.3, correspondingly, were 
given precedence. Epitopes that successfully met 
the criteria for antigenicity and allergenicity were 
integrated into the vaccine framework utilizing 
GPGPG and AAY linkers [18]. 

2.3. Epitope Conservancy, Cross-Strain Analysis, 
       and Population Coverage

To ensure broad protection and real-world 
applicability, all shortlisted CTL, HTL, and B-cell 
epitopes were assessed for sequence conservancy 
across major Nipah virus strains (NiV-M and 
NiV-B) using the IEDB Epitope Conservancy 
Analysis Tool. Epitopes with ≥ 90% sequence 
identity across these strains were retained for 
vaccine construction, thereby enhancing cross-

strain efficacy and robustness. To assess allele 
representation, the IEDB Population Coverage 
Tool was applied, analyzing global and regional 
populations with emphasis on South and Southeast 
Asia and Sub-Saharan Africa, areas heavily 
impacted by NiV outbreaks. The final vaccine 
construct demonstrated a global HLA coverage of 
89.3%, with over 92% population coverage in South 
Asia, indicating its strong potential for widespread 
immunological applicability.

2.4. Design of the Multi-Epitope Vaccine

The confirmed CTL, HTL, and B-cell epitopes were 
concatenated to design the MEV. The 50S ribosomal 
protein L7/L12 was conjugated at the N-terminal 
end as an adjuvant through an EAAAK linker. A 
6xHis tag was incorporated at the C-terminal end 
to enable purification. Design aimed to optimize 
folding, immunogenicity, and structural integrity.

2.5. Physicochemical and Structural 
       Characterization

The physicochemical properties, including 
molecular weight, theoretical isoelectric point 
(pI), aliphatic index, grand average of hydropathy 
(GRAVY) value, and instability index, were 

 Fig. 1. Methodological workflow toward the development of a pan-strain multi-epitope vaccine against the Nipah 
virus fusion protein. The diagram outlines key stages in the immunoinformatics-driven approach, including epitope 
prediction, conservation analysis across strains, population coverage evaluation, and final vaccine construct design. 
This multi-step process ensures the creation of a broadly protective and immunologically relevant vaccine candidate.
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assessed utilizing the ProtParam tool (https://
web.expasy.org/protparam/) [19]. Solubility was 
predicted via SoluProt (https://bio.tools/soluprot), 
which achieves 74% accuracy through 10-fold 
cross-validation. Antigenicity, allergenicity, and 
immunogenicity were reconfirmed using VaxiJen, 
AllerTOP, and IEDB immunogenicity tools.

2.6. Prediction of Secondary Structure of the 
       Constructed NiV Vaccine

The prediction of secondary structure elements 
(α-helices, β-strands, and coils) was carried out using 
PSIPRED (https://bioinf.cs.ucl.ac.uk/psipred/) 
and SOPMA (https://npsa-prabi.ibcp.fr/cgi-bin/
npsa_automat.pl?page=/NPSA/npsa_sopma.html). 
SOPMA provided additional insights, predicting 
secondary structure elements with a 69.5% 
confidence score, using optimized parameters (e.g., 
window size and number of conformational states) 
[20].

2.7. Tertiary Structure Modeling, Refinement, 
       and Validation

The three-dimensional conformation of the MEV 
was generated employing the I-TASSER server 
(https://zhanggroup.org/I-TASSER/), which 
utilizes iterative threading methodologies to 
achieve high-precision modeling. Furthermore, 
the tertiary structure of the vaccine construct 
was modeled using trRosetta (https://yanglab.
qd.sdu.edu.cn/trRosetta/?utm)  [21]. Subsequent 
refinement of the model was executed with 
GalaxyRefine (https://galaxy.seoklab.org/cgi-bin/
submit.cgi?type=REFINE), which specializes in 
side-chain repacking and structural relaxation. 
Validation procedures were performed using 
PROCHECK, employing Ramachandran plots to 
evaluate the positioning of residues within preferred 
regions [22].

2.8. Disulfide Bond Engineering

Disulfide bonds, important for vaccine stability, 
were predicted using DbD2 server (http://cptweb.
cpt.wayne.edu/DbD2/) [23] and verified by 
I-TASSER structural analysis.  Residue pairs with 
favorable χ3 angles and energy thresholds were 
selected to enhance protein rigidity.

2.9. In silico Docking with TLR Receptors

The designed vaccine construct was subjected 
to molecular docking with Toll-like receptor 3 
(TLR3; PDB ID: 2A0Z) and Toll-like receptor 4 
(TLR4; PDB ID: 4G8A) using the ClusPro v2.0 
server. (https://cluspro.bu.edu/login.php). Crystal 
structures of Toll-like receptors TLR3 and TLR4, 
obtained from the RCSB Protein Data Bank (PDB 
IDs: 2A0Z and 4G8A, respectively), were used as 
receptors. The vaccine construct (MEV)served as 
the ligand for docking evaluations.  The top-ranked 
docking complexes, based on binding energy and 
cluster size, were selected for further analysis. The 
docked poses were visualized using PyMOL. For 
improved visual clarity, high-resolution ribbon 
models were generated, maintaining the original 
docking orientations and binding interfaces. 
Further stability assessments of docked complexes 
were conducted via the iMODS server (https://
imods.iqf.csic.es/), which performs normal mode 
analysis (NMA) for evaluating complex dynamics 
and deformability [24].

2.10. Codon Optimization and In silico Cloning

The polypeptide sequence of the MEV construct was 
subjected to back-translation into its corresponding 
nucleotide sequence through the utilization of the 
EMBOSS Backtranseq program (https://www.
ebi.ac.uk/jdispatcher/seqstats/emboss_pepstats) 
[25], followed by optimization via the Java Codon 
Adaptation Tool (J-CAT) (https://www.prodoric.de/
JCat) [10], to enhance expression within Escherichia 
coli (strain K-12). The evaluation encompassed 
the Codon Adaptation Index (CAI), GC content, 
and the frequency of rare codons. Subsequently, 
the optimized sequence was incorporated into the 
pET-29a (+) vector employing SnapGene (https://
www.snapgene.com/) for the purpose of simulated 
cloning [26].

2.11. Immune Simulation

The immune response elicited by the vaccine was 
modeled utilizing C-ImmSim (https://kraken.iac.
rm.cnr.it/C-IMMSIM/), an agent-based simulation 
tool that accurately represents primary, secondary, 
and tertiary immune responses [26]. The parameters 
subjected to analysis encompassed antibody titers, 
cytokine profiles, and the development of memory 
cells throughout a 35-day simulation period.
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3. RESULTS

3.1. Sequence and Structural Analysis

The surface fusion (F) protein of Nipah virus (NiV) 
(NCBI accession: AAY43915.1) was retrieved 
for downstream immunoinformatics analysis. 
Antigenicity analysis using VaxiJen v2.0 yielded 
a score of 0.4870, confirming its immunogenic 
potential. AllerTOP v2.0 classified the protein 
as non-allergenic. ProtParam analysis showed a 
molecular weight of 41.11 kDa and an isoelectric 
point (pI) of 6.54, suggesting good stability and 
solubility.

3.2. Prediction of B Cell and T Cell Epitope

Using BepiPred 2.0, 30 linear B-cell epitopes were 
predicted. Following filtration for antigenicity, 
allergenicity, toxicity, and suitable length (8–50 aa), 
four epitopes were selected (Table 1). NetMHCPan 
4.1 predicted 200 CTL candidates, from which 8 
were shortlisted based on strong MHC-I binding 
affinity (IC50 ≤ 500 nM) with high antigenicity, 
and safety criteria (Table 2). IEDB MHC-II 

binding predictions yielded 1000 HTL candidates. 
Ten epitopes were retained based on antigenicity, 
cytokine-inducing capacity, and lack of homology 
to human proteins (Table 3). 

3.3. Developing a Vaccine Construct 

Selected epitopes from B-cells, CTL, and HTL 
were concatenated utilizing KK, AAY, and GPGPG 
linkers. The addition of the 50S ribosomal protein 
L7/L12 as an adjuvant was accomplished at the 
N-terminus through an EAAAK linker, while a 
6xHis-tag was incorporated at the C-terminus. The 
resultant construct comprised 383 amino acids and 
exhibited a VaxiJen antigenicity score of 0.6705 
(Figure 2).

3.4. Physiochemical Properties of the Vaccine 
       Construct

ProtParam revealed an instability index of 33.53 
(stable), aliphatic index of 109.87, and GRAVY 
score of 0.155. Solubility prediction scores from 
ProteinSol (0.524) and SoluProt v2.0 confirmed 
good solubility (Table 4).

Protein segment 
(amino acid)

Peptide Antigenicity Antigenic 
score

Allergenicity Toxicity

Fusion (25–33) VGILHYEKL Aa 1.4183 NAb NTc

Fusion (215–226) GPNLQDPVSNSM A 0.1771 NA NT
Fusion (325–332) NIEIGFCL A 1.9336 NA NT
Fusion (523–543) NTYSRLEDRRVRPTSSGDLYY A 0.7837 NA NT

Table 1. Predicted epitopes selected from BepiPred Linear Epitope Prediction 2.0.

Protein segment 
(amino acid)

Peptide Antigenicity Antigenic 
score

Allergenicity Toxicity

Fusion (126-135) AQITAGVALY Aa 0.6530 NAb NTc

Fusion (27-36) ILHYEKLSKI A 0.4121 NA NT
Fusion (310-318) SIVPNFILV A 0.5759 NA NT
Fusion (47-55) KIKSNPLTK A 0.7250 NA NT
Fusion (512-521) FISFIIVEKK A 1.7539 NA NT
Fusion (195-203) TELSLDLAL A 1.1768 NA NT
Fusion (124-133) TAAQITAGVA A 0.7852 NA NT
Fusion (125-134) AAQITAGVAL A 0.7441 NA NT

Table 2. Lists of MHC-I epitopes showing antigenic score, allergenicity, and toxicity.

a: Antigenicity, b: Not Applicable, c: Non-Toxic.

a: Antigenicity, b: Not Applicable, c: Non-Toxic.
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3.5. Structural Modeling and Validation

3.5.1. Secondary structure

PSIPRED has identified that the construct comprises 
approximately 34.48% alpha-helices, 19.24% 
extended strands, 6.58% beta-sheets, and 35.70% 
coils, as illustrated in Figure 3. Additionally, Figure 
4 outlines the distribution of alpha-helices, beta-
strands, turns, and coils in the secondary structure 
based on SOPMA analysis. The major proportion 
of coils and helices that are flexible yet stable 
regions may support appropriate folding and 
immunogenicity.

3.5.2. Tertiary structure

The 3D model generated via trRosetta (TM-score 
of 0.454) and refined using GalaxyRefine exhibited 
good stereochemical quality, with 94.2% of residues 
falling in favored regions of the Ramachandran 
plot, as shown in Figure 5. The clustering in these 
favored regions corresponds to typical α-helix and 
β-sheet conformations, with only a few outliers 
such as Asn143.

Protein Peptide Antigenicity Antigenic 
score

Allergenicity Toxicity Homology

Fusion (315-323) FILVRNTLI Aa 0.5200 NAb NTc NHd

Fusion (179-187) INTNLVPTI A 0.7834 NA NT NH
Fusion (309-317) ISIVPNFIL A 0.7808 NA NT NH
Fusion (46-54) YKIKSNPLT A 0.9685 NA NT NH
Fusion (515-523) FIIVEKKRN A 2.5120 NA NT NH
Fusion (516-524) IIVEKKRNT A 1.8403 NA NT NH
Fusion (122-130) IATAAQITA A 0.7382 NA NT NH
Fusion (120-128) IGIATAAQI A 1.0247 NA NT NH
Fusion (518-526) VEKKRNTYS A 1.0619 NA NT NH
Fusion (410-418) LMIDNTTCP A 0.5036 NA NT NH

Table 3. List of MHC-II epitopes, selected on the basis of allergenicity, toxicity and homology.

a: Antigenicity, b: Not Applicable, c: Non-Toxic, d: No Homology

Vaccine construction characteristics
Vaccine length 383 Amino Acid
Molecular Weight 41.18 KDa
Antigenicity 0.6705
Allergic Potential Non allergenic
Toxicity Nontoxic
Theoretical pI 6.73 Isoelectric point
Instability Index 33.53
Total Atom Number 5929 Atoms
Aliphatic Index (AI) 109.87
Extinction coefficient 13,410 M⁻¹ cm⁻¹ (at 280 

nm, in water)
GRAVY score 0.155
Solubility 0.524

Table 4. Physiochemical properties of the developed 
vaccine.

Fig. 2. Schematic representation of the multi-epitope 
vaccine construct. The design includes a 50S ribosomal 
protein L7/L12 adjuvant (blue), eight CTL epitopes 
(red), ten HTL epitopes (green), and four B-cell epitopes 
(yellow), separated by linkers (EAAAK, GPGPG, 
AAY, and KK), and a 6xHis tag at the C-terminus for 
purification. This layout enhances structural stability and 
immune visibility.
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3.5.3. Disulfide engineering

Figure 6 shows the secondary structure of the NiV 
Multi-epitope vaccine construct as predicted by 
I-TASSER. The model highlights the predicted 
disulfide bonds in grey, loops/coils in green, 
α-helices in blue, and β-strands in yellow. According 
to I-TASSER calculations, the predicted disulfide 
bond exhibits torsion angles between +125.95° and 
-65.97° and bond energies between 1.45 and 10.37 
kcal/mol.

3.6. Molecular Docking and Complex Stability

ClusPro revealed strong binding between MEV and 
TLR3 (-885.4 kcal/mol) and TLR4 (-1366.3 kcal/
mol). AutoDock Vina confirmed TLR4 binding 

Fig. 3. The predicted secondary structure of NiV vaccine displayed using the PSIPRED server, showing distribution 
of α-helices, β-strands, and coils.

Fig. 4. SOPMA-based prediction of the NiV vaccine secondary structure. The top graph indicates the distribution 
percentages of different secondary structural components.

Fig. 5. Ramachandran plot of the refined NiV vaccine 
model, showing the distribution of phi and psi dihedral 
angles among amino acid residues.
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affinity at −8.0 kcal/mol. Figure 7(a) and 7(b) show 
the docking complexes of MEV-TLR3 and MEV-
TLR4, respectively. Figure 7(a) demonstrates a 
stable and Precise binding between the engineered 
multi-epitope Nipah virus immunogen construct 
and the leucine-rich repeat (LRR) domain of Toll-
like Receptor 3 (TLR3). This domain is critical for 
recognizing viral components and initiating innate 
immune responses. Molecular docking analysis 
demonstrated that the vaccine construct aligns 
effectively within the extracellular binding groove of 

TLR3, engaging in several non-covalent interactions, 
including hydrogen bonds, electrostatic forces, 
and van der Waals linkages –that contribute to the 
structural stability of the complex. This structural 
compatibility suggests that the vaccine construct 
can effectively mimic natural ligand binding, 
thereby acting as a potential TLR3 agonist. Figure 
7(b) shows the docking interaction with TLR4, 
revealing a similarly high-affinity interface. The 
MEV binds to the ectodomain of TLR4, the region 
involved in initiating MyD88-dependent signalling 
pathways. Binding was stabilized by electrostatic 
interactions and hydrophobic patches, which are 
essential for TLR4 dimerization and activation. The 
docking model had low binding energy and a large 
cluster size, indicating robust receptor engagement. 
By engaging TLR3 and TLR4, the construct may 
trigger signalling cascades that activate antigen-
presenting cells and promote cytokine production, 
ultimately enhancing both innate and adaptive 
immune responses. These findings support the 
immunogenic potential of the construct and provide 
a strong foundation for its further development as a 
prophylactic vaccine against Nipah virus. Normal 
Mode Analysis (iMODS) showed low deformation 
energy, suggesting stability and minimal flexibility 
at the complex interface. Figures 8(a) and 8(b) 
show the deformability of the docked complexes 
MEV-TLR3 and MEV-TLR4, respectively.   

3.7. Immune Simulation 

The C-ImmSim server was employed to evaluate 
the immune response of the multi-epitope vaccine, 

Fig. 6. 3D structure of the constructed NiV vaccine 
visualized using the I-TASSER server, indicating overall 
folding and disulfide bonds.

Fig. 7. Docking interaction of the multi-epitope vaccine with (a) TLR3 (PDB ID: 2A0Z) and (b) TLR4 (PDB ID: 
4G8A), visualized using PyMOL based on docking poses from ClusPro and AutoDock Vina. Ribbon models highlight 
the binding interface.
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indicating strong and sustained protective immunity. 
As shown in Figure 9, IgM antibodies rose rapidly, 
peaking around day 10 and then switching to IgG 
antibodies, indicating successful isotype switching.

Figure 10 demonstrates the activation of the 
adaptive immune system, particularly TH1 cells, 
which promote antiviral defence by stimulating 
macrophages, natural killer cells, and cytokine 
production. Figure 11 illustrates the dynamics 
of CTLs, showing an initial increase in active 
and replicating cells followed by the formation 
of memory cells, confirming long-term immune 
memory.  Increased B-cell activity, along with 
HTL and CTL responses, reflected the coordinated 
activation of both humoral and cellular immunity. 
Figure 12 depicts the cytokine response with early 
peaks in IFN-γ and IL-2 after vaccination. Together, 
these results indicate effective immune stimulation 
and durable memory formation.

3.8. Codon Optimization and Cloning

The codon-optimized MEV gene (1146 bp) exhibited 
a CAI value of 0.553 and a GC content of 49.21%. 
The designed sequence was effectively integrated 
into the pET-29a (+) expression plasmid using 
SnapGene. Figure 13 shows the cloned plasmid 

Fig. 8. iMODS server energy profiles and deformability plots showing flexibility and dynamics of the vaccine 
complexed with (a) TLR3 and (b) TLR4.

Fig. 9. Antigen levels and antibody titers over 35 days, 
showing transition from IgM to IgG and establishment 
of immunological memory.

Fig. 10. T-helper cell population dynamics over 35 days, showing activation, proliferation, and memory cell formation.
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map. Although the initial codon adaptation index 
(CAI) value was moderate (0.553), we ensured 
balanced GC content (49.21%) and eliminated 
rare codons to improve translational efficiency 
in E. coli. Future iterations of the construct may 
incorporate synthetic codon harmonization or host-
adapted sequences to further enhance expression 
yield, setting a precedent for codon-aware design in 
MEV development.

4.    DISCUSSION

This study presents a comprehensive computational 
immunology-based strategy for developing a 
broad-spectrum multi-epitope vaccine (MEV) 
candidate targeting the highly conserved fusion (F) 

Fig. 11. Cytotoxic T-cell population dynamics and functional states in response to immune activation over time.

Fig. 12. Cytokine profile over 35 days, highlighting 
IFN-γ and IL-2 expression levels during immune 
response.

Fig. 13. Plasmid map showing cloning of the vaccine sequence into the pET-29a (+) vector using SnapGene software.
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protein of the Nipah virus (NiV) [27], a pathogen 
identified by the WHO as a top global health 
threat [28]. The construct was developed using 
predicted CTL, HTL, and B-cell epitopes, filtered 
for antigenicity, non-allergenicity, non-toxicity, and 
cross-strain conservation. The selected epitopes 
showed ≥ 90% sequence identity in both Malaysian 
and Bangladeshi NiV isolates, supporting its broad-
spectrum potential. Well-characterized spacers 
(GPGPG, AAY, KK) were incorporated to optimize 
epitope presentation, and the fusion protein was 
selected for its pivotal role in viral entry, immune 
recognition and ability to induce neutralizing 
antibodies. Compared to earlier designs [29, 
30], this construct offers higher epitope density, 
improved VaxiJen scores, and has undergone 
extensive in silico refinement, including docking 
and dynamics simulations, indicating stronger 
predicted immune activation. This enhancement 
is significant when considering the higher HLA 
coverage and the compact length of the construct, 
which may translate to better immune recognition 
in diverse populations.

Previous Nipah virus multi-epitope vaccine 
studies have often targeted single viral proteins, 
such as the nucleoprotein, with an emphasis on 
blocking viral entry through receptor binding. For 
example, one recent design focused exclusively 
on nucleoprotein – ephrin B2 interactions [31]. 
While informative for entry inhibition, such 
strategies overlook critical aspects of host immune 
engagement necessary for durable protection. In 
contrast, our approach centers on the fusion protein 
and integrates comprehensive immune-receptor 
interaction analyses, particularly with TLR3 and 
TLR4, to enhance innate and adaptive activation. 
We also assessed molecular docking with Toll-like 
receptors TLR3 and TLR4, critical mediators of 
innate immunity. The resulting favorable docking 
scores and stable interaction profiles indicate 
that the vaccine construct has strong potential to 
trigger downstream immune signaling pathways. 
A comparative analysis of our approach with 
previously published studies is presented in Tables 
5 and 6 (Supplementary Material).

The choice of trRosetta for tertiary structure 
modeling was critical, as it allowed us to predict 
a high-resolution model of the fusion protein, 
which is essential for accurate docking studies. 
Structural optimization with GalaxyRefine further 

ensured that the final model was physically stable 
and conducive to immunogenic interactions 
[32]. Stereochemical validation yielded a high-
quality model, with 94.2% of residues in favored 
Ramachandran regions. Disulfide bond engineering 
contributed to the predicted structural stability. 

To analyze the structural robustness and 
receptor-binding potential of the MEV, docking 
simulations were carried out with Toll-like receptors 
TLR3 and TLR4, which play a critical role in 
recognizing viral components and activating innate 
immunity. The docking results revealed favorable 
binding conformations and stable interactions 
between the MEV construct and both receptors. In 
the MEV–TLR3 complex, the vaccine construct 
was anchored within the receptor’s LRR domain 
through multiple hydrogen bonds and hydrophobic 
contacts, indicating a strong affinity that could 
trigger antiviral signaling pathways. Similarly, the 
MEV–TLR4 complex showed compact binding 
and high surface complementarity, suggesting the 
potential for receptor activation and maturation of 
dendritic cells.

As illustrated in Figure 7(a) and 7(b), the MEV 
construct effectively engages key ligand-binding 
regions of TLR3 and TLR4, demonstrating structural 
compatibility essential for initiating innate immune 
responses. This interaction promotes cytokine 
production, antigen presentation, and T-cell priming 
– key steps for a successful prophylactic vaccine. 
Additionally, molecular docking revealed strong 
binding affinities with TLR3 (-885.4 kcal/mol) and 
TLR4 (-1366.3 kcal/mol), further supporting robust 
innate immune activation [33]. The interaction was 
further validated through normal mode analysis 
(NMA) using the iMODS server, which confirmed 
structural stability and flexibility at the docking 
interface [34]. Immune simulation results revealed 
early IgM peaks followed by strong secondary IgG 
responses, persistent memory cell populations, and 
increased levels of IL-2 and IFN-γ – indicative of a 
potent Th1-driven immune response. Compared to 
earlier constructs, ours demonstrated higher VaxiJen 
scores (0.6705 vs. 0.52 stated by Mohammed et 
al. [30]), a compact length (383 vs. 427 amino 
acids), and broader HLA allele coverage (> 92% 
in South Asia) reported by Majee et al. [29]. The 
early IgM peaks followed by strong IgG responses 
indicate rapid and sustained immune activation, 
which is essential for protective immunity against 
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NiV. The persistent memory cell populations 
observed further suggest that the vaccine construct 
could elicit long-term protection, a crucial 
factor for combating future NiV outbreaks [35].  
Codon adaptation was applied to optimize the 
construct for expression in Escherichia coli, 
resulting in a CAI of 0.553 and a GC content of 
49.21%. Virtual cloning into the pET-29a (+) 
vector verified its compatibility with standard 
bacterial expression systems [36]. Broad epitope 
conservancy between NiV-M and NiV-B strains 
supports the construct’s potential for cross-strain 
protection, strengthening its applicability against 
future outbreak variants. Given the virus’s high 
mutation rate and recombination potential in animal 
reservoirs [37], this cross-strain compatibility 
increases the robustness of the proposed vaccine 
against future variants. While the computational 
framework used here is powerful and predictive, 
it cannot fully substitute for biological complexity. 
Thus, future studies should prioritize in vitro 
expression, epitope-specific ELISA, cytokine 
profiling, and in vivo challenge models to 
experimentally confirm the immune potential and 
safety profile of the vaccine. 

Despite its comprehensiveness, this study is 
based solely on in silico predictions and simulations. 
Although widely validated, these computational 
tools may not capture the full spectrum of host 
immune responses. No in vitro or in vivo data 
are available at this stage, and the vaccine’s 
performance in biological systems remains to 
be determined. Future wet-lab validation will be 
critical to confirm the construct’s safety, stability, 
immunogenicity, and protective efficacy. This study 
represents an essential step toward rational NiV 
vaccine development by offering a validated, pan-
strain, computationally optimized candidate with 
potential for experimental translation.

Overall, this multi-epitope vaccine design 
represents a significant advancement over many 
previously published Nipah virus (NiV) vaccine 
constructs [31, 38-40], as it moves beyond mere 
epitope description to mechanistic validation of 
immune activation. Recent NiV immunoinformatics 
studies have similarly emphasized integration 
of conserved T and B-cell epitopes and receptor 
engagement, yet few have combined this with 
comprehensive innate receptor analysis and broad 
HLA coverage in the context of fusion protein 

targeting [9, 41]. Furthermore, our construct also 
demonstrates favorable interactions with important 
receptors like TLR3 and TLR4 important in 
predicting innate and adaptive activation that may 
enhance antigen presentation and Th1 responses. 
The robust immune simulation profile showing 
sustained IgG responses and memory formation 
further supports the potential for durable protection. 
Additionally, the high epitope conservancy across 
NiV strains and extensive predicted population 
coverage imply broader cross-strain and population-
wide effectiveness compared to other designs with 
narrower allele coverage [41]. 

Although advanced approaches such as 
AlphaFold-based modeling and all-atom molecular 
dynamics simulations can provide higher-resolution 
structural insights, their inclusion was beyond the 
scope of this preliminary computational screening 
study. Instead, validated tools suitable for multi-
epitope chimeric vaccine constructs were employed. 
Future work will incorporate MD simulations, 
AlphaFold-based refinement, and expanded 
immune simulations to further validate structural 
stability and immune dynamics. Together, these 
features position our construct as a computationally 
optimized candidate with enhanced immunogenic 
breadth and translational promise for future 
experimental validation.

5.    CONCLUSIONS

This study presents a computationally optimized, 
structurally validated multi-epitope vaccine 
candidate against Nipah virus. By integrating 
pan-strain conserved epitopes, population-specific 
HLA coverage, and a robust immunoinformatics 
workflow, the proposed vaccine construct exhibits 
strong translational potential. Its successful 
docking with immune receptors, favorable 
immune simulation profile, and expression 
compatibility in E. coli further strengthen its 
candidacy for experimental validation. This work 
not only advances Nipah vaccine research but also 
establishes a versatile platform for MEV design 
against other emerging zoonotic viruses.
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Study Target 
Protein(s)

No. of 
CTL 
Epitopes

No. of 
HTL 
Epitopes

TLR 
Docking

Immune 
Simulation

Codon 
Optimization

Strain 
Coverage

Expression 
System

Majee et al. 
(2021) [29]

Glycoprotein G 6 8 TLR3 
only

Yes No NiV-M Not 
addressed

Mohammed 
et al. (2020) 
[30]

Glycoprotein G 5 7 Not 
done

No No NiV-M Not 
addressed

This study Fusion protein 
(NiV-B/M 
conserved)

8 10 TLR3 & 
TLR4 
(ClusPro 
+ Vina)

Yes 
(C-ImmSim)

Yes (J-CAT, 
SnapGene)

NiV-B + 
NiV-M

Optimized 
for E. coli

Table SI. Comparative Analysis of Multi-Epitope Vaccine Constructs for Nipah Virus.

Parameter Our Study Kumar et al. [38] Banico et al. 
[39]

Albutti [40] Shabbir et al. 
[31]

Target 
Protein(s)

Fusion (F) 
protein

Glycoprotein (G) 
and nucleocapsid (N) 
proteins

All NiV 
proteins: 
(structural & 
non-structural)

V protein Nucleoprotein 
(N)

Number of 
HTL, CTL 
and B cell 
epitopes

8, 10 and 4 Not explicitly stated 10,8 and 10 9,1 and 3 8, 11 and 5

TLR 
Docking

TLR3 and TLR4 TLR3, TLR7, TLR8 TLR4-MD2 Not explicitly tested  Ephrin B2 
receptor

Immune 
Simulation

Robust humoral 
(IgG, IgM) and 
cellular (IFN-γ, 
IL-2) responses, 
memory cells

Strong immune 
response, memory 
B/T-cell induction, 
high IFN-γ/IL-2 
levels

Higher antibody 
titers

humoral/cellular 
response 

IgG/IgM, 
memory 
B-cells

Population 
Coverage

89.3%, with 
>92% for South 
Asia 

Not explicitly 
mentioned

Not explicitly 
mentioned 

99.74% 88.3%

Expression 
System

E. coli (pET-
29a(+))

pcDNA™3.1/V5-
His-TOPO1

E. 
coli (pET28(a)+)

mRNA-based E. coli (pET-
28a(+)

Adjuvant 
Used

50S ribosomal 
protein L7/L12

Cholera toxin (CT) 
adjuvant

Resuscitation-
promoting factor 
E (RpfE) (TLR4 
agonist)

B-defensin (TLR4 
agonist) + MITD 
sequence (enhances 
MHC presentation)

50S ribosomal 
L7/L12

Structural 
Validation

94.2% residues 
in favored 
regions 
(Ramachandran)

90.3% residues in 
favored regions 
(Ramachandran)

90.3% favored 
(Ramachandran)

Not explicitly 
mentioned

95.9% favored

Table S2. Comparison of Immunoinformatics-Based Vaccine Design Studies Against Nipah Virus.
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