


Introduction

Chenopodiaceae, as the largest family of the Caryophyl-
lales (Cuenoud et al. 2002), contains 110 genera with 
1700 species. They are predominantly found in arid to 
semiarid, saline and agricultural habitats in temperate and 
subtropical regions (Grigore 2012; Grigore et al. 2014). 
However, this family is very problematic from a taxonomi-
cal point of view and several attempts were recorded to 
clarify its position within Caryophyllales, and especially 
the phylogenetic relationships between Amaranthaceae 
and Chenopodiaceae (Kadereit et al. 2003). Angiosperm 
Phylogeny Group II (2003), APG III (2009) and APG IV 
(2016) do not recognize Chenopodiaceae as a separate 
family from Amaranthaceae, instead only the second is 
being maintained. Although all morphological characters 
seem to overlap in Chenopodiaceae and Amaranthaceae 
s. str., the familial status of the Chenopodiaceae is ac-

cepted in recent taxonomic treatments (Sukhorukov 2014; 
Hernández-Ledesma et al. 2015; Sukhorukov et al. 2019). 

Atriplex L. (Atripliceae) can complete its life cycle in 
saline soils and can be used optimally if there are proper 
management plans. Atriplex species are known for complex 
genetics, rapid evolutionary rates and high tolerance to 
xeric, saline, and contaminated soils. It contains several 
distinguishable species by their morphology, cycle of de-
velopment and ecological adaptation (Barrow and Osuna 
2002). Atriplex is the largest genus of the Chenopodiaceae 
including 260 species in the world (Sukhorukov and 
Danin 2009) with 18 species in the Flora Iranica region 
(Hedge 1753). It is mainly distributed in arid and semiarid 
regions of Eurasia, America and Australia (Sukhorukov 
and Danin 2009). It is crucial that Atriplex species are 
endowed with an aerial and root-like biomass in the 
arid and semi-arid regions. The species of Atriplex are 
annual, perennial herbs, subshrubs, or shrubs. The spe-
cies are often covered with bladder-like hairs that later 
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collapse, and rarely with long trichomes. They constitute 
an efficient tool and relatively little expensive in the 
struggle against erosion and the desertification (Essafi 
et al. 2006). In South Africa, the genus seems to be less 
diverse, however in this region and in South America, it 
has not been extensively studied so far. 

The evolution of C4 photosynthesis has played an 
important role in the evolutionary success of the genus 
because the bulk of Atriplex species perform C4 pho-
tosynthesis. Atriplex has typical Kranz anatomy with a 
layer of bundle sheath cells surrounding each vascular 
bundle and radially arranged palisade cells (Kadereit et 
al. 2010). This Atriplicoid leaf type (Carolin et al. 1975) 

occurs in two variants, viz. the Atriplex halimus L. and the 
A. dimorphostegia Kar. & Kir. types, respectively (Khatib 
1959; Kadereit et al. 2003). Mozafar and Goodin (1970) 
studied vesiculated hairs in A. halimus as a mechanism 
for salt tolerance. Troughton and Card (1973) examined 
the anatomy of A. buchananii (Kirk) Kirk ex Cheeseman 
leaves in New Zealand. The previous phytochemical 
analyses of some Atriplex spp. reported the presence of 
several classes of secondary metabolites such as saponins, 
glycosides, flavonoids, tannins, terpenoids, alkaloids, 
and proteins (Ksouri et al. 2012). Khaniki et al (2012) 
examined anatomical structure of leaves and stems in 
Chenopodium L. and Atriplex in South Khorasan Province. 
Foliar anatomy of three species of Chenopodiaceae family 
including Chenopodium album L., Kochia prostrate L. and 
Noaea mucronata (Forssk.) Asch. & Schweinf. were studied 
by Zarinkamar (2006). Lu et al. (2018a) investigated the 
pollen morphological characters of 13 genera and 24 
species of the Chenopodiaceae. Molecular phylogeny of 
Atripliceae (Chenopodioideae, Chenopodiaceae) includ-
ing Atriplex and its implications for systematics, bioge-
ography, flower and fruit evolution and the origin of C4 
photosynthesis has been done by Kadereit et al. (2010). 
Atriplex is a rather polymorphic genus with fruiting bract 
morphology that has many transitional character states, 
the delimitation from its relative genera has always been 
problematic (Wilson 1984). 

Due to the structural adaptations of this genus to 
environmental conditions (Kadereit et al. 2010), it was 
decided to examine the rangeland species of Atriplex. 
Proper knowledge of plant species is essential in the 
ecosystem and the type of management that should be 
applied in rangelands.

Taxa Collection data
(all samples are from Iran)

GenBank accession no.
ITS/rpl32-trnL(UAG)

A. canescens (Pursh) Nutt. Golestan: Gonbad Kavous, Chapar Qoymeh, Tahmasebi, 803298, GKUH LC631597/ LC631609

A. canescens Golestan: Gonbad Kavous, Chapar Qoymeh, Tahmasebi, 803297, GKUH LC631598 / LC631610

A. canescens Golestan: Gonbad Kavous, Chapar Qoymeh, Tahmasebi, 803299, GKUH LC631599 / LC631611

A. lentiformis (Torr.) S.Wats. Golestan: Gonbad Kavous, Agh Abad, Tahmasebi, 803292, GKUH LC631588 / LC631600

A. lentiformis Golestan: Gonbad Kavous, Agh Abad, Tahmasebi, 803290, GKUH LC631589 / LC631601

A. lentiformis Golestan: Gonbad Kavous, Agh Abad, Tahmasebi, 803279, GKUH LC631590 / LC631602

A. halimus L. Golestan: Gonbad Kavous, Chapar Qoymeh, Tahmasebi, 803270, GKUH LC631594 / LC631606

A. halimus Golestan: Gonbad Kavous, Chapar Qoymeh, Tahmasebi, 803273, GKUH LC631595 / LC631607

A. halimus Golestan: Gonbad Kavous, Chapar Qoymeh, Tahmasebi, 803289, GKUH LC631596 / LC631608

A. leucoclada Boiss. Golestan: Gonbad Kavous, Agh Abad, Tahmasebi, 803278, GKUH LC631591 / LC631603

A. leucoclada Golestan: Gonbad Kavous, Agh Abad, Tahmasebi, 803295, GKUH LC631592 / LC631604

A. leucoclada Golestan: Gonbad Kavous, Agh Abad, Tahmasebi, 803296, GKUH LC631593 / LC631605

Table 1. List of species used in the study along with localities and vouchers.

GKUH: Gonbad Kavous University Herbarium

Figure 1. Natural habitat of studied species in East North of Iran.
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There is no comprehensive micromorphological, ana-
tomical and molecular study covering rangeland species 
of Atriplex in Iran.  Therefore, the main objective of this 
study is to provide a detailed investigation and description 
of trichomes, pollen and epidermis micromorphology of 
the rangeland species of Atriplex. This has been mainly 
investigated by scanning electron microscopy (SEM) to 
determine whether this data is valuable in the taxonomy 
of the genus and delimitation of the species. Furthermore, 
micromorphology of epidermis, trichomes, and pollen of 
these species are described for the first time. The specific 
objectives of this study were as follows: (1) to find morpho-
logical characters that could be useful for the diagnosis of 
taxa; (2) to study the species relationship; (3) to assess the 
value of micromorphological, anatomical and molecular 
characters in rangeland species of Atriplex in Iran.

Materials and methods

Morphological methods
In the present study, 12 specimens of four Atriplex species 
were collected from different locations in North Iran 
(Fig. 1) and preserved in the Gonbad Kavous University 
Herbarium (GKUH). Identification of specimens was 
carried out based on Flora Iranica (Hedge 1753). The list 
of voucher specimens and details of localities are given 
in Table 1. Palynological studies on pollens of Atriplex 
canescens (Pursh) Nutt., A. lentiformis (Torr.) S.Wats., A. 
halimus and A. leucoclada Boiss. were made using a light 
microscope (LM) (Olympus, Vanox AHBS3) with a DP12 
digital camera and a scanning electron microscope (SEM; 
Tescan, Vega-3 LMU). For SEM investigations, the pol-
len grains were transferred directly to double-sided tape 
affixed stubs and were sputter-coated with gold plates. 

The applied terminology based on Punt et al. (2007). 
For LM studies, the samples were acetolyzed follow-
ing Erdtman's technique (Erdtman 1952). The pollen 
samples were obtained from freshly collected herbarium 
specimens. The measurements were based on at least 30 
pollen grains per specimen. The characters of pollen 
grains of the studied species are summarized in Table 2. 
Trichome micromorphological characters of four species 
of Atriplex were investigated. Samples were removed from 
Gonbad Kavous University Herbarium (GKUH): To check 
the consistency of trichome types in different parts of 
a certain taxa, trichomes of stem and leaves were first 
investigated with stereomicroscope. Scanning electron 
microscopic studies were only made on leaf samples. 
Small pieces of leaves were fixed on aluminum stubs us-
ing double-sided adhesive and coated with a thin layer 
of gold-palladium. The SEM micrographs were taken in 
a SEM (Tescan, Vega-3 LMU) at an accelerating voltage 
of 15-22 kV at Research Institute of Razi (Tehran, Iran). 
The descriptive terminology mainly follows Salmaki et 
al. (2009); Zamfirache et al. (2009); Osman (2012), with 
some modifications. A list of voucher specimens used in 
this study is presented in Table 1.

Anatomical methods
The materials for anatomical studies were fixed in the 
field with formalin-acetic acid-alcohol (FAA). Four cross-
sections were measured for each sample to assess the 
consistency of anatomical characters. All materials were 
boiled for 15 min and then fixed in Carnoy solution (al-
cohols to acetic acid in proportion 3:1). Handmade cross-
sections were obtained from the stem using commercial 
razor blades. The cross-sections were obtained using 
carmine and methylene green double staining methods. 
Subsequently, the materials were washed in distilled water 

Taxon Length of polar 
axis (µm ±SD)

Length of equatorial 
axis (µm ± SD)

P/E Shape Colpus length 
(µm±SD)

Colpus width 
(µm±SD)

Ornamentation

A. canescens 21.55±1.48 18.77±0.43 1.14 Spheroidal 18.60±0.12 1.23±0.05 granulate

A. canescens 21.05±1.17 19.65±0.27 1.07 Spheroidal 18.80±0.09 1.14±0.01 granulate

A. canescens 22.05±1.17 18.65±0.27 1.07 Spheroidal 17.80±0.09 1.25±0.01 granulate

A. lentiformis 28.75±2.03 18.37±0.32 1.56 Prolate 20.70±0.15 1.75±0.09 microperforate

A. lentiformis 23.65±1.19 19.43±0.35 1.21 Prolate 19.16±0.16 1.74±0.04 microperforate

A. lentiformis 26.79±1.18 19.67±0.29 1.36 Prolate 21.96±0.07 1.63±0.01 microperforate

A. halimus 38.73±1.31 27.35±0.34 1.41 Subprolate 26.36±0.21 2.85±0.03 microechinate

A. halimus 34.65±1.36 22.43±0.31 1.54 Subprolate 25.10±0.16 2.70±0.01 microechinate

A. halimus 36.75±0.41 24.47±0.44 1.50 Subprolate 24.98±0.12 2.34±0.07 microechinate

A. leucoclada 37.64±0.34 25.35±0.17 1.48 Subprolate 25.49±0.28 2.45±0.04 Granulate-microechinate

A. leucoclada 35.44±0.38 23.65±0.28 1.49 Subprolate 25.70±0.19 2.78±0.06 Granulate-microechinate

A. leucoclada 35.44±0.38 23.65±0.28 1.49 Subprolate 25.70±0.19 2.78±0.06 Granulate-microechinate

Table 2. Pollen morphological characters for the examined taxa of Atriplex.
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(1 minute) and dehydrated through an ethyl alcohol (70%) 
and were mounted on microscopic glass slides. Slide sec-
tions were studied and photographed.

Epidermis studies on leaves of A. canescens, A. lentiformis, 
A. halimus and A. leucoclada were made using a scanning 
electron microscope (SEM; Tescan, Vega-3 LMU). Small 
pieces of leaves were fixed on aluminum stubs using 
double-sided adhesive and coated with a thin layer of 
gold-palladium. The SEM micrographs were taken in a 
SEM (Tescan, Vega-3 LMU) at an accelerating voltage of 
15-22 kV at Research Institute of Razi (Tehran, Iran). Some 
characters (stomata length/weight, number of stomata, 
number of epidermal cells) were measured with Image 
Tools ver. 3.0 and AxioVision 4.8. (Table 3).

Molecular methods

Taxon sampling

A sampling includes plants from 12 specimens and four 
species of Atriplex were chosen as an ingroup for nrDNA 
ITS and rpl32-trnL(UAG). Halimione verucifera Aellen was 
chosen as an outgroup following previous molecular 
phylogenetic studies (Kadereit et al. 2010). A list of all the 
taxa used in this study and the sources, voucher informa-
tion and GenBank accession numbers are given in Table 1.

DNA extraction, PCR and sequencing

Total genomic DNA was extracted from dried leaf materi-
als deposited in Gonbad Kavous University Herbarium 
(GKUH), using the Kit method. The nrDNA ITS (Nuclear 
ribosomal DNA Internal Transcribed Spacer) region was 
amplified using the primers ITS5m of Sang et al. (1995) 
and ITS4 of White et al. (1990). The rpl32-trnL(UAG) spacer 
was ampli fied using the rpl32-F and trnL(UAG) primers 

described in Shaw et al. (2007). PCR amplification of the 
DNA regions followed procedures described in detail by 
Naderi Safar et al. (2014). The quality of PCR products 
was checked by electrophoresis in 1% agarose gels in 1 
× TAE (pH 8) buffer and were photographed with a UV 
gel documentation system (UVItec, Cambridge, UK). 
PCR products along with the same primers were sent 
for Sanger sequencing at Macrogen (Seoul, South Korea) 
through Pishgam (Tehran, Iran).

Sequence alignment
Combined dataset was aligned using the web-based 
version of MUSCLE (Edgar 2004 at http://www.ebi.
ac.uk/Tools/msa/muscle/) under default parameters 
followed by manual adjustment. The alignment of the 
dataset required the introduction of numerous single 
and multiple-base indels (insertions/deletions). Positions 
of indels were treated as missing data for the ITS and 
rpl32-trnL(UAG) datasets.

Phylogenetic inferences

Parsimony method

Maximum parsimony (MP) analyses were conducted using 
PAUP* version 4.0a157 (Swofford 2002). The heuristic 
search option was employed for the combined dataset 
using tree bisection-reconnection (TBR) branch swap-
ping, with 1000 replications of random addition sequence 
and an automatic increase in the maximum number of 
trees. Uninformative characters were excluded from the 
analyses. Branch support values (MPBS) were estimated 
using a full heuristic search with 1000 bootstrap replicates 
(Felsenstein 1985) each with simple addition sequence.

Taxon Cell shape* Anticlinal walls Stomata index 
(mm2)

Stomata density 
(mm2)

Stomata size (μm) Stomata type

A. canescens Puz Zip 7 ±0.01 191.70±2.3 49.62×42.24 Anomocytic 

A. canescens Puz Zip 9±0.04 198.50±4.3 46.31×40.43 Anomocytic 

A. canescens Puz Zip 7 ±0.02 189.32±3.3 52.41×46.34 Anomocytic 

A. lentiformis Puz Str 11±0.09 120.25±2.1 71.32×66.24 Anomocytic 

A. lentiformis Puz Str 11±0.02 107.18±1.4 62.45×53.14 Anomocytic 

A. lentiformis Puz Str 12±0.03 132.23±1.2 61.41×54.32 Anomocytic 

A. halimus Pol Sin 14±0.04 151.16±3.2 82.43×65.30 Anomocytic 

A. halimus Pol Sin 13±0.01 147.19±2.5 75.25×51.20 Anomocytic 

A. halimus Pol Sin 14±0.04 158.14±4.2 80.42×52.33 Anomocytic 

A. leucoclada Irr Wa 13±0.07 125.28±1.7 53.40×62.30 Anomocytic 

A. leucoclada Irr Wa 12±0.09 110.19±3.5 55.41×55.34 Anomocytic 

A. leucoclada Irr Wa 13±0.04 123.14±4.2 52.35×66.30 Anomocytic 

Table 3. Leaf epidermal anatomical features of Atriplex.

*Irr: Irregular; Pol: Polygonal; Puz: Puzzle-shaped; Sin: Sinuous; Str: Straight; Wa: Wavy; Zip: Zip-shaped.
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Likelihood method

Maximum likelihood (ML) analyses were carried out us-
ing the RAxML-HPC2 on XSEDE (8.2.8) at the CIPRES 
Science Gateway. Bootstrap values (LBS) were calculated 
in RAxML-HPC2 based on 1000 replicates with one 
search replicate per bootstrap replicate.

Bayesian inference

For Bayesian inference (BI) analyses, models of sequence 
evolution were selected using the program MrModeltest 
version 2.3 (Nylander 2004) based on the Akaike infor-
mation criterion (AIC) (Posada and Buckley 2004). This 
program indicated a GTR+I+G model for the combined 
dataset. BI analyses were performed using MrBayes ver-
sion 3.2 (Ronquist et al. 2012) on the CIPRES Science 

Gateway (Cyber infrastructure for Phylogenetic Research 
cluster) (Miller et al. 2010, https://www.phylo.org) for the 
dataset. Bayesian analyses were performed, with default 
priors (uniform priors) and the best-fit model of sequence 
evolution for dataset, with two runs of ten million genera-
tions and four simultaneous chains (one cold and three 
heated with a heating parameter of 0.2), by saving trees 
every 100 generations. The trees sampled after discarding 
25% as “burn-in” were collected to build a 50% majority 
rule consensus phylogram were used to calculate posterior 
probability values (PP). Tree visualization was carried out 
using Tree View version 1.6.6 (Page 2001).

Results

Pollen morphology
The pollen grains of the studied species revealed some 
variations and separated four species of Atriplex. All paly-
nological structures and measurements for the examined 
species concerning pollen type from polar view, polar 
(P) and equatorial (E) measurements, P/E ratio, colpus 
length and width, pollen shape and exine ornamentation 
are shown in Table 2. Selected SEM micrographs of the 
pollens and their surfaces are shown in Fig. 2. Gener-
ally, type of pollen grain aperture is observed subprolate 
among studied species (Fig. 2). The length of the polar 
and equatorial axis was found useful in separating four 
species. Polar axis (P) length of pollen grains varied from 
the smallest size for A. canescens (21.05 μm) to the larg-
est size for A. halimus (38.73 μm). The equatorial axis (E) 
length of pollen grains ranged from the smallest size in A. 
lentiformis (18.37 μm) to the largest size in A. halimus (27.35 
μm). The shape classes are based on the ratio between 
the length of polar axis (P) and equatorial diameter (E) 
(Erdtman 1952). The P/E ratio ranged from 1.07 to 1.56, 
therefore the pollen shape is subprolate in A. leucoclada and 
A. halimus but prolate in A. lentiformis and spheroidal in A. 
canescens were also seen. The ornamentation of tectum is 
granulated in A. canescens (Fig. 2B), microperforate in A. 
lentiformis (Fig. 2D), microechinate in A. halimus (Fig. 2F) 
and is granulate-microechinate in A. leucoclada (Fig. 2H).

Trichome morphology
One basic type of trichome can be distinguished on 
the leaf surface of the studied taxa including glandular. 
Selected SEM micrographs of common trichome types 
are presented in Fig. 3. Some trichome characters which 
provide appropriate variation for taxa discrimination 
including the length of stalk, number of trichome cells 
(unicellular, bi-cellular or multi-cellular) and the density 
of trichome cells. A considerable variation is observed 
among the glandular trichomes. Based on the observed 

Figure 2. Scanning electron micrographs (SEM) of pollen surface in 
Atriplex. (A, B) A. canescens, (C, D) A. lentiformis, (E, F) A. halimus, (G, H) 
A. leucoclada.
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variations, glandular trichomes can be divided into two 
subtypes covering short stalked (e.g., A. halimus; Figs. 
3E and 3F) and long stalked (e.g., A. lentiformis; Figs. 3C 
and 3D). Stalks of trichomes can be unicellular (e.g., A. 
leucoclada, Figs. 3G and 3H), bi-cellular (e.g., A. canescens, 
Figs. 3A and 3B) or multi-cellular (e.g., A. lentiformis, 
Figs. 3C and 3D). All the glandular trichomes in our 
study were unbranched. Some features of unbranched 
glandular trichomes including size, shape and number 
of cells in trichome provide useful diagnostic characters 
for recognizing examined taxa. The size of unbranched 
glandular trichomes varied from short (up to 100 µm, 
e.g., A. halimus; Figs. 3E and 3F) to long (200 to 600 µm, 
e.g., A. lentiformis, Figs. 3C and 3D).

Epidermal cell description
Epidermal and stomata characters of the leaves, such as 
cell shape, anticlinal wall patterns, stomata index, density, 

size and type were examined (Table 3). Three types of 
epidermal cells including puzzle-shaped, polygonal and 
irregular cells can be seen. Anticlinal walls have been 
observed the wavy, sinuous, straight and zip-shaped. 
Puzzle-shaped cells with zip-shaped and straight anti-
clinal walls on the adaxial leaf side of A. canescens and A. 
lentiformis were seen (Figs. 4B and 4D). Polygonal cells 
with sinuous cell walls were seen in A. halimus (Fig. 4F). 
Abaxial leaf epidermal cells were irregular, with wavy 
anticlinal walls in A. leucoclada (Fig. 4H). All studied 
specimens were of the anomocytic stomata type (Figs. 4C). 
The largest stomatal size was observed in A. halimus (Figs. 
4E and 4F) and the smallest was observed in A. canescens 
(Figs. 4A and 4B). The maximum stomatal density was 
registered in A. canescens (Table 3).

Figure 4. Epidermal cells on leaves: shape, size, anticlinal wall and 
stomata under Scanning electron micrographs (SEM) in Atriplex. (A, B) 
A. canescens, (C, D) A. lentiformis, (E, F) A. halimus, (G, H) A. leucoclada.

Figure 3. Scanning electron micrographs (SEM) of trichome in Atri-
plex. (A, B) A. canescens, (C, D) A. lentiformis, (E, F) A. halimus, (G, H) A. 
leucoclada.
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Anatomical study

Selected LM micrographs of cross-sections of the stem are 
presented in Figure 5. Most characters show significant 
variability between four species but were constant among 
different specimens of each studied species.

Stem anatomy
Stem cross sections showed rounded shape with wavy 
and straight margins (e.g., A. halimus in Fig. 5E and A. 
canescens in Fig. 5A). The epidermis is composed of single 
layered cells. The collenchyma tissue is located under 
the epidermis of the stem. They are 4-5-layered in four 
species. The cortex tissue is composed of 4-5-layered 
parenchyma cells. Vascular bundles are arranged in a 
single circle. The shape and number of vascular bundles 
are different. The number of vascular bundles is 10-14 
with U-shaped and V-shaped outline (e.g., A. canescens in 
Fig. 5A and A. halimus in Fig. 5F). The xylem is surrounded 
by sclerenchymatous cells. Druse crystals were mainly 
distributed in the mesophyll and were densely distributed 
in A. halimus (Fig. 5F), but sparsely in A. canescens (Fig. 5A).

Phylogenetic analysis
Detailed information about alignment characteristics, 
selected model of nucleotide substitution, as well as tree 
statistics from the combined analysis of the nrDNA ITS 
and rpl32-trnL(UAG) regions, are summarized in Table 4. The 
aligned nrDNA ITS and rpl32-trnL(UAG) matrix comprised 
627 and 1278 characters, respectively. The maximum 
parsimony, maximum likelihood and Bayesian analyses 
of the combined data produced congruent trees and gave 
similar results. All members of this genus form a well-
supported clade (PP = 1, ML/BS = 100/100) (Fig. 6). The 
Atriplex clade is composed of three subclades. Subclade I 
includes the specimens of A. canescens (PP = 0.98, ML/BS 
= 99/100) and the subclade II (PP = 0.89, ML/BS = 100/94) 
comprises the specimens of A. lentiformis  and the subclade 
III (PP = 0.97, ML/BS = 84/86) contains the rest of the 
species of Atriplex (A. halimus and A. leucoclada) (Fig. 6).

Discussion

About 15% of Iranian lands are affected by salinity. 
The rangeland species of Atriplex, such as A. canescens, 

Total sample nrDNA ITS rpl32-trnL(UAG) ITS+rpl32-trnL(UAG)

Number of sequences 13 13 13

Number of ingroup sequences 12 12 12

Alignment length [bp] 627 1278 1905

Number of parsimony- informative characters 106 140 324

Number of MPTs 16 23 29

Length of MPTs 74 87 94

Consistency index (CI) 0.68 0.67 0.64

Retention index (RI) 0.78 0.88 0.91

Evolutionary model selected (under AIC) SYM+I+G GTR+G GTR+I+G

Table 4. Dataset and tree statistics from single and combined analysis of the regions.

Figure 5. Transverse sections of stem in Atriplex. (A, B) A. canescens, (C, 
D) A. lentiformis, (E, F) A. halimus, (G, H) A. leucoclada.
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A. halimus, A. lentiformis and A. leucoclada are notable 
for planting in saline soils. Atriplex is a halophyte plant 
distributed in dry and saline regions of different parts of 
Iran. While there are studies on cultivation (Moghadam 
1973), cultivation methods (Henteh 1990), nutritional 
value (Ranjbar Fardiee 1991), growth (Eskandari 1995) 
and karyotype (Amoiee and Ahmadian 1995), Atriplex has 
gained little attention in previous micromorphological 
and phylogenetic studies. Hence, this study presents the 
first comprehensive investigation of rangeland species 
of Atriplex in Iran. Micro-morphological evaluation of 
the Atriplex species has shown the diagnostic value of 
these characters. Most of the pollen micromorphological 
features, such as pore diameter, pore number and pore 
membrane ornamentation, have been used to separate 
the different taxa of Chenopodiaceae at the generic level 
by SEM (scanning electron microscopy), although pore 
number and diameter are visible by LM (light microscopy) 
(Hao et al. 1989; Olvera et al. 2006; Perveen and Qaiser 
2012; Lu et al. 2018a, 2018b). In previous studies, pollen 

size was used as a criterion to differentiate pollen types 
(Hao et al. 1989; Perveen and Qaiser 2012; Lu et al. 2018a). 
However, pollen size is excluded from Chenopodiaceae 
pollen classification, as Pan (1993) pointed out that it could 
be influenced by humidity in different habitats. Despite 
the general similarity of the pollen throughout Atripliceae 
(Olvera et al. 2006), our observations indicate that pol-
len micromorphology is a valuable source in taxonomic 
re-evaluations within the genus.

So far, no micromorphological study has been per-
formed on trichomes of leaf surface in Atriplex species and 
this study is the first study to investigate the characteristics 
of trichomes in studied species. In a study by El Ghazali 
et al. (2016) on the stem epidermis in Chenopodiaceae, 
salt sacs were found in all species of Atriplex, Obione, 
Halimione Aellen, and in some species of Salsola L. and 
Chenopodium. The trichomes in these plants show a great 
variety in terms single-celled or multi-celled, tuberous 
and dense, and therefore this trait can be beneficial in the 
distinction of Atriplex species. Atriplex canescens species 
have medium density tuberous multicellular trichomes. 
Different specimens of A. lentiformis have very long den-
sity hairs with small glands at the end of them. Atriplex 
leucoclada species have single-celled hairs as glandular 
hairs with low density. The hairs in A. halimus are very 
short and have a very large salt gland. These hairs have 
no base and possess a medium density, and these results 
are in accordance with the study of Mozafar and Goodin 
(1970). They concluded that the salt concentration in 
vesicle hairs of A. halimus is higher than leaf saponin. 
These vesicles hairs have played a very crucial role in 
removing toxins and salts from the leaves, parenchyma 
and vascular bundles. In all Atriplex species, salt bladders 
occur (Schirmer and Breckle 1982; Carolin 1983; Reimann 
and Breckle 1988) and by a specialized mechanism of salt 
removal from leaves, they prevent dangerous accumulation 
of toxic salt levels (Mozafar and Goodin 1970; Osmond 
et al. 1980). The leaves of the most Atriplex species, par-
ticularly from field plants, are replete with bladders. In 
mature leaves, the salt bladders collapse and produce a 
thick layer all over the leaf surface. According to Smaoui 
(1971), salt bladders in A. halimus are numerous and their 
development occurs during leaf life. This thick layer of 
salt bladders constitutes a nearly impenetrable surface 
and often shows crystal deposits identified as sodium 
chloride (Osmond et al. 1980; Bennert and Schmidt 1983).

So far, no comprehensive study has been performed on 
the epidermis of Atriplex species and the current study is 
the first research on the characteristics of the epidermis 
and stomata in this genus. The characteristics of the 
epidermis examined by scanning electron microscopy 
in Atriplex species show a variety of micromorphological 
features. The epidermis acts as a barrier against mechani-

Figure 6. 50% majority rule consensus tree resulting from the Bayes-
ian phylogenetic analysis of the nrDNA ITS and rpl32-trnL(UAG) datasets. 
Numbers of the branches are posterior probability (PP) from the BI and 
bootstrap support (BS) values from a MP and ML analysis, respectively 
(values <50 % were not shown).
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cal damage, insects, excessive light and lack of water (El 
Ghazali et al. 2016). The type of stomata in all species of 
this genus is anomocytic, which is consistent with the 
study of Khaniki et al. (2012). Locality and habitats of the 
species also significantly affect the stomata density. In 
woodland habitats, it mostly forms a dense ground cover 
occupying large areas and comprising many individuals 
(Metcalfe 1950). High stomata density was observed in A. 
canescens and A. halimus and low density in A. lentiformis 
and A. leucoclada. Stomata have a considerable role as valu-
able differentiating characters at various levels of plant 
ecology, taxonomy and physiology (Amini et al. 2019). 
Furthermore, the stomata type, density and structure 
have been affected by plant physiology, water efficiency 
and biomass (Luo and Zhou 2001). Generally, plants have 
different strategies to cope with ecological factors. The 
findings in the current study are in accordance with other 
studies relating to the stomata and structure (Miller 1983). 
The limited anatomical studies have been performed in the 
Atriplex genus, including the study of Khaniki et al. (2012). 
The cross section of the stem in the species of Atriplex is 
round and the non-woody pericycle is seen as a layer. In 
accordance with the studies of Khaniki et al. (2012), the 
vascular bundles are scattered in parenchymal tissue. 

Kaderiet et al. (2003) studied the phylogenetic relation-
ships of Amaranthaceae and Chenopodiaceae families 
based on rbcl chloroplast marker, but this marker could 
not distinct between the two families. In this study, 
phylogenetic analysis showed studied species with very 
high support are monophyletic (PP = 1, ML/BS = 100, 
MP/BS = 100). Studies on Atriplex showed that, speci-
mens of A. canescens were isolated from specimens of 
A. lentiformis with high support (PP = 99, MLBS = 98, 
MPBS = 100). Atriplex canescens has a highly variable 
form and readily hybridizes with several other species 
in the Atriplex genus. This species is adapted to variable 
edaphical and environmental conditions (Mansen et al. 
2004). In current study, this species is placed in a distinct 
subclade. Molecular study (nrDNA ITS, atpB-rbcL and rbcl 
sequences) conducted by Kaderiet et al. (2010), confirm 
close relationship between A. halimus and A. leucoclada 
and our results agreed with them. Relationships between 
specimens remained unresolved.

Conclusion

In conclusion, the present study was carried out to pro-
vide additional evidence for taxonomists and rangeland 
specialists. Atriplex is one of the mostly planted rangeland 
species in Golestan province (Iran), which improves and 
revitalizes the rangelands of the province. Atriplex is a 
valuable plant which tolerates fluctuation in salinity and 

stands higher levels of temperature. In some Atriplex spe-
cies, such as Atriplex canescens, a great variety of vegetative 
forms has been observed. Also, these species have mixed 
with several other species in the genus Atriplex, which has 
caused the polyploidy phenomenon (increasing the number 
of chromosomes) and has created a very high adaptation 
to ecological and environmental conditions. These taxa 
differ in taxonomically important micromorphological 
and molecular characteristics. Due to low sequence di-
vergence at the population level, AFLP or SSR markers, 
or RADs will be necessary for shedding further light on 
the rela tionships with more sampling at the population 
level. So micromorphological, molecular and anatomical 
studies will be aid for further research to identify and 
select suitable species of Atriplex in rangeland ecosystems.
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Introduction

Agriculture sector is facing different adverse conditions 
such as salinity, drought, submergence, and extreme tem-
perature stress because of climate change (Shelley et al. 
2016; Rahman et al. 2020). Among these, salinity is one of 
the most brutal environmental constraints that affect plant 
growth and development negatively. It is estimated that 
about 1125 million hectares (Mha) is affected by varying 
degrees of soil salinity which covers approximately 6.5% 
of the world’s total land area (Parihar et al. 2015). Usu-
ally, soil salinity is caused by different natural processes 
or anthropogenic activities such as higher accumulation 
of soluble salts in the soil surface (Hussain et al. 2017). 
Moreover, the accumulation of excessive sodium ions 
with dominant anions of chloride and sulfate command-
ing high electrical conductivity of above 4 dSm−1 causes 
soil salinity (Ali et al. 2013). The higher procurement of 

salt in the soil is an intense problem that suppresses crop 
production in the coast-line areas, particularly in the low-
lying developing countries around the world (Nicholls et 
al. 2007). The threat of soil salinity is also an extensive 
concern in the southern part of Bangladesh deteriorat-
ing the status of soil health and soil fertility leading to 
low agricultural production (Ahmed and Haider 2014). 
Approximately 53% of the coastal areas of Bangladesh 
are invaded by salinity stress which is roughly covering 
50% of the country’s average (Rahman and Ahsan 2001; 
Haque 2006).  Since crop plants are unable to grow in 
the saline environment due to an imbalance of biologi-
cal and biochemical functions, a significant proportion 
of agricultural land in the coastal belt remains fallow 
throughout the year (Rasel et al. 2019). Furthermore, 
soil salinity is frequently associated by water logging/
submergence stress which also imbeds their eminent ef-
fects on plant growth and development (Yeo 1999; Singh 
2015). Now a days, the biggest concern is the occurrence 
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of combined salinity and water logging stress is increasing 
throughout the globe because of acute irrigation practice 
in agricultural production systems, unexpected emergence 
of saline water tables, and intrusion of seawater in coastal 
environments (Hatton et al. 2003; Carter et al. 2006). 
Submergence stress regularly affects about 15 Mha of 
rainfed lowland areas especially in South and Southeast 
Asia (Neerja et al. 2007). In Bangladesh context, above 
one Mha of rice fields in the coastal areas suffer from 
prolonged partial flooding during the wet season every 
year (Ismail et al. 2010). This type of severe flooding can 
lead to complete inundation of the entire plant for up to 
2 weeks and usually occurs at the early vegetative stage 
causing the hindrance of plants normal growth potential 
(Singh et al. 2014a).

Rice (Oryza sativa L.) is consumed as the most important 
food by more than 3.5 billion people around the world 
which supplies about 20 percent of the world’s total di-
etary energy supply (Alexandratos and Jelle 2012; CGIAR 
2016). Rice is also the dominant crop in the economic 
system of Bangladesh, and it is taken as the staple food 
for about 156 million people of the country (Shelley et al. 
2016). In Bangladesh, the total land used for rice cultiva-
tion is approximately 10.83 Mha leading to an average 
production of 33.54 million metric tons per year (Kibria 
et al. 2017). However, currently the rice-based cropping 
systems are increasingly threatened by the salinity and 
submergence stress individually or simultaneously caus-
ing lower rice production in Bangladesh (Masutomi et al. 
2009). On the other hand, existing modern high-yielding 
rice varieties of Bangladesh are susceptible to combined 
salt and submergence stress for which they cannot thrive 
the devastating effect of salinity stress with flash floods 
(Afrin et al. 2018; Bui et al. 2019). Thus, the development 
of high-yielding, multiple stress-tolerant varieties against 
salinity and submergence has a great importance that 
could provide farmers with the cost-effective options 
in saline-prone flood-affected areas for achieving food 
security and sustainable agriculture (Ismail et al. 2013; 
Singh et al. 2013).

Both water logging and salinity are pernicious to plant 
growth and yield in different ways (Singh 2017). The pre-
vailing low osmotic potential in soil solution leading salt 
stress which causes nutritional imbalance, and specific 
ion effects in plant cells (Evelin et al. 2009). The growth 
and development of plants are adversely affected by the 
accumulation of excess salt in soil once the osmotic stress 
severely declines the uptake of water by roots (Munns and 
Tester 2008). Plant response to salt stress is very com-
plicated and depends on numerous factors for instance 
type and concentration of the solutes, growth stage of 
the plant, the genetic potential of the plant and different 
environmental factors (Kordrostami et al. 2017). Usually, 

rice is relatively salt tolerant during seed germination, 
active tillering and, maturity stage but very sensitive at 
the seedling and early vegetative stage and thus, seedling 
vigor including leaf live (%), root length, shoot length, 
plant biomass and other growth traits are substantially 
affected and reduced under salt stress conditions (Singh 
and Flowers 2010; Hakim et al. 2014; Kumar et al. 2015). 
Besides these, salinity stress may also lead to membrane 
disorganization, toxic metabolites generation, photo-
synthesis inhibition, over-production of reactive oxygen 
species (ROS), and attenuated nutrient acquisition causing 
cell death (Chartzoulakis 2005; Sun et al. 2011; Rahman 
et al. 2020). Likewise salt stress, submergence stress also 
affects plant early growth stage and thus, reduces plant 
productivity to a great extent (Yadav et al. 2018). When 
salt stress is coupled with submergence stress, salinity 
can cause even greater damage to plants ( Jackson and 
Ram 2003). For many plant species, when salinity and 
waterlogging happen together, Na+ and/or Cl– concen-
trations dramatically increase in shoots due to the entry 
of excess toxic ions into oxygen-deficient roots of plants 
(Barrett-Lennard 2003). Submergence situation for more 
than seven days can cause in the plants leaf rotting, loss 
of dry mass and lodging after the flood waterfall down 
(Goswami et al. 2015). In submergence condition, the avail-
ability of free O2 around the roots is depleted and thus, 
hypoxia stress occurs which makes anaerobic metabolism 
in roots from an aerobic environment with the dramatic 
reductions of ATP synthesis (Teakle et al. 2006). Because 
of these changes, plants exhibit altered membrane trans-
port, decreased conductance of stomata and decreased 
leaf water potentials, enhanced root senescence, reduced 
root and shoot length, and eventually caused the death 
of the whole plant (Barrett-Lennard 2003).

To find out multiple stress-tolerant genotypes, a proper 
screening technique is required with the selection of the 
appropriate developmental stage of plant (Ghosh et al. 
2016). Usually, the seedling stage or vegetative stage of 
the rice plant is more affected by both salinity and sub-
mergence stress (Chunthaburee et al. 2016; Abedin et al. 
2019). Thus, screening of rice genotypes for salinity or 
submergence tolerance at the early growth or vegetative 
stage can be undertaken using the parameters described 
as effective tolerant indices like leaf live (%), root length, 
shoot length, and plant biomass because variations in 
the genotypes on these stages are controlled by genetic 
components (Zeng et al. 2007; Ali et al. 2014). However, 
the combined effect of salinity and submergence stress 
on the vegetative stage of rice plants has rarely been 
examined (Rogers et al. 2011; Chen et al. 2013), thereby 
reflecting further study on rice plant at early growth 
stages in relation to multiple abiotic stresses like salin-
ity and submergence are recommended (Yan et al. 2013). 

Kaniz et al.

146



Therefore, the present study has been undertaken to 
evaluate rice genotypes to explore their response to 
combined salinity and submergence stresses by assessing 
morphological traits at the late vegetative stage along with 
the classification of rice genotype employing hierarchical 
clustering and principal component analysis to identify 
robust salt-submergence tolerant rice genotype(s).

Materials and Methods

Plant materials and experimental design
A total of 16 rice genotypes (viz., ACM-3, ACM-4, ACM-5, 
ACM-6, ACM-8, ACM-10, ACM-11, ACM-15, ACM-16, ACM-
18, ACM-23, ACM-26, ACM-29, ACM-35, Binadhan-7, and 
RC-251) collected from Bangladesh Institute of Nuclear 
Agriculture (BINA), Mymensingh-2202, Bangladesh and 
International Rice Research Institute (IRRI), together with 
two check genotypes viz., RC-251 (positive check, both 
salinity and submergence tolerant), and Binadhan-7 (nega-
tive check, both salinity and submergence susceptible) 
were used as plant materials in the present study. The 
experiment was conducted following completely random-
ized design with two factors (salinity and submergence) 
and three replications (each replication had 5 seedlings). 
Thus, the treatment combinations were as follows: control 
treatment, T0 (distilled water), two stress treatments viz., 
T1 (EC-6 dSm-1salinity level with complete submergence), 
and T2 (EC-8 dSm-1 with complete submergence). 

Plant culture and stress imposition 
Initially, the uniform size rice seeds were sorted out and 
surface sterilized with 5% sodium hypochlorite and 0.1% 
mercuric chloride followed by three times washing with 
distilled water (dH2O). Then, the seeds were kept in the 
oven at 50 °C for 2 days for breaking dormancy. The 
oven-treated seeds were soaked overnight with dH2O 
and placed in the Petri dishes on a moist filter paper (50 
seeds/petri dish) at room temperature (25 ± 2 °C) to induce 
germination. The 3-days old pre-germinated seeds were 
then sown in the seedbed for seedling growth. Seedbed 

was prepared by raising soil up to 5-10 cm from the field 
surfaces with the mixing of 8 kg cow dung properly. 
Afterwards, 30-days old seedlings were uprooted from 
the seedbed and transplanted in the previously prepared 
15 cm in length and 11 cm in diameter sized perforated 
cotton fiber pots (3 seedlings in each pot). The pots were 
filled with silt loam soil having the following characteris-
tics: pH of 6.2, electrical conductivity (EC) of 0.12 dSm−1, 
cation exchange capacity of 8.5%, exchangeable Na+ of 
0.33 milliequivalent per 100 g soil, exchangeable K+ of 
0.15 cmol kg−1, total nitrogen of 0.13%, organic carbon 
of 0.70%, and organic matter of 1.16%. The pots were 
placed in the trays (130 cm×75 cm×25 cm) filled with tap 
water (Ca2+ 3.2 mM, Mg2+ 0.50 mM, Na+ 1 mM, K+ 0.2 
mM, HCO3- 5.0 mM, Cl- 0.21 mM, SO4

2- 0.08 mM, and 
P <0.002 mM), so that the fiber pots were half-drowned 
in tap water. After one week of transplanting, approxi-
mately one-third of urea (5 g), a full dose of phosphorus 
(4 g), and a full dose of potassium (3 g) fertilizers were 
applied on each of the pot at the optimal field application 
rates. The remaining urea (10 g) was applied later at 30th 
and 50th days of crop life span. Plants were kept in these 
normal water trays for 20 days for seedling establish-
ment. Afterwards, the perforated pots with 50-days old 
seedlings were transferred from the trays into the large 
black tanks (16 pots per tank) containing salinized water 
solution. The salinized water solution was prepared by 
dissolving crude salt (sodium chloride with some trace 
minerals like potassium, iron, and zinc) with water. The 
water level for submergence stress treatment in the tank 
was maintained at 14 mm from the soil surface by adding 
tap water artificially. The rice seedlings were exposed to 
saline and complete submergence stress simultaneously 
for next 10 days. The EC and pH (6.5) of the salinized 
solution in the tank was kept constant and measured 
by an EC-meter (Hanna HI 4321) and pH-meter (Hanna 
HI 22111), respectively. Afterwards, plants were taken 
out from the drums and settled in the normal environ-
mental condition until harvesting (day 70). The control 
plants were also grown in natural conditions without 
undergoing the salinity and submergence treatment with 

Score Observation Tolerance

1 Normal growth, no leaf symptoms Highly tolerant (HT)

3 Nearly normal growth, but leaf tips of few leaves whitish and rolled Tolerant (T)

5 Growth severely retarded, most leaves rolled; only a few are elongating Moderately tolerant (MT)

7 Complete cessation of growth; most leaves dry; some plants dying Susceptible (S)

9 Almost all plants dead or dying Highly susceptible (HS)

Table 1. Modified standard evaluation score (SES) of visual salt injury for growth traits at the seedling stage of rice genotypes..

Source: Gregorio et al. (1997)
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well-drained conditions. The modified standard evalua-
tion score (SES) was estimated at the late vegetative stage 
based on the visual symptoms of salt-submergence injury 
in 70-days old plants (IRRI, 1997) (Table 1). This scoring 
discriminated the susceptible genotypes from the tolerant 
and the moderately tolerant genotypes. 

Data collection of morphological traits under normal 
and stress conditions

Different growth parameters were measured from 5 plants 
in each replication after 70th days of the plantation, and 
afterwards, the average value was taken. The leaf live (%) 
was measured by dividing the number of leaves live by 
the total number of leaves multiplied by hundred. The 
root length was measured from the shoot initiation to the 
root tip and shoot length was measured from the shoot 
initiation point to the tip of the plant by using a meter 
(m) scale. Immediately after harvesting, the shoot samples 
were separated from the root, and the fresh weight (mg) 
of root and shoot weight were taken carefully using an 
electric balance and afterwards, roots and shoots samples 
were separately enclosed in brown envelops (20 cm x 10 
cm) and kept in an oven at 60 ℃ for five days. Then, the 
dry weight (mg) was also measured separately by using 
an electric balance.

Statistical analysis
The data obtained were analyzed by a two-way analysis of 
variance using Statistical Tool for Agricultural Research 
(STAR) (IRRI, Los Baños, Laguna, Philippines). The mean 
values were separated at the p < 0.001 level using the least 
significant difference (LSD) test and presented indicated 
by different alphabetical letters in the same column. The 
heat map and hierarchical clustering was performed by 
Biovinci considering the percent reduction values of 
growth traits of different genotypes under combined 
stress situations. PCA was conducted by using the STAR 
and the biplots were constructed with the first two PCA 
components viz., PC1, and PC2 that explained the maxi-

mum variations exist among the datasets. The Pearson’s 
correlation coefficients and regression coefficients among 
the studied traits were also calculated using the STAR 
and SPSS 22 software package, respectively. The genetic 
parameters such as phenotypic variance (σ2p), genotypic 
variance (σ2g), phenotypic co-efficient of variation (PCV), 
genotypic co-efficient of variation (GCV), heritability (h2

b), 
and genetic advance (GA) for all the studied morphological 
traits were estimated following the method as previously 
described by Rasel et al. (2018). 

Results

Growth characteristics changes in rice seedlings in re-
sponse to combined salinity and submergence stresses 

The analyses of variance (ANOVA) of different morpho-
logical parameters of 16 rice genotypes under combined 
salinity and submergence stresses indicated that the dif-
ference among genotypes for all the traits viz., leaf live (LL 
%), shoot length (SL), root length (RL), root fresh weight 
(RFW), shoot fresh weight (SFW), root dry weight (RDW), 
and shoot dry weight (SDW) were highly significant (p 
< 0.001) (Table 2). The interaction of salt-submergence 
stress decreased growth parameters of rice seedlings in 
all genotypes (Table 5). As three genotypes viz., ACM-8, 
ACM-10, and Binadhan-7 were completely dead after 10-
days of fully submergence stress in salinized water, the 
phenotypic traits for those genotypes were not measured 
(Table 4) and the percent reduction of all morphological 
parameters was maximum of 100% under stressed situa-
tions for those genotypes (Table 5). Rice seedlings showed 
more reduction of growth parameters with the increasing 
of salinity level in waterlogging condition. However, toler-
ant genotypes were least affected by imposed stress than 
susceptible genotypes for different agro-morphological 
traits. In the present study, the LL (%) was drastically re-
duced in ACM-5 (T1 59.4%, T2 64.8%), ACM-6 (T1 37.4%, T2 
53.1%), and ACM-16 (T1 34.1%, T2 34.6%) whereas minimum 

Sources of variation df
Mean sum squares

LL (%) SL RL SFW RFW SDW RDW

Genotypes (G) 15 5003.1*** 2868.5*** 345.0*** 314.0*** 6.32*** 10.75*** 0.44***

Treatments (T) 2 18095.1*** 10489.9*** 1354.2*** 1321.5*** 12.39*** 71.04*** 1.56***

G x T 30 916.3*** 312.5*** 20.03*** 29.23*** 0.55*** 1.74*** 0.06***

Error 64 36.11 4.18 1.02 1.18 0.01 0.01 0.01***

CV (%) - 8.40 3.46 6.57 10.28 6.82 4.69 7.41***

Table 2. Combined analyses of variances among seven studied traits under in rice genotypes grown under combined salinity (6 dSm-1and 8 
dSm-1) and submergence stress

‘***’ indicates significant at 0.001 level of probability, CV coefficient of variation, df degrees of freedom. The variables include LL (%) leaf live (%), RL root 
length (cm), SL shoot length (cm), RFW root fresh weight (mg), RDW root dry weight (mg), SFW shoot fresh weight (mg), and SDW shoot dry weight (mg).
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reduction was observed in RC-251 (T1 2.61%, T2 7.17%), 
ACM-35 (T1 0.20%, T2 9.60%), and ACM-3 (T1 5.79%, T2 

8.69%) when exposed to salt-submergence stress (Table 
5). The severe curtailment of SL and RL were found in 
all the genotypes under combined submergence plus salt 
stress. However, some genotypes namely RC-251, ACM-
18, and ACM-35 displayed the highest root and shoot 
growth in salt-submergence stress situations (Table 4). 
Considering RL, the maximum reduction was found in 
ACM-6 (69.6%), ACM-26 (56.3%), ACM-3 (55.4%) and the 
minimum reduction was observed in ACM-11 (27.6%), 

and ACM-23 (28.5%) like tolerant check RC-251 (20.8%) 
at stagnant conditions with 8dSm-1salinity level (Table 5). 
Similarly, the genotypes namely ACM-35 (19.1%), ACM-18 
(20.3%), and RC-251 (23.4%) also exhibited the least reduc-
tion for SL whereas maximum reduction was recorded in 
ACM-26 (45.5%), ACM-29 (42.8%), and ACM-5 (40.0%) in 
combined waterlogging + 8dSm-1 salt treatments (Table 
5). Under salinity-submergence stress, RFW and SFW 
in rice seedlings showed a differential response and 
significantly decreased in submerged rice plants with 
the increasing of salinity. However, some genotypes viz., 

Genotypes Treatments LL SL RL SFW RFW SDW RDW Sum MTS Tolerance degree

ACM-3 T1 1.00 3.00 3.00 3.00 1.00 1.00 5.00 2.42 4.56 MT

T2 1.00 5.00 9.00 5.00 9.00 9.00 9.00 6.71

ACM-4 T1 1.00 1.00 3.00 7.00 1.00 9.00 3.00 3.57 3.78 T

T2 1.00 1.00 5.00 9.00 1.00 9.00 9.00 5.00

ACM-5 T1 9.00 3.00 5.00 9.00 5.00 9.00 3.00 6.14 6.57 S

T2 9.00 5.00 5.00 9.00 7.00 9.00 5.00 7.00

ACM-6 T1 5.00 3.00 9.00 3.00 1.00 5.00 1.00 3.86 5.15 MT

T2 7.00 5.00 9.00 9.00 3.00 7.00 5.00 6.43

ACM-8 T1 9.00 9.00 9.00 9.00 9.00 9.00 9.00 9.00 9.00 HS

T2 9.00 9.00 9.00 9.00 9.00 9.00 9.00 9.00

ACM-10 T1 9.00 9.00 9.00 9.00 9.00 9.00 9.00 9.00 9.00 HS

T2 9.00 9.00 9.00 9.00 9.00 9.00 9.00 9.00

ACM-11 T1 1.00 3.00 1.00 1.00 3.00 1.00 1.00 1.57 2.99 T

T2 1.00 3.00 3.00 7.00 3.00 9.00 5.00 4.42

ACM-15 T1 3.00 1.00 5.00 7.00 3.00 9.00 1.00 4.14 4.86 MT

T2 5.00 3.00 7.00 9.00 3.00 9.00 3.00 5.57

ACM-16 T1 5.00 1.00 3.00 9.00 1.00 9.00 3.00 4.43 5.00 MT

T2 5.00 3.00 3.00 9.00 3.00 9.00 7.00 5.57

ACM-18 T1 1.00 1.00 1.00 3.00 1.00 3.00 1.00 1.57 2.42 HT

T2 1.00 1.00 7.00 5.00 3.00 5.00 1.00 3.28

ACM-23 T1 1.00 1.00 1.00 7.00 1.00 7.00 1.00 2.71 3.57 T

T2 3.00 5.00 3.00 9.00 1.00 9.00 1.00 4.43

ACM-26 T1 1.00 3.00 3.00 7.00 1.00 9.00 1.00 3.57 5.85 MT

T2 5.00 7.00 9.00 9.00 9.00 9.00 9.00 8.14

ACM-29 T1 1.00 3.00 5.00 5.00 5.00 7.00 1.00 3.86 5.58 MT

T2 3.00 5.00 7.00 9.00 9.00 9.00 9.00 7.29

ACM-35 T1 1.00 1.00 3.00 3.00 1.00 3.00 1.00 1.85 2.42 HT

T2 1.00 1.00 7.00 5.00 3.00 3.00 1.00 3.00

Binadhan-7 T1 9.00 9.00 9.00 9.00 9.00 9.00 9.00 9.00 9.00 HS

T2 9.00 9.00 9.00 9.00 9.00 9.00 9.00 9.00

RC-251 T1 1.00 1.00 1.00 3.00 1.00 1.00 1.00 1.28 1.99 HT

T2 1.00 3.00 1.00 7.00 1.00 1.00 5.00 2.71

Table 3. Ranking of rice genotypes for relative salt tolerance obtained from growth-related traits based on percent reduction.

The treatments T1 6 dSm-1 salinity level with complete submergence, and T2 8 dSm-1 salinity level with complete submergence. Scoring range based on % 
reduction values of growth traits under stress conditions were count for 10-20%= score 1, 21-31%= score 3, 32-42%= score 5, 43-53%= score 7, and 54-
64%= score 9; score 1,3,5,7 and 9 value was given according to IRRI standard protocol (1997), where score 1 denotes highly tolerant (HT), score 3 denotes 
tolerant (T), score 5 denotes moderately tolerant (MT), score 7 denotes susceptible (S), and score 9 denotes highly susceptible (HS). The variables include 
LL (%) leaf live (%), RL root length (cm), SL shoot length (cm), RFW root fresh weight (mg), RDW root dry weight (mg), SFW shoot fresh weight (mg), and SDW 
shoot dry weight (mg). MTS denotes mean tolerance score.
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Genotypes Treatment (T) LL SL RL SFW RFW SDW RDW

ACM-3 T0 98.0 ab 79.0 ab 24.6 b-e 12.72 f 3.59 b 2.59 h 1.05 a
T1 92.3 ab 60.0 c-f 18.6 b 10.0 cd 3.06 b 2.12 cd 0.65 cd
T2 89.5 a-c 53.0 b-d 11.0 ef 7.8 c-e 1.34 cd 0.93 ef 0.37 d

ACM-4 T0 90.25ab 63.3 fg 25.5 bc 15.2 f 2.06 fg 3.11 fg 0.49 fg
T1 85.0 a-c 54.3 fg 17.0 b 8.07 d-f 1.98 cd 1.29 g 0.38 fg
T2 72.3 a-d 50.6 cd 16.0 bc 6.18 c-f 1.94 b 1.12 c-e 0.16e

ACM-5 T0 100 a 71.6 c-e 18.6 h 15.8 de 2.22 ef 2.84 gh 0.51 fg
T1 40.5 f 54.0 g 12.0 c 6.32 ef 1.51 e 1.24 g 0.35 g
T2 35.1 g 43.0 ef 11.6 d-f 5.24 d-g 1.20 d 0.97 de 0.34 d

ACM-6 T0 93.7 ab 76.0 a-c 29.0 a 16.5 de 1.90 fg 3.00 fg 0.49 fg
T1 58.6 e 56.1 e-g 11.1 c 11.29 c 1.65 e 1.90 d-f 0.46 ef
T2 43.9 fg 47.8 de 8.81 f 2.63 gh 1.47 cd 1.40 c 0.33 d

ACM-8 T0 70.8 c 53.3 ij 8.25 j 2.60 i 1.06 i 1.12 k 0.59 ef
T1 0.00 g 0.00 i 0.00 d 0.00 g 0.00 g 0.00 h 0.00 h
T2 0.00 h 0.00 h 0.00 g 0.00 h 0.00 f 0.00 g 0.00 f

ACM-10 T0 81.2 bc 57.3 hi 9.17 j 4.46 hi 1.52 h 1.42 j 0.46 g
T1 0.00 g 0.00 i 0.00d 0.00 g 0.00 g 0.00 h 0.00 h
T2 0.00 h 0.00 h 0.00 g 0.00 h 0.00 f 0.00 g 0.00 f

ACM-11 T0 98.8 a 80.1 a 26.5 ab 30.0 a 2.74 d 5.94 a 0.94 c
T1 89.6 a-c 63.4 a-d 22.1 a 25.7 a 1.99 cd 5.30 a 0.83 ab
T2 86.4 a-c 61.9 a 19.1 a 17.0 a 1.89 b 2.44 b 0.59 ab

ACM-15 T0 84.5 a-c 74.2 b-d 25.1 b-d 17.4 d 2.52 de 3.93 e 0.83 d
T1 59.6 e 66.5 ab 16.0 b 8.17 de 1.98 cd 1.72e f 0.73 bc
T2 54.2 ef 57.1 d-g 13.5 c-e 4.76 e-g 1.91 b 1.08 de 0.60 a

ACM-16 T0 96.3 ab 76.1 a-c 22.5 d-g 23.8 bc 4.18 a 4.97 c 1.19 a
T1 63.4 de 65.0 a-c 16.8 b 9.12 c-e 3.83 a 1.62 f 0.87 a
T2 62.9 de 54.3 bc 15.8 bc 9.09 c 2.89 a 0.94 ef 0.60 cd

ACM-18 T0 94.8 ab 78.5 ab 21.5 f-h 21.7 c 1.84 gh 4.39 d 0.58 ef
T1 91.9 ab 67.5 a 18.5 b 14.8 b 1.60 e 3.10 b 0.51 e
T2 80.9 c 62.5 a 11.5 d-f 12.6 b 1.39 cd 2.85 a 0.49 bc

ACM-23 T0 97.0 ab 69.16 de 19.8 g-h 16.9 de 1.92 fg 4.12 de 0.63e
T1 79.4 b-d 65.1 a-c 16.1 b 9.13 c-e 1.67 de 2.17 cd 0.56de
T2 70.9b-e 42.5 ef 14.1 cd 4.84 e-g 1.54 c 0.90 ef 0.56 a-c

ACM-26 T0 90.7 ab 75.1 a-c 22.1 e-g 22.3 bc 2.18 f 5.73 a 0.79 d
T1 72.4 c-e 55.5 e-g 17.0 b 11.29 c 2.06 c 1.93 de 0.64cd
T2 61.1 d-f 40.9 fg 9.67 f 3.28 fg 0.69 e 0.86 ef 0.16 e

 ACM-29 T0 93.3 ab 76.3 a-c 24.0 b-f 25.1 b 3.16 c 5.26 b 0.87 c
T1 80.8 bc 57.9 d-g 16.1 b 15.8 b 2.04 c 2.92 b 0.69 cd
T2 65.8 c-e 43.6 ef 11.3 d-f 3.33 fg 0.63 e 0.66 f 0.13 e
T0 98.6 a 68.1 ef 24.5 b-e 14.0 ef 1.93 fg 3.27 f 0.50 fg

ACM-35 T1 98.4 a 60.9 b-e 16.0 b 10.7 cd 1.55 e 2.32 c 0.50 e
T2 89.1 a 55.1 bc 12.5 de 8.07 cd 1.47 cd 2.23 b 0.47 c
T0 100 a 59.1 gh 14.0 i 8.36 g 1.57 h 2.26 i 0.51 fg

Binadhan-7 T1 0.00 g 0.00 i 0.00 d 0.00 g 0.00 g 0.00 h 0.00 h
T2 0.00 h 0.00 h 0.00 g 0.00 h 0.00 f 0.00 g 0.00 f
T0 91.9 ab 48.1 j 23.2 c-f 6.45 gh 0.97 i 1.56 j 0.33 h

RC-251 T1 89.5 a-c 43.3 h 22.9 a 5.01 f 0.92 f 1.31 g 0.31 g
T2 85.3 ab 36.8 g 18.4 ab 3.57 fg 0.81 e 1.24 cd 0.21 e

Table 4. Performance of rice genotypes considering morphological traits at the late vegetative stage under salt-submergence stress and non-
stressed conditions.

Different letter within the column denotes the statistical significance difference among the mean values at P < 0.05. The treatments T0 control, T1 6 dSm-1 
salinity level with complete submergence, and T2 8 dSm-1 salinity level with complete submergence. The variables include LL (%) leaf live (%), RL root 
length (cm), SL shoot length (cm), RFW root fresh weight (mg), RDW root dry weight (mg), SFW shoot fresh weight (mg), and SDW shoot dry weight (mg).
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ACM-35, ACM-4, ACM-23, and ACM-3 minimized the 
reduction of RFW and SFW demonstrating higher fresh 
biomass likewise positive tolerant check RC-251 when 
faced salt-submergence stress. In contrast, susceptible 
genotypes namely ACM-5, ACM-16, ACM-26, and ACM-
29 reflected the maximum reduction of RFW and SFW 
under combined stressed situations (Table 5). The results 
of the present investigation also showed the reduction of 
dry matter of rice plants in all genotypes under combined 
stressed conditions though tolerant genotypes exhibited 
less reduction of dry matter in comparison with sus-
ceptible genotypes (Table 5). When waterlogging with 
8dSm-1 salt treatment is induced, the drastical reduction 
of root dry biomass was noted for ACM-29 (84.6%), ACM-
26 (80.1%), and ACM-4 (67.5%) whereas ACM-35 (5.96%), 
ACM-23 (11.1%), and ACM-18 (15.5%) displayed the least 
reduction of root biomass compared to the other genotypes 
(Table 5). Similarly, the minimum reduction of shoot dry 
matter was also reported in ACM-35 (T1 29.0%, T2 31.9%), 
and ACM-18 (T1 29.5%, T2 35.2%) similar to positive check 
RC-251 (T1 15.6%, T2 20.3%), whereas ACM-26 (T1 66.3%, 
T2 85.0%), ACM-16 (T1 67.4%, T2 81.1%), and ACM-15 (T1 

56.3%, T2 52.4%) reflected maximum shoot dry matter 
reduction under combined waterlogging + salt stress 
conditions (Table 5).

Categorizing of rice genotypes based on for mean 
salinity-submergence tolerance scores 

Various degrees of phenotypic responses were reported 
in rice plants under salinity-submergence stress. Rice 
seedlings grown in the control condition showed normal 
growth and development whereas under stressed condi-
tions, several impairments of salt-submergence induced 
injury such as yellowing and drying of leaves, reduc-
tion in root and shoot growths, and dying of seedlings 
were observed in the plants. Based on the morphologi-
cal changes due to salinity-waterlogging stress, the rice 
genotypes were clustered into five groups viz., highly 
tolerant (mean tolerance score ≤2.5), tolerant (mean tol-
erance score ≤4.5), moderately tolerant (mean tolerance 
score ≤6.5), susceptible (mean tolerance score ≤8.5) and 
highly susceptible (mean tolerance score >8.5-9) (Table 3) 
following IRRI standard evaluation system (SES). After 
10-days of combined stress induction, some plants were 
completely decayed and those were depicted as highly 
susceptible genotype viz., ACM-8, ACM-10, and Binadhan-7 
(Fig. 1). The genotypes namely RC-251, ACM-18, and ACM-
35 demonstrated the normal growth potential with the 
lowest mean tolerance score when both stresses is induced 

Figure 2. Hierarchical clustering and heatmap elucidating the genotype 
variable relationships. Color scale shows the intensity of the normal-
ized mean values of different parameters. Clustering of rice genotypes 
considering percent reduction of growth parameters under combined 
salinity (6 dSm-1 and 8 dSm-1) and submergence stress based on Eu-
clidean distances grouped the genotypes into three clusters. Cluster-A 
includes BINA dhan-7, ACM-8 and ACM-10; Cluster-B includes ACM-5, 
ACM-6, ACM-15, ACM-16, ACM-26, ACM-29, ACM-3, and ACM-23; Cluster-
C includes ACM-18, ACM-35, RC-251, ACM-4, and ACM-11. The variables 
include LL (%) leaf live (%), RL root length (cm), SL shoot length (cm), 
RFW root fresh weight (mg), RDW root dry weight (mg), SFW shoot fresh 
weight (mg), and SDW shoot dry weight (mg).

Figure 1. Evaluation of standard evaluation score (SES) in rice geno-
types grown under combined salinity (6 dSm-1 and 8 dSm-1) and water-
logging stress for 10 days at the late vegetative stage. Scoring range 
based on % reduction values of growth traits under stress conditions 
were count for 10-20% = score 1, 21-31%= score 3, 32-42% = score 5, 
43-53% = score 7, and 54-64% = score 9; score 1,3,5,7 and 9 value was 
given according to IRRI standard protocol (1997), where score 1 de-
notes highly tolerant (HT), score 3 denotes tolerant (T), score 5 denotes 
moderately tolerant (MT), score 7 denotes susceptible (S), and score 9 
denotes highly susceptible (HS). Table 3 showed the detailed param-
eters-wise scoring of rice genotypes under salt-submergence stress.
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simultaneously and therefore, these were identified as 
highly tolerant whereas some other genotypes namely 
ACM-11, ACM-23, and ACM-4 showed moderate to little 
injury symptoms under salt-submergence stress and 
consequently, these were regarded as tolerant genotypes 
(Fig. 1). The six genotypes viz., ACM-3, ACM-15, ACM-16, 
ACM-6, ACM-29, and ACM-26 were identified as moder-
ately tolerant as the seedling growth of those genotypes 
were partially inhibited under salinity-submergence 
stress conditions. Moreover, ACM-5 exhibited the greater 
reduction of growth traits having a higher mean toler-
ance score (6.57) in stressed conditions and therefore, it 

was depicted as a susceptible genotype (Fig. 1; Table 3). 

The results of the cluster analysis
The heatmap and hierarchical clustering based on the 
percent reduction of growth traits under combined sa-
linity and waterlogging stress using Euclidean distance 
grouped the 16 rice genotypes into three main clusters 
(Cluster-A, -B, and -C) (Fig. 2). The genotypes of the 
cluster-A are Binadhan-7, ACM-8 and ACM-10 which 
demonstrated the maximum reduction of growth traits 
and highest mean tolerance score (9.00) (Fig. 1; Table 3) 
under stressed conditions. Therefore, those genotypes 

Genotypes Treatment (T) LL SL RL SFW RFW SDW RDW

ACM-3 T1 5.79 24.0 24.3 20.7 14.7 18.0 37.7
T2 8.69 32.9 55.4 38.4 62.6 63.9 65.0

ACM-4 T1 5.82 14.2 33.3 47.1 3.57 58.3 23.6
T2 19.8 20.0 37.2 59.5 5.83 63.9 67.5

ACM-5 T1 59.4 24.6 35.7 60.2 32.2 56.5 30.2
T2 64.8 40.0 37.5 67.0 46.0 65.8 32.2

ACM-6 T1 37.4 26.1 61.4 31.9 13.1 36.7 5.44
T2 53.1 37.0 69.6 84.1 22.7 53.3 32.6

ACM-8 T1 100 100 100 100 100 100 100
T2 100 100 100 100 100 100 100

ACM-10 T1 100 100 100 100 100 100 100
T2 100 100 100 100 100 100 100

ACM-11 T1 9.35 20.8 16.3 14.2 27.3 10.7 11.3
T2 12.5 22.7 27.6 43.1 31.0 58.8 37.5

ACM-15 T1 29.4 10.3 36.1 53.1 21.5 56.3 11.2
T2 35.7 22.9 46.2 72.6 24.3 72.4 27.0

ACM-16 T1 34.1 14.6 25.1 61.7 8.22 67.4 26.6
T2 34.6 28.6 29.5 61.8 30.7 81.1 49.5

ACM-18 T1 3.03 13.9 13.9 31.8 13.0 29.5 12.6
T2 14.6 20.3 46.5 41.9 24.2 35.2 15.5

ACM-23 T1 18.1 5.88 18.4 46.2 13.1 47.3 10.1
T2 26.9 38.4 28.5 71.5 19.7 78.1 11.1

ACM-26 T1 20.1 26.1 22.9 49.4 5.21 66.3 18.9
T2 32.6 45.5 56.3 85.3 68.4 85.0 80.1

ACM-29 T1 13.4 24.1 32.6 36.9 35.2 44.5 20.3
T2 29.4 42.8 52.7 86.7 79.9 87.4 84.6

ACM-35 T1 0.20 11.1 34.5 23.0 19.6 29.0 1.32
T2 9.60 19.1 48.6 42.3 23.6 31.9 5.96

Binadhan-7 T1 100 100 100 100 100 100 100
T2 100 100 100 100 100 100 100

RC-251 T1 2.61 9.79 1.26 22.3 4.83 15.6 6.06
T2 7.17 23.4 20.8 44.6 15.8 20.3 36.3

Table 5. Percent reduction of growth parameters of 16 rice genotypes at the late vegetative stage under salt-submergence stress condition.

The treatments T1 6 dSm-1 salinity level with complete submergence, and T2 8 dSm-1 salinity level with complete submergence. %R’ means percent 
reduction calculated as [(control value − salt treatment value)/control value × 100)]. Scoring range based on % reduction values of growth traits under 
stress conditions were count for 10-20%= score 1, 21-31%= score 3, 32-42% = score 5, 43-53% = score 7, and 54-64% = score 9; score 1,3,5,7 and 9 value 
was given according to IRRI standard protocol (1997), where score 1 denotes highly tolerant (HT), score 3 denotes tolerant (T), score 5 denotes moderately 
tolerant (MT), score 7 denotes susceptible (S), and score 9 denotes highly susceptible (HS). Table 3 showed the detailed parameters-wise scoring of rice 
genotypes. The variables include LL (%) leaf live (%), RL root length (cm), SL shoot length (cm), RFW root fresh weight (mg), RDW root dry weight (mg), SFW 
shoot fresh weight (mg), and SDW shoot dry weight (mg).
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were regarded as highly susceptible genotypes. The dis-
tribution pattern of cluster analysis revealed maximum 
of eight genotypes viz., ACM-5, ACM-6, ACM-15, ACM-16, 
ACM-26, ACM-29, ACM-3, and ACM-23 in cluster-B which 
showed differential response to salt-submergence toler-
ance under combined stress conditions such as ACM-6, 
ACM-15, ACM-16, ACM-26, ACM-29, ACM-3 (moderately 
tolerant), ACM-23 (tolerant) and ACM-5 (susceptible) 
(Fig. 2). The cluster-C had five genotypes and among 
them, ACM-18, ACM-35, and RC-251 displayed the least 
reduction of morphological parameters as well as the 
lowest mean tolerance score (≤2.5) (Fig. 1; Table 3) under 
combined stagnant and salinity stress, therefore these 
genotypes could be depicted as highly tolerant whereas 
rest two genotypes namely ACM-4, and ACM-11 were 
identified as tolerant genotypes (Fig. 2) as the heatmap 
showed that these genotypes had a lower reduction of 
growth traits as well as lower mean tolerance score (≤4.5) 
under salt-submergence stress situations (Fig. 1; Table 3). 

The results of the principal component analysis (PCA)
Loading plots of principal component 1 (PC1) and prin-
cipal component 2 (PC2) of the PCA among 16 rice geno-
types based on the percent reduction of morphological 
attributes under combined salinity with waterlogging 
stress are presented in Fig. 3. In the present investigation, 
the PC1 from the PCA analysis explained about 79.29% 
of the total variation present in these genotypes, whereas 
PC2 describes 9.38% and the two components (PC1 and 
PC2) together explained 88.67% of data variability. The 
clustering patterns via PCA revealed that the genotypes 
viz., ACM-11, ACM-35, ACM-18, and RC-251 which exhibited 
the least reduction of growth traits as well as the lowest 

mean tolerance score (Fig. 1; Table 3) under salinity-sub-
mergence stress, are grouped in the left lower side of the 
individual plot of PCA (Fig. 3). Therefore, those genotypes 
were identified as highly tolerant for salt-submergence 
stress. The genotypes namely ACM-16, ACM-15, ACM-4, 
ACM-23, ACM-3, ACM-26 and ACM-6 found in the left up-
per side of the biplot (Fig. 3) which showed lower growth 
reduction when combined salinity and submergence stress 
is imposed, and therefore these were regarded as tolerant 
and moderately tolerant genotypes based on the mean 
tolerance score (Fig. 1; Table 3). The genotypes grouped in 
the right lower side of biplot are ACM-8, ACM-10, ACM-5, 
and Binadhan-7 (Fig. 3) depicted as susceptible genotypes 
because these genotypes demonstrated the maximum 
reduction of growth parameters under stress conditions 
having higher mean tolerance score (Fig. 1; Table 3). 
Besides, another genotype ACM-29 which is grouped in 
the upper right side of the biplot exhibited lower growth 
reduction in waterlogging + NaCl treatment’s, therefore 
it was regarded as a tolerant genotype according to the 
mean tolerance score (Fig. 1; Table 3).

Correlation and regression among different morphologi-
cal attributes

To determine the most desirable traits for combined 
salt-submergence tolerance, Pearson’s correlations were 
analyzed among different growth parameters of rice 
plants grown in saline condition with submergence stress 
(Table 6). The correlation matrix revealed a positive and 
significant correlation between all the growth traits in 
rice seedlings in submerged condition with both salinity 
levels. The highest positive and significant correlation 
was found between SFW and SDW (r = 0.986**, P < 0.01), 
LL and RL (r = 0.946**, P < 0.01), and RFW and RDW 
(r = 0.895**, P < 0.01) at stagnant + 8dSm-1 salinity level 
whereas the least significant and positive correlation was 
observed in RFW with SDW at two different salinity level 
viz., at 6 dSm-1 salinity level (r = 0.524**, P < 0.05), at 
stagnant 8 dSm-1 salinity level (r = 0.556**, P < 0.05), and 
SFW with RFW (r = 0.569**, P < 0.05) at 6 dSm-1 salinity 
level (Table 6). On the other hand, individual correlation 
of plants growth related traits, viz., LL (r = -0.979** & 
-0.818**, P < 0.01), RL (r = -0.858** & -0.724**, P < 0.01), 
SL (r = -0.951** & -0.808**, P < 0.01), SFW (r = -0.734* 
& -0.650*, P < 0.05), RFW (r = -0.613** & -0.613**, P < 
0.05), SDW (r = -0.768** & -0.811**, P < 0.01), and RDW 
(r = -0.722** & -0.676**, P < 0.01) showed negative and 
moderately significant correlation with mean tolerance 
score in both salinity levels with complete submergence 
situation (Table 6). There was a maximum negative and 
significant correlation observed between mean tolerance 
score with RFW (r = 0.613**, P < 0.01) at waterlogging 
+ 6 dSm-1 salinity level, RFW (r = 0.613**, P < 0.01) at 8 

Figure 3. Loading plots of principal components 1 (PC1) and principal 
components 2 (PC2) of the PCA among 15 rice genotypes-based percent 
reduction of growth traits at the seedling stage under combined salinity 
(6 dSm-1 and 8 dSm-1) and submergence stresses.
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dSm-1 salinity level and SDW (r = 0.676**, P < 0.05) at 
waterlogging + 8 dSm-1 salinity level (Table 6). Among the 
growth traits, LL (%), RL, SL, RDW, and SFW exhibited 
higher association with the mean tolerance score at higher 
salinity level (submergence + 8 dSm-1) whereas RFW and 
SDW showed higher correlation with mean tolerance score 
at lower salinity level (submergence + 6 dSm-1) (Table 6).

The multiple correlation coefficient (R) also demon-
strated the positive and significant correlation between 
mean tolerance score (dependent variable) and growth 
parameters viz., LL (%), RL, SL, RFW, SFW, RDW, and 
SDW (independent variables) under combined stress of 
salinity and submergence (Table 7). However, the explained 
variation of mean tolerance score by independent vari-
ables was higher at 6 dSm-1 salinity level with complete 
submergence (R2 = 0.959**, P < 0.01) in comparison with 
8 dSm-1 with complete submergence (R2 = 0.922**, P 
<0.01) (Table 7). The multiple regression lines were also 
analysed for each salinity level with submergence stress 

considering the constant value (mean tolerance score) and 
regression coefficients for morphological parameters such 
as LL (%), RL, SL, RFW, SFW, RDW, and SDW (Table 8). 
The results of the regression coefficients revealed that at 
6 dSm-1 salinity with complete submergence conditions, 
only LL (%) had the negative and significant associa-
tion with mean tolerance score (r = -0.054, **P < 0.01) 
whereas at 8 dSm-1 salinity with complete submergence, 
several traits such as LL (b = -0.042*, P < 0.05), RL (b = 
-0.170*, P < 0.05), RFW (b = -1.049*, P < 0.05), and RDW 
(b = -2.768**, P < 0.001) exhibited a significant and nega-
tive association with the mean tolerance score (Table 8). 
Bedsides, SL, and SFW had positive-significant associa-
tion with the mean tolerance score at 8 dSm-1 salinity 
with complete waterlogging situations. However, RDW 
showed the non-significant association with the mean 
tolerance score in both salinity levels with waterlogging 
conditions (Table 8). 

Parameters Treatments

6 dSm-1 salinity level with complete submergence 8 dSm-1 salinity level with complete submergence

R- value 0.989** 0.979**

R2-value 0.959** 0.922**

Table 7. Multiple correlation coefficients (R) between mean tolerance score (dependent variable) and morphological parameters (independent 
variables) at different salinity level (salinity (6 dSm-1 and 8 dSm-1) with submergence stress.

‘**’ correlation is significant at 1% level of probability.

Traits Treatment (T) LL SL RL SFW RFW SDW RDW MTS

LL (%) T1 1 0.875** 0.946** 0.730** 0.668** 0.748** 0.744** -0.979**

T2 1 0.873** 0.871** 0.717** 0.637** 0.745** 0.644** -0.818**

SL T1 1 0.881** 0.741** 0.818** 0.735** 0.891** -0.858**

T2 1 0.851** 0.777** 0.830** 0.799** 0.815** -0.724**

RL T1 1 0.726** 0.707** 0.747** 0.801** -0.951**

T2 1 0.693** 0.779** 0.648** 0.706** -0.808**

SFW T1 1 0.569* 0.986** 0.794** -0.734**

T2 1 0.682** 0.844** 0.746** -0.650**

RFW T1 1 0.524* 0.895** -0.603*

T2 1 0.556* 0.847** -0.613*

SDW T1 1 0.773** -0.768**

T2 1 0.680** -0.811**

RDW T1 1 -0.722**

T2 1 -0.676**

The treatments T1 6 dSm-1 salinity level with complete submergence, and T2 8 dSm-1 salinity level with complete submergence. MTS denote mean tolerance 
score. The variables include LL (%) leaf live (%), RL root length (cm), SL shoot length (cm), RFW root fresh weight (mg), RDW root dry weight (mg), SFW shoot 
fresh weight (mg), and SDW shoot dry weight (mg). ‘**’ correlation is significant at 1% level of probability, and ‘*’ correlation is significant at 5% level of 
probability.

Table 6. Correlation matrix among the morphological parameters under combined salinity (6 dSm-1 and 8 dSm-1) and submergence stresses.
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Measurement of genetic variability, heritability, and 
genetic advance among the morphological parameters

A wide range of genotypic and phenotypic variance was 
observed in the agronomic traits of rice seedlings (Table 9). 
In the present study, the phenotypic co-efficient of varia-
tion (PCV) was higher than the genotypic co-efficient of 
variation (GCV) for all the traits. Among the traits, shoot 
fresh weight (100% & 100.9%), shoot dry weight (88.8% & 
88.9%), and root fresh weight (86.8% & 87.1%) exhibited 
high estimates of GCV and PCV respectively whereas 
the lowest phenotypic GCV and PCV were observed for 
leaf live (%) (57.7% & 58.3%), and shoot length (58.7% & 
58.8%) (Table 9). All the studied traits in this experiment 
exhibited high heritability ranging from 97.9% to 99.7% 
and the highest value was recorded in shoot dry weight 
(99.7%), shoot length (99.6%), and root fresh weight (99.3%) 
(Table 9). The highest genetic advance (GA) was found 
in leaf live (%) (82.9) and shoot length (63.5) whereas the 
lowest value was found in root dry weight (0.78) (Table 9). 

Discussion

Due to the adverse climatic change, a considerable number 
of agricultural lands in the world are simultaneously af-
fected by multiple environmental stresses such as salinity 
and waterlogging combination is most common among 
them. Waterlogging and salinization both have several in-
dividual or simultaneous physical, chemical, and biological 
effects on plant and soil which can influence plant growth 
potential negatively and can decrease the usability of the 
fields (Boling et al. 2007; Singh 2014b). The influential 
mode of salinity stress on the plant growth and develop-
ment are well documented (Munns and Tester 2008), but 
the interaction effects of salt stress with waterlogging 
stress on plant growth are not fully revealed in rice crops 
like most of the plants (Colmer and Flowers 2008; Gill et 
al. 2019). In the present study, therefore an attempt has 
been made to examine the response of 16 rice genotypes 

Traits Regression coefficients
6 dSm-1 salinity level with complete submergence 8 dSm-1 salinity level with complete submergence

Constant (MTS) 9.011** 9.064***

%LL -.054** -.042*

SL -.011NS .118**

RL -.091NS -.170*

SFW .141NS .275**

RFW .366NS -1.049*

SDW -.782NS -2.768***

RDW -.116NS -2.626NS

MTS denote mean tolerance score.  The variables include LL (%) leaf live (%), RL root length (cm), SL shoot length (cm), RFW root fresh weight (mg), RDW 
root dry weight (mg), SFW shoot fresh weight (mg), and SDW shoot dry weight (mg). 
‘**’ correlation is significant at 1% level of probability, and ‘*’ correlation is significant at 5% level of probability.

Table 8. Regression coefficients for different morphological parameters (independent variables) at different salinity level salinity (6 dSm-1 and 
8 dSm-1) with submergence stress and constant (dependent variable is mean tolerance score).

Traits σ2g σ2p GCV (%) PCV (%) h2
b (%) GA 

LL (%) 1656.0 1691.0 57.7 58.3 97.9 82.9

SL 955.0 958.3 58.7 58.8 99.6 63.5

RL 114.6 115.6 70.0 70.3 99.1 21.9

SFW 104.3 105.4 100 100.9 98.9 20.9

RFW 2.103 2.116 86.8 87.1 99.3 2.97

SDW 3.581 3.590 88.8 88.9 99.7 3.89

RDW 0.146 0.148 78.9 79.2 99.1 0.78

Table 9. Estimation of genetic parameters for the morphological parameters in 16 rice genotypes.

σ2g genotypic variance, σ2p phenotypic variance, GCV genotypic coefficient of variation, PCV phenotypic coefficient of variation, h2
b narrow sense heritability, 

and GA genetic advance. The variables include LL (%) leaf live (%), RL root length (cm), SL shoot length (cm), RFW root fresh weight (mg), RDW root dry 
weight (mg), SFW shoot fresh weight (mg), and SDW shoot dry weight (mg).
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grown under combined salinity and submergence stresses 
considering different morphological parameters. 

The submerged plants are very sensitive to salinity, 
particularly at the early growth stages (Barrett-Lennard 
2002). Waterlogging interrupts plant growth in two ways, 
directly by reducing the physiological activities and in-
directly by decreasing the availability of essential nutri-
ents with reduced aeration around the root zone where-
as salt stress affects plant growth by enhancing the 
osmotic potential of the soil solution as well as by deplet-
ing the soil structure (Singh 2017). The results of our 
study revealed that the growth and development of rice 
seedlings in all genotypes are severely affected under 
combined stress of salinity and submergence (Table 2) 
however, some genotypes namely ACM-18, ACM-35, RC-
251, ACM-11, ACM-23, and ACM-4 displayed their ability 
to minimize combined stress-induced toxicity and main-
tain the higher value of growth parameters viz., higher 
live leaves (%), high root and shoot length, and high plant 
biomass production under stressed conditions in compared 
to other genotypes (Tabe 3). The ability of roots to uptake 
water with nutrients from the soil environment is de-
pleted under salinity stress which may also disarrange 
many important physiological and biochemical pro-
cesses in plants such as photosynthesis, redox homeosta-
sis, and toxic ion assimilation in plant cells (Motos et al. 
2017). Moreover, when salinized plants expose to water-
logging conditions, normal root function get damaged 
and the selectivity for K+ over Na+ is declined (Barrett-
Lennard 2003), and thus the concentrations of Na+ and 
Cl-considerably increased in the shoot of plants (Marcar 
et al. 2002; Araki 2006). When root parts become injured, 
shoot growth is impeded due to the less uptake of es-
sential nutrients like K+, Ca2+ Mg2+, etc. through symplas-
tic xylem loading in the root (Läuchli and Grattan 2007). 
In the present investigation, the root length, and shoot 
length was reduced in all genotypes with the increasing 
of salinity level under submergence condition (Table 5). 
In line with our results, several other researchers also 
manifested the negative effects of combined salinity and 
submergence stress with lower root and shoot growth in 
tomato (Solanum lycopersicum L.) (Horchani et al. 2010), 
barley (Hordeum vulgare L.) (Zeng et al. 2013) and rice 
(Oryza sativa L.) (Prusty et al. 2018). On the contrast, the 
genotypes viz., ACM-18, ACM-35, and RC-251 showed the 
highest root and shoot length under salt stress coupled 
with waterlogging condition even at 10 days in the late 
vegetative stage whereas susceptible ACM-23, ACM-5, and 
Binadhan-7 could not withstand combined salinity and 
submergence stress and thereby had lowest growth of 
root and shoot (Table 4). The higher root and shoot growth 
of the tolerant genotypes can be explained by the ability 
to maintain sufficient root aeration with the adaptation 

of morpho-physiological mechanisms under salt-sub-
mergence stress (Colmer et al. 2014). Moreover, tolerant 
genotypes might consume excessive photo-assimilates 
and stored carbohydrates for rapid elongation of shoots 
by cell division and cell elongation as well as by photo-
synthetic fixation of CO2when faced submergence (Anan-
dan et al. 2015; Jackson and Ram 2003). Singh et al. (2001) 
also observed maximum root length in tolerant genotypes 
compared to sensitive one’s along with less adverse effects 
on root volume and porosity in tolerant genotypes under 
submergence stress. On the other hand, the leaves of the 
susceptible genotypes usually senesced and depleted and 
recovered more slowly because of slower shoot elongation 
and lower leaf formation under submergence in saline 
water (Singh et al. 2014a). However, shoot growth usu-
ally demonstrated more susceptibility than root growth 
in both saline and submergence situations (Omisun et al. 
2018; Fukao et al. 2019). The toxicity of salt stress occurs 
primarily in the aged leaves because Na+ and Cl- accu-
mulate in the transpiring leaves for long-time leading 
toxicity on leaves which ultimately reduces leaf live (%) 
of plants (Amirjani 2011). Besides, the salinized plant 
faced pervaded sunlight during submergence causing the 
reduction of the leaf chlorophyll content which sometimes 
causes the death of many leaves (Afrin et al. 2018). The 
results of this study revealed that the leaf live (%) was 
significantly declined in rice seedlings under combined 
stressed conditions compared to control condition plants 
but identified highly tolerant genotypes namely ACM-3, 
ACM-35, and RC-251 minimized the salt-submergence 
induced toxicity and therefore, exhibited maximum live 
leaf (%) (Table 4), indicating that those genotypes could 
adopt faster recovery from stress-induced metabolic 
changes and might have the mechanism to maintain 
required photosynthesis for the synthesis of leaf chloro-
phyll content during combined submergence and salin-
ity stress (Ella and Ismail 2006). On the other hand, 
sensitive genotypes viz., ACM-5, ACM-6, and ACM-16 
exhibited the higher reduction of leaf live (%) when faced 
salinity stress in waterlogging condition (Table 5). This 
is mainly because of continuous loss of oxygen in root 
atmosphere which exerts an adverse effect on respiration 
and photosynthesis of plants causes withering and death 
of active leaves (Yadav et al. 2018). Furthermore, the 
rapid degradation of leaf chlorophyll in sensitive genotypes 
under water reflected higher levels of leaf chlorosis as 
well as leaf senescence (Bui et al. 2019). Due to the reduc-
tion of the number of live leaves under stress conditions, 
the supply of carbohydrates and growth hormones to 
meristematic tissues badly impeded with the unusual 
photosynthetic process which ultimately decelerates the 
plant biomass production (Munns and Tester 2008). In 
the current study, the exposure of rice seedlings to com-
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bined salt and submergence stress caused the significant 
reduction of shoot, and root biomasses which might be 
due to the inhibition of root and shoot growth (Table 5) 
as also previously observed in other plant species such 
as shrubby sea blight (Suaeda salsa), and birdsfoot trefoil 
(Lotus corniculatus) under combined salinity and waterlog-
ging stress (Teakle et al. 2016; Song et al. 2011). The re-
corded plant biomass retrenchment in most of the geno-
types probably because of conjunction of salt-induced 
osmotic stress and oxygen-deficient environment due to 
submergence in plant cells (Shani and Ben-Gal, 2005). 
Moreover, submergence stress considerably obstructs the 
generation of tiller number and other agronomic traits 
that collectively can reduce the fresh and dry weight of 
the plant (Afrin et al. 2018). Notably, the dry matter re-
duction was relatively higher in sensitive genotypes viz., 
ACM-5, ACM-16, ACM-26, and ACM-29 under combined 
stressed conditions (Table 5), as also reported by Tatar et 
al. (2010), Kano-Nakata et al. (2011), and Talat et al. (2013) 
in rice (Oryza sativa L.) and wheat (Triticum aestivum L) 
under salt stress or submergence stress. The maximum 
reduction of leaves and root dry weights of the sensitive 
genotypes might be due to the rapid death and decay of 
tissues with confined underwater photosynthesis in 
submergence stress situations (Winkel et al. 2013). On 
the contrast, tolerant genotypes namely ACM-35, RC-251, 
ACM-4, ACM-23, and ACM-3 demonstrated the higher 
plant fresh and dry matter production even when exposed 
to combined salinity and submergence stress conditions 
(Table 4).  The higher accumulation of dry matter in 
tolerant genotypes against combined stress might be due 
to the increase in culm dry matter content rather than 
leaf area or total leaf dry weight (Sarkar and Das 2003; 
Yin et al. 2010). Besides, the multiple stress-tolerant rice 
genotypes might adopt morpho-physiological mechanisms 
such as salt exclusion, salt reabsorption, root-shoot trans-
location, and leaf-to-leaf compartmentation through 
which they can exclude the accumulation of excessive 
salt on leaves in submerged conditions to maintain the 
normal cell metabolism and consequently plant achieve 
higher biomass production (Chen et al. 2018). 

Several approaches exist for sorting out salt or sub-
mergence stress-tolerant genotypes such as standard 
evaluation score (SES) which is extensively used (Kranto 
et al. 2016). In the present study, the modified SES scoring 
system was employed to categorize the rice genotypes for 
salt-submergence tolerance at the late vegetative stage 
and there was a significant variation found in the mean 
tolerance score among the rice genotypes in terms of 
different growth parameters under combined stressed 
situation (Fig. 1; Table 3). This finding was in line with 
Ali et al. (2014) and Nishanth et al. (2017) who observed 
the substantial disparity in injury score among the rice 

germplasm grown under salinity and submergence condi-
tions in a separate experiment. In our study, rice seedlings 
exposed to 10 days of complete submergence in saline 
solution demonstrated several injury symptoms such 
as rolling and drying of leaves, brownish of leaf tip and 
stunted plant growth. However, tolerant genotypes ACM-
18, ACM-35and RC-251 considerably lessened the salt-
submergence commenced visual toxicity symptoms and 
thereby exhibited a maximum value of growth attributes 
with lowest mean tolerance score (<2.5) (Fig. 1; Table 3) 
when combined stress is imposed. These genotypes might 
adopt a combination of anatomical, morpho-physiological, 
and metabolic strategies such as the formation of higher 
aerenchyma tissue in the nodal region, higher shoot 
elongation, restriction of chlorophyll degradation, less 
utilization of storage carbohydrates, more adventitious 
roots generation, the regulation of ion uptake, exclusion 
of excessive salt in plant parts and the increased activity 
of antioxidant defense system to withstand the hazard-
ous effect of combined salinity and waterlogging stress 
conditions (Barrett-Lennard 2003; Carter et al. 2006; 
Yadav et al. 2018). On the other hand, some genotypes 
viz., ACM-5, ACM-8, ACM-10, and Binadhan-7 displayed the 
maximum mean tolerance score with the greater reduc-
tion of morphological parameters in stressed conditions 
and therefore, these genotypes were depicted as stress-
sensitive genotypes (Fig. 1; Table 3). Bharathkumar et al. 
(2015) and Afrin et al. (2018) also successfully separated 
the rice genotypes for salt-submergence tolerance based 
on the injury score under salinity and waterlogging stress 
in previous experiments. The findings of cluster analysis 
and PCA classification of rice genotypes produced similar 
results with the results obtained from the categorization 
of genotypes based on mean tolerance score in this inves-
tigation (Fig. 1 and 2). Ward’s minimum-variance cluster 
analysis is the most frequently used exoteric scheme that 
can group genotypes from the diverse origin based on 
their similarities (Ravikiran et al. 2018). Besides, PCA can 
also classify the genotypes of similar categories together 
compared to dissimilar genotypes (Khatun et al. 2015; 
Kim et al. 2013). Furthermore, genotype versus variable 
biplot also can explore the strength and weaknesses of 
genotypes in a stress situation, which is fundamental for 
the selection of tolerant genotypes (Yan and Kang 2003). 
In the present study, both heatmap and PCA analysis 
clearly distinguished the tolerant rice genotypes from 
the sensitive genotypes considering the reduction (%) of 
growth attributes under salt-submergence stress (Fig. 1 
and 2), similar with the findings of Sorkheh et al. (2012). In 
hierarchical cluster analysis, the highly tolerant genotypes 
viz., ACM-4, ACM-35, and RC-251 were grouped in the same 
cluster (C) and similarly, these genotypes were also found 
in the right lower side together in the PCA biplot (Fig. 1 
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and 2). Those genotypes demonstrated normal growth 
and development when exposed to combined stress and 
had a higher value of growth traits in comparison with 
other genotypes (Fig. 3). The rice genotypes showing both 
salinity and waterlogging tolerance may be due to the 
adaptation of similar physiological mechanisms and co-
expression of the related genes under stress conditions. On 
the other hand, sensitive genotypes (ACM-5, ACM-8, ACM-
10, and Binadhan-7) also found in the same group both in 
PCA and cluster analysis which demonstrated the higher 
growth attributes reduction under stressed situation (Fig. 
2 and 3; Table 5). The results of our investigation were also 
inconsistent with Rasel et al. (2020) and Chunthaburee 
et al. (2016) who successfully differentiated rice cultivars 
into distinct groups by PCA and cluster analysis in terms 
of salt tolerance considering agronomic traits. Moreover, 
several other researchers also previously used clustering 
and PCA analysis as useful tools for the classification 
of rice (Oryza sativa L.), wheat (Triticum aestivum L.) and 
corn (Zea mays L.) cultivars into different tolerance levels 
considering morpho-physiological traits under differ-
ent stress conditions for instance salinity, submergence, 
drought etc. (Cha-um et al. 2012; Wijewardana et al. 2016; 
Siddiqui et al. 2017). 

Correlation analysis is a novel method for exploring 
the relationships between the parameters and their prin-
cipal components in phenotypic screening of genotypes 
under stress conditions (Dehbalaei et al. 2013; Sun et al. 
2013). In the present study, morphological attributes such 
as LL (%), RL, RFW, RDW, and SFW showed the highest 
negative correlation and association with mean tolerance 
score under combined stress situation (Table 6) reflect-
ing that tolerant genotype (having lower mean tolerance 
score) exhibited a higher value of those growth attributes 
in stressed condition, similar with the findings of Rasel 
et al. (2018). Thus, these traits might be used as the best 
descriptors to evaluate the tolerance level of rice geno-
types as well as to find out the tolerant genotypes at the 
seedling stage under combined salinity and waterlogging 
stress in comparison to other growth parameters. Ali et 
al. (2014) also found the strongest and significant correla-
tions between shoot length, and plant biomass with SES 
at the seedling stage of rice plants and used these traits as 
important selection criteria to find out salt-tolerant rice 
genotypes. Similarly, the genetic analysis also showed 
that the growth parameters viz., LL, RL, RFW, RDW, 
and SFW had the highest value for PCV (%), GCV (%), 
heritability (%), and genetic advance (Table 9) indicating 
that the phenotypic expression of these traits are less 
influenced by environment and therefore, selection can 
be done by using these traits for the identification of rice 
genotypes that can tolerate combined salinity and water-
logging stress condition simultaneously and the higher 

value of these traits would facilitate better scope for the 
improvement of rice genotypes against multiple stress.

Conclusion

A large variability was observed among the rice genotypes 
for all growth traits under combined salinity and waterlog-
ging stress. Several parameters such as leaf live (%), root 
length, root fresh weight, shoot fresh weight, and root 
dry weight exhibited a strong and negative correlation 
with mean tolerance score reflecting their importance 
as useful indicators for the selection of tolerant rice 
genotypes in combined stress salinity and submergence. 
Rice seedlings showed the reduction of morphological 
parameters due to the interactive effects of salinity and 
waterlogging. However, some genotypes namely ACM-18, 
and ACM-35 significantly minimized the stress-induced 
reduction of growth attributes likewise tolerant check 
RC-251 and therefore, those genotypes were depicted as 
highly tolerant. The results of clustering and PCA also 
revealed those genotypes in the same group. Besides, 
ACM-11, ACM-23, and ACM-14 also performed very well 
and demonstrated the higher value in agro-morphological 
assays under stress situations. Therefore, the genotypes 
viz., ACM-18, ACM-35, ACM-11, ACM-23, and ACM-14 could 
be used as a potential donor of Saltol and Sub1 gene as well 
as in marker-assisted backcrossing for the development 
of salt-submergence tolerant high-yielding rice variety.
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Introduction

If walnut production is to be profitable, however, the 
growing site requirements must be fully met. As Hungary 
is situated close to the northern boundary of the walnut 
production area, walnuts are not cultivated for commercial 
purposes in more northerly countries.  Winter cold and 
spring frosts are of great significance for cultivation in 
Hungary. The trees must receive satisfactory nutrition 
and the shoots must be fully matured if they are to sur-
vive frosts; this can be achieved by foliage protection in 
summer. It is characteristic of the Hungarian climate that 
several days of mild weather during January or February 
are frequently followed by sudden sharp temperature 
declines.

One of the most decisive factors in yield safety is the 
frequency of spring frosts, to which early blossoming 
cultivars are especially sensitive. Despite the consider-
able frost tolerance of walnut trees, early spring frosts 
may cause damage to young shoots (Hemery et al. 2010; 

Poirier et al. 2010). During the dormancy period the trees 
may endure temperatures as low as minus 25 or 28 °C 
with little damage (Szentiványi 1978), but studies made 
by Fady et al. (2003) indicated that early spring frosts 
may injure the apical buds, or in more severe cases, the 
ends of young shoots. A close correlation was detected 
between frost tolerance and origin (Guàrdia et al. 2013). 
Although differences in the frost tolerance of species and 
cultivars can be attributed to genetically inherited traits, 
frost tolerance is not a static phenomenon, but exhibits 
constant changes. Plants can protect themselves against 
frost in two ways: by avoidance or tolerance (Charrier et 
al. 2011). Avoidance means that the annual development 
cycle is synchronized with the critical environmental 
periods (Parmesan and Yohe 2003; Menzel et al. 2006), so 
that the overwintering organs are gradually cold hardened 
after the foliage has fallen. In autumn the dynamics of 
decreasing temperature and increasing frost tolerance 
can be observed for both deciduous and evergreen species 
(Greer et al. 2000; Luoranen et al. 2004). The dynamics 
of acclimatization is determined primarily by environ-
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mental factors between September and January, while 
from January onwards significant genotype effects have 
been observed in the time of budburst in connection with 
both tolerance and avoidance mechanisms (Charrier et 
al. 2001). Frost damage is one of the factors causing the 
greatest losses in walnut production (Xin and Browse 
2000; Sanghera et al. 2011). The frost tolerance of the 
cultivars exhibited a close correlation with their flow-
ering traits. The flowering time of the female flowers of 
Hungarian-bred cultivars is shown in Table 1.

The leafless period is often thought to be inactive, but 
in fact the trees need to actively modify their metabolism 
through cold acclimatization processes if they are to 
cope with winter frost effects (Charrier et al. 2018). The 
level of frost damage differs for different plant organs 
(Mahmodzahed and Imani 2011), the flowers being the 
most sensitive (Charrier et al. 2013).

Laboratory tests are required for the precise measure-
ment of the frost tolerance of individual plant organs. 
The analysis of tissues after artificial freezing reveals 
the extent of damage caused by a given temperature. 
The LT50 index, or frost tolerance mean value, can then 
be calculated (Szalay 2001; Szalay et al. 2010, 2016, 2017). 
Frost tolerance must be tested on several occasions during 
the dormancy period in order to obtain a clear picture 
of the frost tolerance of each cultivar. Frost tolerance 
is an extremely complex phenomenon from both the 
physiological and genetic points of view, being the re-
sult of several independent processes. It is advisable to 
use a climate chamber to test winter hardiness. As the 
frost tolerance of the buds changes in the course of the 
winter, the temperature in the chamber must reflect that 
experienced in nature. Several temperatures should be 
applied at each testing date, at least three, if possible. The 
rate of chilling and the duration of the treatment are also 
important. The rate of temperature change should be 
1-2 °C an hour, and experience has shown that the buds 
should be kept at the critical temperature for 3.5 - 4.0 
hours (Szalay et al. 2016, 2017).

Materials and Methods

The experiments were performed between October and 

March in 2013–2014, 2014–2015 and 2015–2016. Ten to 
twelve one-year-old shoots measuring 50 cm in length 
were collected once a month from each cultivar in a 
large-scale non-irrigated plantation in its 20th year in 
Lengyeltóti, where the annual number of sunshine hours 
averaged 2098 hours, the annual mean temperature was 
11.2 °C and the annual mean precipitation sum 550 mm. 
The soil was a chernozem (upper limit of plasticity, KA = 
38, pH 8, total lime content in the upper 60 cm soil layer 
5%, humus content 1.9%). The height above sea level was 
150–160 m, and the summer was long enough for the 
shoots to reach full maturity (Bujdosó et al. 2019).

The cultivars examined were the Hungarian-bred 
‘Alsószentiváni 117’, ‘Milotai 10’ and ‘Tiszacsécsi 83’, 
all of which only produce nuts from terminal buds, and 
hybrids of the first two cultivars with ‘Pedro’: ‘Milotai 
bőtermő’ (high-yielding), ‘Milotai kései’ (late), ‘Milotai 
intenzív’ (intensive) and ‘Alsószentiváni kései’ (late). The 
Californian-bred ‘Pedro’ cultivar was used as the con-
trol. All the cultivars were grafted onto walnut sapling 
rootstocks.

The laboratory analyses were carried out in the Depart-
ment of Pomology at Corvinus University of Budapest 
(now Fruit Production Department, Institute of Horti-
cultural Sciences, Hungarian University of Agriculture 
and Life Sciences). The artificial freezing tests were 
carried out in Rumed 3301 climate chambers (Rubarth 
Apparate, Laatzen, Germany). At each testing date, three 
freezing temperatures were applied, chosen to represent 
the external temperatures. While the lowest temperature 
tested in October was -16 °C, in January a test tempera-
ture of -26 °C was applied to buds that had undergone 
hardening. The rate of cooling and warming was 2 °C 
an hour, and the shoots were maintained at the freezing 
temperature for 4 hours.

After the end of the treatment, the samples were kept at 
room temperature for 12 hours, after which the buds were 
cut open and the degree of frost damage was determined 
based on the discoloration of the tissues. Green tissues 
were regarded as healthy and brown tissues as frost dam-
aged. The aim of the investigations was to determine the 
LT50 values, i.e. the temperature that caused 50% freezing 
damage to mixed buds of the given cultivar at the given 
time. The frost damage values recorded for the three 

Flowering date of female flowers Early Mid-Early Mid-Late Late

Cultivar None Milotai 10 Alsószentiváni 117 Milotai kései

Tiszacsécsi 83 Alsószentiváni kései

Milotai bőtermő

Milotai intenzív

Table 1. Flowering dates of the female flowers of Hungarian walnut cultivars (Szentiványi 1980).
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different freezing temperatures gave the frost tolerance 
profile of the given cultivar at the individual sampling 
dates, which could be approximated by a sigmoid graph 
where the section between 20 and 80% could be regarded 
as linear (Gu 1999). The LT50 values were then determined 
by linear regression from the results of artificial freezing. 
The IBM PASW Statistic 18 statistical program package 
was used for the statistical evaluation. The data were 
analyzed using the ANOVA model, while means were 
compared and significant differences determined with 
the help of Duncan’s test at the 95% probability level. The 
SPSS 25.0 (Chicago, USA) program package was used for 
the statistical evaluation of the data.

Results

The results are illustrated in Figs. 1-3. As no significant 
differences were detected between the years, the results 
of the three years were averaged, and the mean values 
and standard deviation were used to determine the frost 
tolerance dynamics of the flower buds and differences be-
tween the cultivars. Fig. 4 demonstrates the homogeneous 

groups determined by means of analysis of variance, from 
which the frost sensitivity order was deduced. The frost 
tolerance of the generative organs of the walnut cultivars 
was characterized using the LT50 values obtained from 
the artificial freezing tests. The frost tolerance of the 
flower buds gradually developed in the first half of the 
winter. The hardening process had begun well before the 
first sampling date, as LT50 values of below -10 °C were 
generally recorded in mid-October. The initial stage of 
hardening occurs when the external temperature is still 
well above freezing point. By the time long-term frosts 
were experienced, the LT50 values of the flower buds 
approached -20 °C for some cultivars. The hardening 
process continued until January: the LT50 values were the 
lowest at the January sampling date in all the years. This 
was followed by the dehardening process, when the frost 
tolerance of the flower buds gradually declined, parallel 
with the gradual rise in the external temperature.

The frost tolerance of the three standard cultivars and 
‘Pedro’ in the three years is illustrated in Fig. 1. Averaged 
over the three years, ‘Pedro’ was the most frost-sensitive 
and ‘Tiszacsécsi 83’ the most tolerant, the LT50 value of the 
latter being 4 °C lower on average in October than that of 

Figure 1. Frost tolerance mean values (mean and standard deviation) of the mixed buds of standard cultivars and the cultivar ‘Pedro’, and three-
year means and standard deviations of daily maximum and minimum temperatures (upper part of the figure).

Frost tolerance of Hungarian-bred walnut cultivars

165



‘Pedro’. The average difference between the two cultivars 
was 3 °C in January and 5 °C in March. The maximum 
level of frost tolerance was recorded in January for all 
the cultivars, after which it gradually declined, with a 
continuous rise in the LT50 values. The frost tolerance 
of ‘Milotai 10’ was closer to that of ‘Pedro’, while that 
of ‘Alsószentiváni 117’ was almost the same as that of 
‘Tiszacsécsi 83’.

Fig. 2 gives a comparison of the frost tolerance of 
‘Milotai intenzív’, ‘Alsószentiváni kései’ and ‘Pedro’, the 
first two of which are hybrids originating from a cross 
with ‘Pedro’ as pollinator. The results showed that the 
frost tolerance of ‘Milotai intenzív’ tended to be like that 
of ‘Pedro’, with lower values than that of the female parent 
‘Milotai 10’. Considerable differences were exhibited in 
the case of ‘Alsószentiváni kései’, particularly in January, 
February and March. In January the mixed buds of this 
genotype survived freezing at a temperature 2-3 °C lower 
than those of the other two genotypes on average, while 
in February and March the difference increased to 4-5 
°C. The slower rise in LT50 values can be explained by the 
later budburst of this genotype.

Based on knowledge of the female flowering dates of 
the genotypes, a comparison was made of those in the 
medium late flowering group. Most of the genotypes 
included in the study belonged to this group, namely 
‘Milotai bőtermő’, ‘Milotai intenzív’, Alsószentiváni 117’, 
‘Tiszacsécsi 83’ and ‘Pedro’ (Fig. 3). Genotypes in the same 
flowering groups could be expected to have similar levels 

of frost tolerance, which should be most evident at the 
March sampling date, shortly before budburst. Neverthe-
less, the results for individual genotypes could be clearly 
distinguished from each other, indicating that genetic 
traits other than the budburst date were also responsible 
for their winter hardiness. Even in January, the coldest 
month, ‘Pedro’ had the highest LT50 values, and the frost 
tolerance of ‘Milotai intenzív’ was closest to that of this 
cultivar, while ‘Milotai bőtermő’ was able to survive lower 
temperatures during the dormancy period than either 
of these genotypes. On the other hand, ‘Alsószentiváni 
117’ and ‘Tiszacsécsi 83’ were both more frost-tolerant 
than the hybrids.

The flower buds of the genotypes were the most 
frost tolerant in January in all three dormancy periods. 
As the LT50 values of the individual genotypes did not 
differ significantly over the years, it was concluded that 
they had reached the maximum frost tolerance of which 
they were genetically capable, though tests need to be 
performed in further years to give convincing proof of 
this conclusion. The differences between the genotypes 
as regards the winter frost tolerance of the flower buds 
was analyzed for the January data. It can be seen in Fig. 
4 that three homogeneous groups could be distinguished: 
‘Pedro’ was frost-sensitive, ‘Milotai kései’, ‘Milotai 10’, 
‘Milotai bőtermő’ and ‘Mikotai intenzív’ had medium 
frost tolerance, and ‘Alsószentiváni 117’, ‘Alsószentiváni 
kései’ and ‘Tiszacsécsi 83’ were frost-tolerant.

Figure 2. Frost tolerance mean values (mean and standard deviation) of the mixed buds of ‘Alsószentiváni kései’, ‘Milotai intenzív’ and ‘Pedro’, 
and three-year means and standard deviations of daily maximum and minimum temperatures (upper part of the figure).
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Discussion

Frost damage in winter and spring often cause substan-
tial yield losses in fruit and nut production. Among the 
overwintering organs of deciduous trees in the temperate 
zone, the generative organs (flower buds and mixed buds) 
are the most frost-sensitive during the dormancy period 
and suffer damage most frequently. The main emphasis 
has therefore always been placed on these organs in studies 
on the frost tolerance of different genotypes (Proebsting 
and Mills 1978; Faust 1989; Tromp 2005; Bartolini et al. 
2006; Szalay et al. 2010; Salazar-Gutiérrez 2014). Under 
the same thermal conditions (including a constant mild 
temperature) walnut (Juglans regia L.) trees may exhibit 
diverse levels of frost tolerance (Charrier et al. 2013). In 
addition to genetic traits, frost tolerance is also influenced 
to a considerable extent by environmental factors, so the 
frost tolerance of individual genotypes may change as a 
function of the growing site and year (Pénzes and Szalay 
2003; Szentiványi and Kállayné 2006). The general condi-
tion of the trees is a further influencing factor (Poirier et 
al. 2010). The most precise method for determining the 
frost tolerance of overwintering organs is the artificial 
freezing test (Pedryc 1999; Miranda et al. 2005; Szalay et 
al. 2010). In most cases LT50 values are used to determine 
frost tolerance (Lindén and Palonen 2000; Szalay et al. 
2010; Ferguson et al. 2011; Salazar-Gutiérrez et al. 2014).

Walnut is not one of the most frost-sensitive fruit spe-
cies in the temperate zone, as the overwintering organs 
are able to survive temperatures as low as -28-29 °C in 
December and January (Westwood 1993; Szentiványi 
and Kállayné 2006; Kállayné 2014). By comparison, the 
critical temperature is -25 °C for sweet cherry and -20 °C 
for peach during the winter dormancy period (Szewczuk 
et al. 2007). In Central Europe, including the Carpathian 

Figure 3. Frost tolerance mean values (mean and standard deviation) of the mixed buds of cultivars in the same flowering date groups, and 
three-year means and standard deviations of daily maximum and minimum temperatures (upper part of the figure).

Figure 4. LT50 values of the flower buds of the tested cultivars aver-
aged over three years, based on the data of freezing experiments in 
January. Different letters represent significant differences between 
cultivars at the LT50 value.
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Basin, temperatures cold enough to damage walnut trees 
are rarely encountered in winter. In spring, however, after 
the buds burst, the young shoots and flower organs often 
sustain damage in these regions due to repeated spells of 
intense cold. For this reason, it is important for breed-
ers to select cultivars with late budburst (Szentiványi 
and Kállayné 2006; Kállayné 2014). In order to achieve 
long-term yield safety, however, it is important to obtain 
knowledge on the frost tolerance of cultivated walnut 
genotypes during the winter dormancy period. For this 
reason, detailed investigations were begun on the winter 
frost tolerance of the cultivars selected or bred in Hun-
gary that are grown most frequently in this country. The 
Californian-bred cultivar ‘Pedro’ was used as the control. 
A further incentive for this research was the fact that no 
detailed data are to be found either in the Hungarian or 
international literature on how the frost tolerance of 
the overwintering generative organs of walnut cultivars 
changes during the winter.

The LT50 values of the cultivars were determined on 
all the sampling dates during the dormancy period in 
all three years. Very similar results were obtained each 
year, so no significant year effect could be detected. The 
greatest frost tolerance was recorded for the cultivar 
‘Tiszacsécsi 83’ during the years tested, while the most 
sensitive cultivar was the control genotype, ‘Pedro’. The 
frost tolerance data for ‘Alsószentiváni kései’ were similar 
to those of ‘Tiszacsécsi 83’, while those of ‘Milotai 10’ 
were almost the same as those of ‘Pedro’. Differences 
were observed between the hybrids, ‘Milotai intenzív’ 
being frost-sensitive, ‘Milotai bőtermő’ and ‘Milotai kései’ 
moderately frost-tolerant and ‘Alsószentiváni 117’ frost-
tolerant. The flower buds were the most frost-tolerant in 
January. The values recorded in January were probably 
equivalent to the genetically programmed optimum frost 
tolerance levels, but this needs to be confirmed in further 
research. Charrier et al. (2011) observed a genotype effect 
between January and budburst, and during this period 
this played a greater role than the environmental effect.

The weather in the experimental years was character-
ized by slightly lower minimum temperatures in the first 
week of October, after which the temperature was like the 
long-term mean. The next substantial cold spell occurred 
in mid-December, which was followed by the second stage 
of hardening in the case of mixed buds. There was a further 
sudden intensive drop in temperature in mid-January, 
but by this time the mixed buds of walnut have reached 
maximum hardening, so frost tolerance means of -23.8 °C 
were measured on average even for the most frost-sensitive 
genotype. The gradual warming from January onwards 
was interrupted by very cold temperatures at dawn on 
one or two occasions, but as warming did not proceed at 
a rapid rate, these cold snaps were not a problem and the 

mixed buds retained their frost tolerance. By March the 
continuous rise in temperature led to higher LT50 values, 
but as the winter weather was similar at the experimen-
tal location in all three years, no significant year effect 
was detected. If the experiments were continued over a 
longer period, differences would probably be observed, 
as the effect of climatic factors on the frost tolerance of 
overwintering organs has been reported for a number of 
temperate fruit species (Faust 1989; Tromp 2005; Szalay 
et al. 2010). However, no relevant data on walnut are to 
be found in the literature.

It is difficult to compare the present results with earlier 
data, as those available were obtained at different locations 
for different cultivars. Based on the results obtained with 
various methods, however, it can be concluded that the 
frost tolerance of the overwintering organs constantly 
changes and that both genotypic and environmental fac-
tors play a role in hardening and dehardening processes, 
resulting in considerable differences between the cultivars 
(Aslamarz et al. 2010a; Aslamarz et al. 2010b; Charrier 
et al. 2013; Guàrdia et al. 2013; Charrier et al. 2018). The 
data recorded by Aslamarz et al. (2010a) in plantations 
in the neighborhood of Teheran showed ‘Pedro’ to be the 
most frost-tolerant of the cultivars, indicating that, under 
diverse climatic conditions, the same cultivar may give 
quite different results. This was confirmed in the present 
work, which was designed to provide information on the 
winter frost tolerance of walnut cultivars of importance 
for production in Hungary. Knowledge on the winter frost 
tolerance of cultivars is important for the determination 
of their suitability for cultivation at various growing sites, 
and is likely to become increasingly necessary in the light 
of climate change predictions, as alterations in climatic 
conditions will influence the developmental processes of 
cultivated plants and their levels of tolerance (Parmesan 
and Yohe 2003; Menzel et al. 2006).
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Abbreviations

D1PD: Planting date 1st of July; D2PD: Planting date 10th of July; 
D3PD: Planting date 23rd of July; D4PD: Planting date 1st of Au-
gust; DPM: Direct seed planting method; HPM: Hydroprimed 
seed planting method; TPM: Transplant planting method; SCV: 
Speedfeed cultivar; PCV: Pegah cultivar ; DMY: Dry matter yield; 
NDF: Neutral detergent fiber; ADF: Acid detergent fiber; CP: 
Crude protein; CPY: Crude protein yield; Hem: Hemicel-
luloses; DDM: Digestible dry matter; DDMY: Digestible dry 
matter yield; RFV: Relative feed value; WSC: Water soluble 
carbohydrates; ME: Metabolic energy; MEY: Metabolic energy 
yield; DOM: Digestible organic matter.

Introduction

Extreme heat (Biswas 2020), limited water and soil re-
sources (Elamin et al. 2019), continuous global population 
growth (Amouzou et al. 2019), and climate change and 
its subsequences (Michelon et al. 2020) organizes a set 
of threatening factors toward agricultural sustainability 
and food production in arid and semiarid regions (Biswas 
2020). On this approach, the second cropping strategy 
could substantially supply the growing food demands 
and protect the food safety (Velten et al. 2015; Martin et 
al. 2017). Thus, the selected forage species must produce 
an adequate quantitative and qualitative yield in a short 
period, be adaptable to withstand high temperature and 
drought conditions (Martin et al. 2017) and allelopathic 
residue (Costa et al. 2020). Studies in arid and semiarid 
regions introduced sorghum as a promising option to 
provide the required forage (Michelon et al. 2020) dur-
ing different growing seasons and water availabilities. 
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Sorghum is an annual, low-cost crop with a large size 
canopy that specialized to grow during warm seasons in 
the warm regions; it can produce the same biomass as corn 
by consuming less water (Bhattaraia 2020) in areas with a 
short growing season (Naoura et al. 2019). Late, uneven, 
and slow germination in the early stages of growth is the 
main issue in sorghum cultivation (Bajwa et al. 2018). 
After harvesting winter crops, it takes time to prepare 
the soil and seedbed for second cultivation ( Junnyor et 
al. 2015). Delay in planting affects the synchronicity of 
plant growth stages with environmental conditions, 
which shortens the growing season, overshadows the 
vegetative and reproductive phases, and ultimately re-
duces forage yield ( Junnyor et al. 2015; Zandonadi et al. 
2017). Seed-hydropriming is a physiological method and 
because of its considerable effect on seed germination, 
crop establishment, and growth rate, could get widely 
used to increase the growing season productivity (Zida 
et al. 2018; Bajwa et al. 2018; Jatana et al. 2020; Kukal 
and Irmak 2020). In hydropriming, before sowing, the 
controlled seed-soaking in water starts primitive germi-
nation phases without bud sprouting (Forti et al. 2020). 
This method reduces the average germination duration 
(Chen et al. 2021); increases the germination percentage 
(Zida et al. 2018), seedling establishment and growth 
(Bajwa et al. 2018), fastens the flowering and maturity and 
ultimately increases the yield (Zida et al. 2018) in a wide 
range of environmental conditions ( Jatana et al. 2020). 
Transplanting, as another method that increases the grain 
and forage yield of sorghum, has been reported from In-
dia, Japan, Mali, Cameroon, Chad, Nigeria, and Senegal 
( Jo et al. 2016; Biswas 2020). Transplanting compared to 
the conventional planting method significantly increased 
the established seedling rate (Rattin et al. 2015); caused 
the proper plant population per hectare (Biswas 2020); 
maximized the absorbed light and optimum leaf area 
index and the light use efficiency ( Jo et al. 2016; Biswas 
2020); improved the productivity of growing season 
( Jo et al. 2016), seed, and pesticides (Rattin et al. 2015); 
decreased the days till flowering, weed population and 
damage (Mapfumo et al. 2013), disease and pest population; 
increased the grain and biomass yield per capita (Biswas 
2020). Therefore, cultivating the forage sorghum by em-
ploying planting methods that accelerates the germination 
and improves the plant establishment for compensating 

the reprieved planting while increasing the water use 
efficiency seems unavoidable to attain, maintain, and 
develop agricultural sustainability. The main objectives 
of this study are to (i) evaluate the singular and multiple 
effects of experimental factors on biomass yield, quality, 
and yield of nutritional components of forage sorghum; 
(ii) assessing the regression model variation of DMY 
production based on the obtained GDD under the effect 
of each experimental factors; (iii) study the correlation 
coefficient among quantitative and qualitative traits as 
well as the results of regression analysis with dry mat-
ter yield; (iv) specifying an approved PD, PM and, CV 
for different scenario based on the accessible facilities, 
growth season and required forage quantity and quality.

Materials and methods

Experimental site
A two-year field experiment was conducted at the Seed 
and Plant Improvement Institute, Agricultural Research, 
Education and Extension Organization (AREEO), Karaj, 
Iran (35°48’N, 50°57’W, altitude 1312.5 m) during the 2017 
(Y1) and 2018 (Y2) growing seasons. The area categorized 
as a semiarid climate with an average annual precipitation 
of 251 mm, an annual average temperature of 13.5 °C, an 
annual average soil temperature of 14.5 °C, and a total 
annual class “A” pan evaporation of 2184 mm. The meteo-
rological data obtained from the Synoptic Meteorology 
Station, located beside the experimental farm, are shown 
in Fig. 1. The experiments were carried out on clay-loam 
soil in which the average field capacity of the root zone 
was 23%. Before planting, soil samples were taken from 
the top 30 cm of soil to test its background nutritional 
level. Some of the physicochemical properties of the soil 
of the experimental site are presented in Table 1. 

Experimental design and cultural practices
The experiment was arranged as a three-replicated split 
plot-factorial design with four levels of planting dates 
(PD) as the main factor consisted of D1PD (planting date 
1st of July), D2PD (planting date 10th of July), D3PD (planting 
date 23rd of July), D4PD (planting date 1st of August) and 
three planting methods (PM) including the DPM (direct 
planting), HPM (hydroprimed seeds) and TPM (transplant-

Year N
(%)

CaCO3 
(%)

P
(mg kg-1)

K
(mg kg-1)

Zn
(mg kg-1)

Cu
(mg kg-1)

Mn
(mg kg-1)

Fe
(mg kg-1)

OM
(%)

EC 
(ds/m)

pH FC CEW 
(%)

AW
(%)

Clay 
(%)

Silt
(%)

Sand 
(%)

Soil
texture

2017 0.06 10 12.6 256 0.32 1.47 12.7 5.02 0.58 2.22 7.24 34 11 23 27 49 24 Clay loam

2018 0.05 9 12.1 248 0.29 1.44 18.6 4.89 0.56 2.2 7.24 32 10 21 28 46 26 Clay loam

Table 1. Physicochemical properties of the top soil (0 - 30 cm) at the experimental site.
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ing) were factorially combined with two cultivars (CV) 
including SCV (Speedfeed) and PCV (Pegah) as subplots (col-
lectively 24 treatments). SCV is an Australian-originated 
and improved, multi-cut hybrid forage sorghum with 
high-yield potential that typically each 60 to 70 days 
produces one cut. Currently, SCV is the most known for-
age sorghum cultivar in Iran that has been cultivated for 
fresh, dry, and direct grazing purposes. PCV (LFS56×Early 
Orange) is a mid-late open-pollinated (OP) forage sor-
ghum cultivar that each 75 to 90 days produces one cut 
forage sorghum with fresh, dry, and silage purposes 
(Golzardi et al. 2019). The seedbed preparation opera-
tion in 2017 (Y1) and 2018 (Y2) was included moldboard 
plow, cultivator, harrow, leveler, furrower, and dividing 
into three blocks. Each block contained four main plots, 
and each main plot consisted of 6 subplots. Each subplot 
consisted of four rows with 6 m length, and the interval 
between rows and plants considered 60 and 8 cm spacing 
(208000 plant ha-1), respectively. To prevent the treatment 
interference between adjacent subplots and main plots 

and replications, there were 0.6, 1, and 2 m distances, 
respectively. Based on soil test results (Fig. 3) and both 
cultivar’s requirements, before planting 250 and 100 kg 
ha-1 ammonium-phosphate and urea, respectively, and in 
the V6 stage, 100 kg ha-1 urea was applied. Weed control 
performed by applying 5 l ha-1 Eradikan as pre-planting 
and 1.5 l ha-1 MCPA + 2,4-D as post-emergence in the V6 
stage. In the V10 and V12phases, pest control executed 
by applying 2 l ha-1 from the Diazinon source. To apply-
ing the HPM treatment, seeds submerged in pure water 
for 6 h so that the water level was 2 cm above the seed 
surface, and then with fan-made airflow dried for 24 h 
at room temperature (close to 25 °C) (Zida et al. 2018). 
Young and Atokple (2003) reported the 20 days after 
planting (while seedlings have 2 to 3 leaves) as the suitable 
time for transferring the seedlings to the field. Thus, 20 
days before planting dates, the seeds were planted in the 
(marked with each treatment information) 72 cells trays 
filled with a mixture of 60% field soil, 20% fine sand, 
and 20% rotted manure. After complete emergence of 

Figure 1. Weekly ombrothermic diagram of growth season for second cultivation during 2017 and 2018 from Karaj (agriculture) synoptic 
station, Iran. (a) Weekly average of maximum air temperature (°C). (b) Weekly average of air’s mean temperature (°C). (c) Weekly average of 
minimum air temperature (°C). (d) Weekly average of soil’s mean temperature (°C). (e) Weekly average of evaporation (mm). (f) Weekly average 
of precipitation (mm). (g) Weekly average of relative humidity (%). (h) Weekly average of growth degree day for sorghum growth (°C). (i) Weekly 
average of radiation (hJm-2)
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primary leaves in the nursery, seedlings sprayed with 
20-20-20 NPK fertilizer (1 × 1000-1 concentration) and 
humic acid (0.75 × 1000-1 concentration). Also, the double 
concentrated solution repeated one week later. Due to 
the farm’s suitable weather and to reduce the transfer-
ence stress on transplants, the nursery placed nearby the 
experimental section, and to prevent pest damage, the 
transplant trays were placed under a frame and covered 
with a net. To provide the most suitable soil conditions in 
terms of temperature and moisture, immediately (right 
after planting), first, and 48 h later, second irrigation was 
applied. Pressured strip drip (16 mm type strips with 10 
cm dropper distance), water mass counter, and shut-off 
valves formed the distribution, measurement, and con-
trol components of the irrigation system, respectively. 
Calculating the amount of evapotranspiration in dif-
ferent growth stages, based on the following equation, 
determined the consumed water volume:

Equation (1): ETc = ETo x Kc 

Where, ETc is the sorghum evapotranspiration, ETo is the 

reference-crop evapotranspiration and calculated from 
the Penman-Monteith method, and Kc is the sorghum 
crop coefficient (Allen et al. 1998; FAO 2012).

Measurements and data analysis
To eliminate marginal factors, two sidelines and 50 cm 
from the north-side and south-side of all lines in each 
subplot were eliminated. Each sub plot was divided into 
two separate sections: “Section A”, which consisted of the 
4.5 m2 of the two main lines and assigned to measuring 
the final biomass yield parameters. To achieve the highest 
biomass yield multi-cut principle was employed. Harvest-
ing SCV and PCV before flowering threatens the livestock’s 
health with prussic acid, but by starting the flowering 
phase, the amount of anti-nutritional compound reduces 
to the safe balance (Amirsadeghi et al. 2019). “Section B”, 
which consisted of the other remained 4.5 m2 of the two 
main lines, was addressed to sampling during the growth 
season for regression analysis purpose. Collecting data 
for regression analysis purposes for the TPM treated plants 
started at each planting date (before planting in the field), 
and in the ten days paste the samplings carried out until 
harvesting. To ground a similar situation for all PMs and 
also to be able to compare them at the same days after 
planting (e.g., in 10, 20), the DPM and HPM sample collection 
started 20 days (the same duration of nursery for TPM) after 
planting in the field. Likewise, the measured amount of 
the GDD received by the TPM treated plants added to the 
total GDD. Water use efficiency of dry matter production 
(WUEDMY) calculated by using the following equation:

Equation (2): WUEDMY = DMY/WU

Where, DMY is dry matter yield (kg ha-1), WU is the water 
used for irrigation (m-3).

In each stage of sampling for regression analysis, five 
plants were fully cut from above the ground. Before and 
after drying the samples in a forced ventilation oven at 70 
°C for 72 h, the weights were recorded. The final harvest 
was carried out at the beginning of the flowering; after 
recording the fresh weight to assess the produced biomass 
and nutritional factors, the 1 kg fully packed samples in 
the 4 kg paper bags were dried in the forced-air oven at 
70 °C for 72 h.

Laboratory analysis
The taken samples pulverized, milled, sifted (through 
0.2 mm sieve), and scanned by using the near-infrared 
reflectance spectroscopy (NIRS, Informatics Perten 8600 
Feed Analyzer) with 6-20 wavelengths ranging from 500 
to 2400 nm to determining the NDF (neutral detergent 
fiber), ADF (acid detergent fiber), WSC (water soluble 
carbohydrates. The CP (crude protein) was measured 

Components DMY DDMY CPY MEY WUEDMY

(t ha-1) (Gcal ha-1) (kg ha-1)

Years
2017 19.1 b 11.3 b 1.83 38.3 5.64

2018 24.4 a 14.4 a 2.28 48.2 6.96

p Val. 0.0449 0.0437 0.0504 0.0504 0.4858

LSD 5.04 2.96 ns ns ns

Planting dates

D1PD 28.6 a 16.7 a 2.56 a 55.9 a 7.47 a

D2PD 24.0 b 14.1 b 2.24 b 47.6 b 6.92 b

D3PD 19.3 c 11.5 c 1.90 c 38.6 c 5.96 c

D4PD 15.1 d 9.1 d 1.51 d 30.8 d 4.85 d

p Val. 0.0011 0.0006 0.0006 0.0005 0.0003

LSD 2.28 1.03 0.15 3.28 0.30

Planting
methods

DPM 18.1 b 10.8 b 1.75 c 36.6 b 5.42 b

HPM 23.7 a 14.0 a 2.30 a 47.1 a 6.91 a

TPM 23.4 a 13.7 a 2.10 b 45.9 a 6.58 a

p Val. 0.0239 0.0215 0.0061 0.0147 0.0273

LSD 2.97 1.59 0.13 4.27 0.80

Cultivars
SCV 23.1 13.3 2.13 44.2 6.69

PCV 20.4 12.4 1.97 42.2 5.92

p Val. 0.1444 0.2228 0.0569 0.2491 0.1186

LSD ns ns ns ns ns

Table 2. General linear model (GLM) sources, levels of statistical sig-
nificance in traits.

D1PD, D2PD, D3PD, D4PD represent 1st of July, 10th of July, 23rd of July and 1st 
of August planting dates, respectively. DPM, HPM, and TPM represent Direct, 
Hydroprime, and Transplant planting methods, respectively. SCV and PCV 
represent Speedfeed and Pegah cultivars, respectively. DMY: Dry Matter Yield; 
DDMY: Digestible Dry Matter Yield; CPY: Crude Protein Yield; MEY: Metabolic 
Energy Yield; WUEDMY: Water Use Efficiency of Dry Matter production. Means 
in the same column followed by different letters differ significantly at P<0.05.
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by the Kjeldahl method. The gas production method (in 
vitro) was appointed to extract the data of the metabolic 
energy (ME) and digestible organic matter (DOM) con-
tents. Three 200 mg dry forage samples were incubated 
in the sifted rumen fluid (obtained from the Moghani 
sheep breed) and buffer mixture in 100 ml ceiled glass 
syringes (Menke and Steingass 1988; Kaplan et al. 2019) 
in the 39 ± 0.5 °C temperature. Also, three syringes (filled 
with only the rumen fluid and buffer mixture) were 
used as the control to determine the correction factor 
for gas production. Eventually, after 24 hours based on 
the produced gas data and following equations, the ME 
(MJ kg-1) and OMD (g kg-1) were computed (Menke et al. 
1979; Blümmel et al. 1997): 

Equation (3): ME = 2.2 + 0.136 x GP + 0.057 x CP
Equation (4): OMD = 14.88 + 0.889 x GP + 0.45 x CP + 

0.0651 x CA

Where, GP is 24-hour net gas production (mL/200 mg), 
CP is crude protein, CA is crude ash contents

The rest of the traits calculated by using the follow-
ing formulas:

Equation (5): Hemicellulose = NDF - ADF
Equation (6): DDM = 88.9 – (0.779 x ADF)
Equation (7): RFV = DDM x DMI x 0.775

Where, DDM is Digestible dry matter, DMI is Dray mat-
ter intake.

Statistical analysis
Ascertainment from the homogeneity of variance obtained 
by employing the Bartlett test (Bartlett 1937). Thereafter, 
the combined data analyzed by general linear model 
(GLM) SAS procedures (SAS Institute 2003). The least 
significant differences (LSD) test was used to separate 
levels of GLM sources. The effect of factors considered 
significant at P-values ≤ 0.05 in the F-test. Interactions 
in the levels of 0.05 and 0.01 of significance used for the 
means comparisons. The correlation amongst traits and 
the results of regression analysis recruited to maximize 
interpretation accuracy. 

Regression analysis
The regression model with the highest coefficient of de-
termination (R2), least RMSE and components considered 
the desired model (Anfinrud et al. 2013). Afterward, the 
results showed the ability of linear regression to model the 
DMY production at P-values ≤ 0.05 level of significance 
for all PDs, PMs, and CVs. 

Results

Yield parameters

The DMY was substantially (P<0.01) affected by PD (Table 
2). Simultaneously with delay in planting date from D1PD 
to D2PD, D3PD and D4PD, respectively: the DMY was 16.1, 
32.5 and 47.2% reduced (Table 2); the a-factor (line slope) 
or the growth rate was 2.8, 7.1 and 15.7% descended; the 
b-factor (line intercept) was 0.3, 5.8 and 20.1% increased; 
the adjusted R2 was 1.1, 3.2 and 7.4% decreased (Table 8, 
Fig. 3). The DMY was considerably (P<0.05) influenced 
by PM (Table 2). Employing HPM instead of DPM resulted 
in 23.6% elevation in DMY (Table 2); 29% increase in 
a-factor and 6.6% in the adjusted R2; the RMSE value 
23.94% reduced (Table 8, Fig. 3). Contrary to HPM, applying 
the TPM instead of DPM caused 8% reduction in a-factor 
(line slope) and 1.8% inflation in RMSE value (Table 8, 
Fig. 3). SCV, in comparison with PCV, showed 9.7% higher 
growth rate (a-factor), 4.2% less line intercept, 27.5% 
less RMSE value, and 4.1% higher adjusted-R2 (Table 8, 
Fig. 3). The dual interaction of PD×PM was significantly 
(P<0.01) affected the DMY production (Table 4). TPM in 
D1PD generated the most harvested DMY, and DPM in 
D4PD produced the least DMY (Table 4). Interestingly, 
HPM in D2PD produced the same DMY as TPM but, in D3PD 
and D4PD significantly produced more DMY (Table 4). 
Likewise, the dual interaction of PM×CV was highly (P 
<0.05) affected the DMY production (Table 6). Applying 
HPM and TPM on SCV produced the most, and applying DPM 
on PCV generated the least DMY. DDMY was significantly 
affected by PD (P<0.01) and PM (P<0.05) (Table 2). Planting 
date postponement from D1PD to D2PD, D3PD, and D4PD, 
respectively, caused 15.6, 31.1, and 45.5 % reduction in the 
DDMY (Table 2). HPM and TPM compared to DPM caused 
22.9 and 21.2 % elevation in DDMY production (Table 
2). Also, DDMY significantly (P<0.05) affected by dual 
interaction of PD×PM (Table 4). TPM in D1PD produced the 
most, and DPM in D4PD produced the least DDMY (Table 
4). HPM in D2PD, D3PD, and D4PD considerably (P<0.05) 
produced more DDMY than TPM (Table 4). Also, the dual 
interaction of PD×CV notably (P<0.05) affected DDMY 
(Table 5). In D1PD, the SCV produced the highest DDMY, 
and in D4PD, both CVs produced the least DDMY (Table 
5). The dual interaction of PM×CV significantly (P<0.05) 
affected DDMY production (Table 6) that with applying 
the HPM on SCV highest and with applying DPM on PCV least 
DDMY was generated. CPY and MEY were considerably 
affected by PD (P<0.01) and PM (P<0.05) (Table 2). Delay 
in PD from D1PD to D2PD, D3PD, and D4PD, respectively, 
resulted in 12.5, 25.8, and 41% reduction in the produced 
CPY and 14.8, 30.9, and 44.9% reduction in MEY pro-
duction (Table 2). Also, HPM, compared to DPM and TPM, 
made 23.9 and 8.7% more CPY (Table 2). HPM and TPM 
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compared to DPM, produced 22.3 and 20.3% more MEY, 
respectively (Table 2). PD×PM interaction effect on MEY 
was significant (P<0.01) (Table 4). TPM in D1PD produced 
the highest, and DPM in D4PD generated the least MEY; 
but, with delay in PD HPM, significantly produced more 
MEY than other PMs (Table 4). PD×CV interaction had a 
significant effect (P<0.05) on CPY (Table 5). In D1PD and 
D2PD, the SCV produced more CPY than PCV , but in D3PD 
and D4PD, the difference between cultivars was insuffi-
cient (Table 5). PM×CV interaction also was significant 
(P<0.05) on CPY production that with applying HPM on 
SCV highest and with DPM on both CVs, the least MEY was 
generated (Table 6).

Quality traits
NDF content was significantly (P<0.05) affected by PD 
and PM. In D4PD, using the DPM, caused the least content of 
NDF (Table 3). Interaction of PD×PM had a considerable 
(P<0.01) effect on NDF content (Table 4). TPM and HPM in 
D1PD produced forage with the highest NDF content (Table 
4). With the delay in PD substantial difference in NDF 
production between TPM and HPM occurred; in such a way 
that TPM in D2PD, D3PD and D4PD, respectively, produced 
0.66, 1.66 and 1.87% more NDF than HPM. Also, must note 
that in D4PD, the existed significant difference between 

HPM and DPM in the prior PDs faded away and both treat-
ments placed in the lowest statistical grouping (Table 4).

ADF content was significantly (P<0.05) influenced by 
PD, PM, and CV (Table 3). In D1PD compared to D3PD and 
D4PD, respectively, 3.6 and 6.1 % more ADF produced. 
Applying HPM and TPM compared to DPM produced 2.1 
and 3.4 % more ADF content (Table 3). SCV compared to 
PCV produced 9.3% more ADF (Table 3). Hem content was 
significantly (P<0.01) affected by PM. TPM made 2.3 and 
0.9% more Hem content than HPM and TPM, respectively. 
CP content was notably affected by PD (P<0.01) and PM 
(P<0.05) (Table 3). Delay in PD from D1PD to D2PD, D3PD, 
and D4PD respectively caused 4, 10.1, and 12.4% elevation 
in the CP content of forage (Table 3). HPM and DPM com-
pared to TPM respectively, produced 7.8 and 7.6% more CP 
content (Table 3). WSC content of forage was significantly 
(P<0.05) affected by PD (Table 3). In D1PD compared to D3PD 
and D4PD, forage was produced with 6.5 and 10.3% more 
WSC (Table 3). The interaction effect of PD×CV on WSC 
content was considerable (P<0.05) (Table 5). In D1PD and 
D2PD, PCV produced forage with the highest WSC content; 
except in D4PD in all other PDs, the difference between SCV 
and PCV was notable (P<0.05) (Table 5). DDM and DOM 
content in forage were significantly (P<0.05) affected 
by PD, PM, and CV factors (Table 3). D4PD compared to 

Components ME NDF ADF Hem CP WSC DDM DOM RFV
(Mcal kg-1) (g kg-1) (Gcal ha-1)

Years
2017 2.02 a 591 b 377 b 214 97.0 96 b 595 a 625 a 93.8 a

2018 2.00 b 597 a 383 a 215 95.0 107 a 591 b 620 b 92.2 b

p Val. 0.0069 0.0103 0.0089 0.9271 0.0527 0.0345 0.0087 0.0091 0.0002

LSD 0.01 3.73 3.46 ns 2.02 9.97 2.69 2.76 .36

Planting dates

D1PD 1.96 c 607 a 391 a 216 90.0 d 107 a 584 c 613 c 89.6 d

D2PD 1.99 bc 599 b 384 ab 215 93.6 c 104 ab 590 bc 619 bc 91.6 c

D3PD 2.02 ab 592 c 377 b 215 99.1 b 100 bc 595 b 625 b 93.8 b

D4PD 2.06 a 579 d 367 c 212 101.2 a 96 c 603 a 632 a 97.0 a

p Val. 0.0153 0.0004 0.0132 0.4194 0.0002 0.0120 0.0136 0.0145 0.0023

LSD 0.04 3.25 9.33 ns 1.09 4.44 7.36 7.65 1.58

Planting
methods

DPM 2.04 a 585 c 373 b 212 c 98.4 a 97 599 a 628 a 95.4 a

HPM 2.00 b 596 b 381 a 215 b 98.6 a 105 592 b 621 b 92.7 b

TPM 1.98 b 603 a 386 a 217 a 90.9 b 103 588 b 617 b 90.9 b

p Val. 0.0225 0.0092 0.0236 0.0088 0.0236 0.0744 0.0213 0.0223 0.0171

LSD 0.02 5.39 6.21 1.48 4.14 ns 4.66 4.86 1.80

Cultivars
SCV 1.93 b 607 398 a 209 93.6 97 b 579 b 607 b 88.7 b

PCV 2.08 a 582 361 b 220 98.3 107 a 608 a 637 a 97.3 a

p Val. 0.0129 0.0662 0.0112 0.1004 0.1755 0.0111 0.0119 0.0105 0.0290

LSD 0.04 ns 8.29 ns ns 2.29 6.88 6.18 4.94

Table 3. General linear model (GLM) sources, levels of statistical significance in quality traits.

D1PD, D2PD, D3PD, D4PD represent 1st of July, 10th of July, 23rd of July and 1st of August planting dates, respectively. DPM, HPM, and TPM represent Direct, Hydroprime, 
and Transplant planting methods, respectively. SCV and PCV represent Speedfeed and Pegah cultivars, respectively. ME: Metabolic Energy; NDF: Neutral 
Detergent Fiber; ADF: Acid Detergent Fiber; Hem: Hemicelluloses; CP: Crude Protein; WSC: Water Soluble Carbohydrates; DDM: Digestible Dry Matter; 
DOM: Digestible Organic Matter; RFV: Relative Feed Value. Means in the same column followed by different letters differ significantly at P<0.05.
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D3PD, D2PD, and D1PD, respectively, produced forage with 
1.3, 2.2, and 3.2% more DDM content and 1.1, 2.1, and 
3% more DOM (Table 3). DPM, in comparison with TPM 
and HPM respectively, produced forage with 1.8 and 1.2% 
more DDM and 1.8 and 1.1% more OMD (Table 3). PCV 
produced forage with 4.8% more DDM and 4.7% more 
DOM content than SCV (Table 3). ME content significantly 
(P<0.05) affected by PD, PM, and CV. The ME content 
in D4PD was respectively 3.4 and 4.9% higher than the 
amount that produced in D3PD and D4PD. DPM generated 

2 and 2.9% more ME than HPM and TPM, respectively. PCV 
generated forage with 7.2% more ME than SCV.

The forage RFV was significantly affected by PD 
(P<0.01), PM (P<0.05), and CV (P<0.05) (Table 3). The 
produced forage in D4PD compared to D3PD, D2PD, and 
D1PD respectively had 3.3, 5.6, and 7.6% more RFV (Table 
3). DPM compared to TPM, and HPM respectively, had 4.7 
and 2.8% more RFV. PCV produced forage with 8.8% more 
RFV than SCV (Table 3).

Planting 
dates

Planting 
methods

DMY DDMY CPY MEY WUEDMY ME NDF ADF Hem CP WSC DDM DOM RFV
(t ha-1) (Gcal ha-1) (kg ha-1) (Mcal kg-1) (g kg-1) (Gcal ha-1)

1st of July DPM 24.3 d 14.4 e 2.25 48.2 e 6.57 c 2.00 594 d 382 212 93 103 592 621 92.8 e

HPM 30.2 b 17.6 b 2.76 58.8 b 7.93 a 1.94 613 a 396 218 92 109 581 610 88.3 h

TPM 31.4 a 18.2 a 2.67 60.8 a 7.92 a 1.94 615 a 396 219 85 110 581 609 87.8 h

11th of July DPM 20.5 f 12.3 g 1.94 41.4 g 6.08 d 2.03 589 e 375 213 95 101 597 626 94.3 cd

HPM 25.9 c 15.3 c 2.47 51.1 c 7.46 b 1.98 603 c 386 217 96 106 588 617 91.0 f

TPM 25.7 c 14.9 d 2.31 50.2 d 7.24 b 1.96 607 b 391 216 90 105 584 613 89.6 g

23rd of July DPM 15.6 h 9.3 i 1.53 31.8 i 4.95 f 2.05 581 f 369 213 99 96 602 631 96.6 b

HPM 21.5 e 12.8 f 2.20 42.8 f 6.65 c 2.01 592 d 379 213 104 103 594 623 93.3 de

TPM 20.8 f 12.4 g 1.96 41.3 g 6.28 d 1.99 602 c 383 219 95 101 590 620 91.3 f

1st of August DPM 12.3 i 7.3 j 1.30 25.2 j 4.07 g 2.06 574 g 366 209 107 89 604 634 97.9 a

HPM 17.3 g 10.6 h 1.78 35.9 h 5.59 e 2.08 576 g 363 213 103 102 606 636 98.1 a

TPM 15.6 h 9.3 i 1.44 31.4 i 4.88 f 2.04 587 e 373 214 94 96 598 627 95.0 c

p Val. 0.0022 0.0004 0.0723 <0.0001 0.0151 0.1163 0.0019 0.1483 0.5858 0.2252 0.1738 0.1401 0.1586 0.0118

LSD 0.74 0.30 ns 0.77 0.22 ns 3.43 ns ns ns ns ns ns 1.28

Table 4. Effect of planting dates and planting methods on traits.

DPM, HPM, TPM represents direct hydroprimed and transplante planting method, respectively. DMY: Dry Matter Yield; DDMY: Digestible Dry Matter Yield; CPY: 
Crude Protein Yield; MEY: Metabolic Energy Yield; WUEDMY: Water Use Efficiency of Dry Matter production; ME: Metabolic Energy; NDF: Neutral Detergent 
Fiber; ADF: Acid Detergent Fiber; Hem: Hemicelluloses; CP: Crude Protein; WSC: Water Soluble Carbohydrates; DDM: Digestible Dry Matter; DOM: Digestible 
Organic Matter; RFV: Relative Feed Value. Means in the same column followed by different letters differ significantly at P<0.05.

Planting 
dates

Planting 
methods

DMY DDMY CPY MEY WUEDMY ME NDF ADF Hem CP WSC DDM DOM RFV
(t ha-1) (Gcal ha-1) (kg ha-1) (Mcal kg-1) (g kg-1) (Gcal ha-1)

1st of July SCV 30.4 17.2 a 2.67 a 56.9 7.92 a 1.88 621 412 209 89 98.9 bc 568 597 85.1

PCV 26.8 16.3 b 2.45 b 54.9 7.03 b 2.05 593 370 223 91 115.7 a 601 630 94.2

11th of July SCV 26.2 15.1 c 2.42 b 49.9 7.58 a 1.91 611 404 207 93 95.7 c 575 603 87.4

PCV 21.8 13.2 d 2.06 c 45.2 6.28 c 2.07 588 365 223 94 112.2 a 605 634 95.8

23rd of July SCV 20.6 11.9 e 1.99 cd 39.7 6.34 c 1.94 603 395 208 97 95.5 c 581 610 89.7

PCV 18.0 11.1 f 1.80 d 37.5 5.57 d 2.09 580 359 222 101 104.3 b 610 639 97.8

1st of August SCV 15.2 9.0 g 1.44 e 30.3 4.91 e 2.00 593 383 211 96 96.1 c 591 620 92.7

PCV 14.9 9.1 g 1.57 e 31.3 4.79 e 2.12 565 352 213 107 95.3 c 615 644 101.3

p Val. 0. 0569 0.0408 0.0407 0.1151 0.0321 0.1040 0.3009 0.0963 0.1256 0.0665 0.0173 0.0875 0.0980 0.3844

LSD ns 0.77 0.20 ns 0.44 ns ns ns ns ns 5.90 ns ns ns

Table 5. Effect of planting dates and cultivars on traits.

SCV and PCV represent Speedfeed and Pegah cultivars, respectively. DMY: Dry Matter Yield; DDMY: Digestible Dry Matter Yield; CPY: Crude Protein Yield; MEY: 
Metabolic Energy Yield; WUEDMY: Water Use Efficiency of Dry Matter production; ME: Metabolic Energy; NDF: Neutral Detergent Fiber; ADF: Acid Detergent 
Fiber; Hem: Hemicelluloses; CP: Crude Protein; WSC: Water Soluble Carbohydrates; DDM, Digestible Dry Matter; DOM, Digestible Organic Matter; RFV, 
Relative Feed Value. Means in the same column followed by different letters differ significantly at P<0.05.
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Water use efficiency 

The WUEDMY was considerably affected by PD (P<0.01) 
and PM (P<0.05) (Table 2). PD postponement from D1PD 
to D2PD, D3PD, and D4PD, respectively, caused 7.4, 20.2, 
and 35.1% reduction. Employing HPM and TPM instead 
of DPM caused 27.5 and 21.4% elevation in water usage 
productivity. Dual interaction of PD×PM considerably 
(P<0.05) affected WUEDMY (Table 4). HPM and TPM in 
D1PD generated the highest, and the DPM in D4PD caused 
the least WUEDMY. By delay in PD, the WUEDMY of same 
PMs were significantly decreased, and simultaneously, 
HPM notably used water more productively than TPM in 

D3PD and D4PD. Also, interaction of PD×CV meaningfully 
(P<0.05) affected WUEDMY. In D1PD and D2PD, SCV gener-
ated the highest WUEDMY, and only in D4PD the difference 
between SCV and PCV was insignificant. Interaction of 
PM×CV notably affected WUEDMY. Highest productivity 
in water usage was generated by applying HPM on SCV and 
the least WUEDMY caused by DPM of PCV.  

Correlations
Correlation test amongst traits showed that contrary to 
significantly (P<0.01) negative correlation of DMY with 
CP (60%), DDM (57%), and ME (57%), DMY was positively 

Traits DMY WUEDMY NDF ADF CP Hem WSC DDM RFV ME DOM CPY DDMY MEY

DMY 1

WUEDMY 0.75** 1

NDF 0.70** 0.48** 1

ADF 0.57** 0.37** 0.87** 1

CP -0.60** -0.40** -0.66** -0.54** 1

Hem 0.05 0.07 -0.05 -0.52** -0.05 1

WSC 0.26** -0.05 -0.08 -0.21** -0.03 0.30** 1

DDM -0.57** -0.37** -0.87** -0.99** 0.54** 0.53** 0.21* 1

RFV -0.65** -0.44** -0.97** -0.96** 0.63** 0.28** 0.14 0.96** 1

ME -0.57** -0.37** -0.87** -0.99** 0.54** 0.53** 0.21* 0.99 ** 0.96** 1

DOM -0.57** -0.37** -0.87** -0.99** 0.54** 0.53** 0.21* 0.99** 0.96** 0.99** 1

CPY 0.97** 0.75** 0.61** 0.49** -0.41** 0.06 0.30** -0.50** -0.54** -0.50** -0.50** 1

DDMY 0.99** 0.75** 0.65** 0.49** -0.58** 0.12 0.30** -0.50** -0.59** -0.50** -0.50** 0.97** 1

MEY 0.98** 0.76** 0.61** 0.44** -0.57** 0.15 0.32** -0.45** -0.55** -0.45** -0.45** 0.97** 0.99** 1

Table 7. Correlation coefficient among quantitative and qualitative parameters.

DMY: Dry Matter Yield; WUEDMY, Water Use Efficiency for Dry Matter Production; NDF, Neutral Detergent Fiber; ADF, Acid Detergent Fiber; CP, Crude Protein; 
CPY, Crude Protein Yield; Hem, Hemicelluloses; DDM, Digestible Dry matter; DDMY, Digestible Dry Matter Yield; RFV, Relative Feed Value; WSC, Water 
Soluble Carbohydrates; ME, Metabolic Energy; MEY, Metabolic Energy Yield; DOM, Digestible Organic Matter.
* and ** indicate significant at P ≤ 0.05 and P ≤ 0.01, respectively.

Planting 
dates

Planting 
methods

DMY DDMY CPY MEY WUEDMY ME NDF ADF Hem CP WSC DDM DOM RFV
(t ha-1) (Gcal ha-1) (kg ha-1) (Mcal kg-1) (g kg-1) (Gcal ha-1)

DPM SCV 19.0 c 11.0 d 1.81 37.0 d 5.65 e 1.97 596 390 207 97 93 585 614 91.4

PCV 17.3 d 10.6 e 1.70 36.3 d 5.18 f 2.10 573 356 217 100 101 612 641 99.4

HPM SCV 25.5 a 14.7 a 2.39 48.7 a 7.42 a 1.93 610 400 210 95 99 577 606 88.2

PCV 22.0 b 13.4 c 2.22 45.6 c 6.40 c 2.08 582 362 220 102 111 607 636 97.1

TPM SCV 24.9 a 14.2 b 2.19 47.0 b 6.99 b 1.90 615 405 210 89 97 573 602 86.6

PCV 21.8 b 13.2 c 2.00 44.8 c 6.17 d 2.06 590 366 224 93 109 604 633 95.3

p Val. 0.0292 0.0222 0.5232 0.0296 0.0027 0.4608 0.2441 0.5341 0.5772 0.4033 0.2427 0.5184 0.5245 0.5984

LSD 0.72 0.27 ns 0.92 0.06 ns ns ns ns ns ns ns ns ns

Table 6. Effect of planting methods and cultivars on traits.

DPM, HPM, TPM represents direct hydroprimed and transplante planting method, respectively. SCV and PCV represent Speedfeed and Pegah cultivars, respectively. 
DMY: Dry Matter Yield; DDMY: Digestible Dry Matter Yield; CPY: Crude Protein Yield; MEY: Metabolic Energy Yield; WUEDMY: Water Use Efficiency of Dry 
Matter production; ME: Metabolic Energy; NDF: Neutral Detergent Fiber; ADF: Acid Detergent Fiber; Hem: Hemicelluloses; CP: Crude Protein; WSC: Water 
Soluble Carbohydrates; DDM: Digestible Dry Matter; DOM: Digestible Organic Matter; RFV: Relative Feed Value. Means in the same column followed by 
different letters differ significantly at P<0.05. 
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(P<0.01) correlated with CPY (97%), DDMY (99%), and 
MEY. Also, DMY was positively (P<0.01) correlated with 
WUEDMY (75%), NDF (70%), ADF (57%), WSC (26%), and 
was negatively (P<0.01) correlated with RFV (65%) and 
DOM (57%). NDF was negatively (P<0.01) correlated with 

CP (66%), DDM (87%), RFV (97%), ME (87%) and DOM 
(87%). Also, ADF had notably (P<0.01) negative correlation 
with CP (53%), Hem (52%), WSC (21%), DDM (99%), RFV 
(96%), ME (99%) and DOM (99%). RFV had significantly 
(P<0.01) positive correlation with CP (63%), Hem (28%), 
DDM (96%), ME (96%) and DOM (96%) (Table 7). The 
correlation amongst the components of the regression 
illustrated the significantly (P<0.01) positive correlation 
of DMY with line slope (53%) and Adj-R2 (78%). Although 
DMY was negatively correlated (P<0.01) with line intercept 
(50%) (Table 9).

Discussion

Yield parameters
Biomass yield production is the core objective in forage 
cultivation practices (Nematpour et al. 2020). In addi-
tion to the GLM and regression analysis, Figure 2 also 
exhibits the trend of DMY production influenced by 
variation in PD. The reductions in DMY influenced by 
delay in PD probably occurred due to (1) the changes in 
light parameters that affected the ERF protein activity 
which leads to various physiological reactions and the 
DMY productions in sorghum (Mathur et al. 2020), and 
(2) reductions in the adequacy of required environmen-
tal characteristics especially GDD for maximum DMY 
production (Hassan et al. 2020). Figure 2 illustrates the 
elevation of line-slope in both simulated and produced 
DMY under the changes in PMs. Figure 2 shows contrary 
to the equal acquired GDD for both HPM and DPM, but 
HPM used growth season’s ambient factors (specifically 
GDD) more productive, which lead to more DMY pro-
duction in all PDs; likewise illustrated the HPM’s ability 
in producing the same DMY as the TPM, despite the less 
available GDD in D1PD. This result, alongside the produced 
DMY under further lagged PD (D2PD, D3PD, and D4PD), 
emphasized the higher productivity of HPM over TPM 
and DPM in using the available adequate growing season 
for DMY production. Probably this difference between 
HPM and TPM occurred because of the Gramineae species 
sensitivity towards the removal of primary roots (Biswas 
2020) during the transference of seedling to the field, 
which is the prevalent obstacle for transplanting (Lee 
et al. 2019). Figure 2 shows that in each specific PM and 
PD, the CV affected the slope and intercept of regression 
models. Blunt angled lines with more intercepts defined 
by researchers as the slower crop growth rate and less 
harvested DMY (Tagarakis et al. 2017). These results assist 
in clarification of the role of suitable cultivar, planting 
method, and planting date in maximizing the harvested 
forage sorghum DMY in a second cropping system. A 
high-quality forage characterizes by a high level of DDM. 

DMY A B Adj-R2 RMSE

DMY 1

A 0.53** 1

B -0.50* -0.73** 1

Adj-R2  0.78** 0.76** -0.61** 1

RMSE -0.05 -0.50* -0.03 -0.51* 1

Table 9 Correlation coefficient amongst the results of regression 
analysis with dry matter yield.

DMY, Dray matter yield; a, line slope; b, intercept value; Adj-R2, adjusted 
coefficient of determination; RMSE, root mean square of errors.
* and ** indicate significant at P ≤ 0.05 and P ≤ 0.01, respectively.

Components a b R2 Adj-R2 RMSE p Val.

D1PD
DPM SC 0.0191 -10.418 0.9795 0.9775 1.4483 <0.0001

PC 0.0195 -12.960 0.9314 0.9245 2.7686 <0.0001

HPM SC 0.0243 -10.501 0.9815 0.9797 1.7459 <0.0001

PC 0.0217 -12.235 0.9764 0.9741 1.7648 <0.0001

TPM SC 0.0207 -10.053 0.9821 0.9803 1.7734 <0.0001

PC 0.0178 -10.868 0.9408 0.9349 2.8287 <0.0001

D2PD
DPM SC 0.0194 -10.990 0.9702 0.9669 1.4872 <0.0001

PC 0.0182 -11.461 0.9153 0.9059 2.4189 <0.0001

HPM SC 0.0257 -11.838 0.9893 0.9881 1.1722 <0.0001

PC 0.0214 -12.199 0.9548 0.9498 2.0359 <0.0001

TPM SC 0.0191 -10.646 0.9683 0.9648 1.9107 <0.0001

PC 0.0158 -9.7184 0.9368 0.9298 2.2701 <0.0001

D3PD
DPM SC 0.0186 -10.500 0.9257 0.9164 1.9098 <0.0001

PC 0.0168 -9.9055 0.8792 0.8641 2.2503 <0.0001

HPM SC 0.0242 -11.391 0.9903 0.9891 0.8683 <0.0001

PC 0.0223 -11.907 0.9544 0.9487 1.7630 <0.0001

TPM SC 0.0176 -10.104 0.9618 0.9570 1.6751 <0.0001

PC 0.0149 -9.3567 0.9187 0.9085 2.1252 <0.0001

D4PD
DPM SC 0.0171 -8.9442 0.8864 0.8702 1.8875 0.0002

PC 0.0149 -7.9432 0.8478 0.8261 1.9406 0.0004

HPM SC 0.0226 -9.8810 0.9818 0.9792 0.9483 <0.0001

PC 0.0230 -11.396 0.9291 0.9190 1.9557 <0.0001

TPM SC 0.0127 -7.4861 0.8756 0.8578 1.9891 0.0002

PC 0.0135 -7.9237 0.9041 0.8904 1.8322 <0.0001

Table 8. The linear regression models and their components for dry 
matter yield (independent variable) production of different treatments 
as affected by changes in GDD (dependent variable) during growth 
seasons. Suitable regression equation for 24 treatments: DMY= ax + 
b; where a = line slope; b = intercept value; R2= coefficient of deter-
mination; Adj-R2= adjusted coefficient of determination; RMSE= root 
mean square of errors
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Probably hence, D1PD provided a longer growing season 
(Hassan et al. 2019) highest DDMY recorded, and with 
delay in PD, the DDMY significantly decreased. Likely, 
hence D1PD supplied the required duration to compen-
sate for the transplant transference stress (Biswas 2020), 
TPM produced the highest DDMY. But delay in PD and 
growth season reduction eliminated the supremacy of 
TPM (Rattin et al. 2015), and subsequently, in D2PD, D3PD, 
and D4PD, it was HPM that significantly produced more 
DDMY (Chen et al. 2021).

Jahanzad et al. (2013) recognized CP as one of the 
most critical parameters in determining the forage qual-
ity. Zanonadi et al. (2017) identified the minimum air 
temperature and the mean soil temperature as the key 
environmental factors for sorghum growth and yield 
production. Therefore, probably reduction in mentioned 
factors because of the delay in PD was the main reason in 
CPY and MEY production reduction (Table 2). Zida et al. 
(2018) explained the hydropriming role in DMY enhance-
ment via crop growth rate acceleration through activating 
the seed’s enzymes prior to sowing. Thus, probably more 
CPY and MEY were harvested due to the significant effect 
of HPM on DMY production. On the other hand, Lee et al. 
(2019) addressed the sowing date as one of the key factors 
to adjust the plant’s growth requirement with suitable 
ambient characteristics for maximum yield production. 

Thus, the lag of PD reduced the required environmental 
competency and affected the CPY and MEY production 
in D4PD  compared to the D1PD. Jahanzad et al. (2013) 
reported the SCV dominance over PCV in growth rate and 
total protein yield production.

Quality parameters
Lyons et al. (2019a) reported the significant effect of sow-
ing times on the DMY. Chen et al. (2021) and Ibrahim et 
al. (2020) respectively reported the considerable effect 
of hydropriming and transplanting effects on DMY. 
Jahanzad et al. (2013) reported a significant positive 
correlation between DMY and NDF. Probably hence, 
amongst the PDs, the highest DMY was obtained in 
D1PD (due to the most fitted synchronicity between plant 
growth stages and environmental condition), TPM and 
HPM also, facilitated and accelerated the plant growth, 
highest NDF content obtained. But, growing season 
reduction in D2PD, D3PD and D4PD, the TPM continued to 
produce higher NDF compared to the HPM. Probably the 
20 days more growth season in the nursery stage was the 
reason for these distinctions. Bhattarai et al. (2017) and 
Hassan et al. (2020) recognized the effect of soil and air 
temperature as the determinative factors in germination 
and yield production in forage sorghum cultivation. Hence 
Nematpour et al. (2020) reported the positive correlation 

Figure 2. Regression relationship of observed (Obs) and predicted (Prd) dry matter yield (DMY) versus cumulated growth degree day (GDD) 
during 1st of July (D1PD), 11th of July (D2PD), 23rd of July (D3PD) and 1st of August (D4PD) planting dates of Speedfeed (SCV) and Pegah (PCV) cultivars 
under hydroprimed seeds (HPM), transplanting (TPM) and conventional planting methods (DPM).
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between ADF and DMY, and probably hereupon, in D1PD, 
the ambiance condition for growth and development 
was more desirable, these results recorded. Hassan et al. 
(2019) reported asynchronous growth season and plant 
development phases would reduce the potential for DMY 
production. Probably, the PD postponement by lowering 
the environmental suitability affected the plant develop-
ment and caused the considerable reduction in DMY, and 
hence the direct positive correlation between ADF and 
DMY was in progress, the forage produced with less ADF 
content. Chen et al. (2021) and Lee et al. (2019) respectively 
stated the significant effect of HPM and TPM  on DMY; 
accordingly, more ADF content produced by HPM and 
TPM  compared to DPM. Jahanzad et al. (2013), in addition 
to positive correlation of NDF and DMY, also reported 
the higher ADF content of SCV compared to the PCV. The 
content of CP in forage represents the actual quantity of 
true protein or amino acid that absorbed by the animal 
(Das et al. 2014). The elevation in average air temperature 
optimizes the plant development throughout supplying 
the ambient requirements for sorghum growth (Lyons 
et al. 2019a, b). Premier growth rate reduces nitrogen 
absorption, which eventually compromises the protein 
production in forage sorghum (Kukal and Irmak 2018). 
The DPM compared to the HPM and TPM reduced the line 
slope and increased the line intercept of the regression 
models (which represents the growth rate) (Figure 2). 
Therefore, probably more time for absorbing nitrogen 
and more time for producing proteins that resulted in 
more CP content production. Lyons et al. (2019b) and 
Kukal and Irmak (2018) reported higher temperature 
increases the growth rate and reduces the N absorption 
and the content of CP. In all likelihood, hence delay in 
PD reduced the growth rate because of the reduction in 
mean and minimum air temperature and also the aver-
age soil temperature, suitable situation to produce more 
CP content in D4PD compared to the prior PDs provided. 
Jahanzad et al. (2013) reported a lower growth rate of 
PCV compared to SCV. Figure 2 clarifies the blunter line 
angle and higher line intercept of PCV included treatments 
compared to the SCV ones; likely, according to this results, 
PCV was able to produce higher CP than SCV. The forage 
that is abundant in WSC provides the required sugar for a 
successful silage process (fermentation) and also supplies 
the animal needs to energy for high productive diges-
tion. Forage with a high volume of WSC is a promising 
feedstock to produce bioethanol at the industrial level. 
Probably hence in D1PD, the ambient factors like minimum 
air temperature and the mean soil temperature stimulated 
the effect of long days on photosynthesis, subsequently, 
the level of WSC was higher than other PDs. Nematpour 
et al. (2020) reported forages that planted at the later 
dates produced higher net energy content for lactation. 

Probably suitable environmental condition in D1PD and 
D2PD alongside the genetic property of PCV induced WSC 
production. These results are in agreement with the report 
from Jahanzad et al. (2013). 

Kaplan et al. (2019) reported the negative correlation 
between DMY with OMD. RFV in forage plays the de-
terminative role in portion selection of a specific forage 
in the ration for feedstock (Tang et al. 2018). RFV and 
NDF content constantly have a considerable negative 
correlation (Imoro 2020). Probably because of the desir-
able ambient condition in D4PD for forage production 
with less indigestible content like lignin was the main 
reason for forage production with most DDM, OMD, 
ME content, and RFV (Kaplan et al. 2019; Hassan et al. 
2019). Nematpour et al. (2020) reported a positive cor-
relation between NDF and ADF with growth rate; since 
DPM caused the growth rate with a blunter angle (Fig. 2) 
than HPM and TPM, thus, highest content of DDM, DOM, 
ME content, and RFV generated by DPM. Jahanzad et 
al. (2013) reported lower NDF and ADF content of PCV 
compared to the SCV. 

Water use efficiency
Globally, 70% of freshwater usage is dedicated to agricul-
tural activities (Michelon et al. 2020). The most restrict-
ing factor of farming in arid and semiarid regions are 
supplying the required water and increasing the ''Water 
Use Efficiency'' in production systems (Hao et al. 2014; 
Teixeira et al. 2017; Bhattaraia et al. 2020). Hassan et al. 
(2019) reported the unsynchronized growth stage and 
ambient factors reduce the resource usage productivity. 
Thus, delay in planting that significantly reduced har-
vested DMY conclusively caused a notable reduction in 
WUEDMY. Michelon et al. (2020) acknowledged priming as 
one of the strategies to increase water usage productivity. 
Jahanzad et al. (2013) reported the advantage of SCV over 
PCV in yield production. Thus, probably by applying HPM on 
SCV, the germination and seedling establishment enhanced, 
and the plant development rate elevated, which resulted 
in considerably higher WUEDMY than DPM and even TPM. 

Correlation
According to the correlation results between water use 
efficiency and nutritional parameters with DMY, factors 
like early planting dates (Hassan et al. 2019), advanced 
planting methods (HPM, and TPM) (Mapfumo et al. 2013; 
Pinheiro et al. 2018; Bajwa et al. 2018; Zida et al. 2018; 
Ibrahim et al. 2020), and early cultivars ( Jahanzad et al. 
2013; Tirfessa et al. 2020; Hasan et al. 2020; Bhattarai et 
al. 2020) that significantly increases the DMY production, 
empowers the forage production systems to generate for-
age with an acceptable yield of nutritional components 
and water use efficiency. Based upon the results of cor-
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relation among the results of regression analysis with 
DMY (Table 8), it could be a valid interpretation that 
with avoiding the delay in PD, using the conventional 
PM, and utilizing the PCV that reduces the a-coefficient 
and elevates the b-factor, maximize the probability to 
reach the most DMY.

Conclusion

The inevitable effect of global warming added to the 
naturally restricted water and soil resources, population 
growth, and historic low livelihood state in arid and 
semiarid regions are the most threatening factors toward 
the sustainability of resources, agricultural practices, and 
food safety. A second cropping system by cultivating the 
water shortage-resistant species under developed plant-
ing methods could be worthwhile to introduce another 
alternative to attain, maintain, and develop the production 
sustainability and food safety in these regions. The holdup 
of planting in a second cropping system due to various 
factors could improvise planting date and consequently 
yield production. The results showed that in Y2, while 
the temporal factors increased yield of both SCV and PCV 
elevated. Studied planting methods revealed the signifi-
cant elevation in quantity and nutritional traits. Also, the 
HPM and TPM were able to compensate for the delay in 
planting dates through accelerating the germination, 
facilitating the seedling establishment, and advancing 
the plant development. Conclusively results asserted that 
the preparedness for executing the HPM process on SCV 
would produce a hefty forage yield with an acceptable 
range of quality.
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Introduction

Fungi are one of the most diverse groups of organisms 
on earth. They are eukaryotic heterotrophs that obtain 
their energy by absorption of nutrients. The large visible 
fructification of the underground mycelia of macro-fungi 
is known as ‘Mushrooms’. They mainly belong to the 
phylum Basidiomycota and Ascomycota with observable 
spore bearing structure. Mushrooms are abundant in 
nature and they are the first known fungi. Wild edible 
mushrooms have been collected and consumed by people 
from the very early stage of civilization, even when people 
didn’t know about its nutritive value.

Macrofungi varies widely in their habitats. The species 
diversity of mushrooms is directly related to the habitat. 
They are found on soil (terrestrial), dead leaves (folicolous), 
wood (lignicolous) or dung and decomposing organic 
materials (coprophilous). Macrofungi, based on their nu-
trition, can be categorized into three groups: saprophytes, 
parasites, and symbiotic (Kinge et al. 2017). Mushrooms 
predominantly grow during rainy season in forests and 

can be epigeous or hypogeous. They vary mostly in shape, 
size and colour. Some of them are edible whereas some 
are proven to be poisonous. The various environmental 
factors that affect the growth of mushrooms are tempera-
ture, humidity, light and the substrate over which they 
grow. All the species of mushrooms shows remarkable 
diversity in their morphological characteristics.

Mushrooms contain high amounts of nutritious com-
pounds including vitamins, proteins, minerals, fiber and 
trace elements. Edible mushrooms have been considered 
to be an ideal food for obese persons due to high fibre, 
low fat and low starch content. They are considered 
as “poor man’s protein” because of their high nutrient 
content (Singha et al. 2017b). Chang and Buswell (1996) 
coined the term ‘mushroom nutraceuticals’ to describe 
those compounds that have considerable potentiality as 
dietary supplements, used for the enhancement of health 
and prevention of various human diseases.

Mushrooms are seasonal fungi, which earn additional 
ecological significance. They appear in between reaching 
a highest point of development with the diverse niches 
in the forest ecosystem. Their habitat and climate are the 

ARTICLE

Diversity and distribution of wild mushrooms in diff erent 
forest areas of Bankura district, WB, India
Arindam Ganguly1, Susmita Nad1, Krishanu Singha2, Rituparna Pathak1, Palash Hazra1, 
Pritha Singha1, Priti Dhua1, Pradeep Kumar Das Mohapatra3, Asish Mandal4*
1Department of Microbiology, Bankura Sammilani College, Bankura-722102, West Bengal, India
2Department of Microbiology, Vidyasagar University, Midnapore-721102, W. B., India
3Department of Microbiology, Raiganj University, Raiganj-733134, Uttar Dinajpur, W. B., India
4P. G. Department of Botany, Ramananda College, Bishnupur, Bankura-722122, W. B., India

Mushrooms are macroscopic fruit bodies of fungi; one of the most 
diverse groups of living organisms distributed all over the world. In recent past, they 
have gained signifi cant scientifi c attention for their profound nutraceutical potentiality. 
The objective of the present study was to explore the diversity and ecological distribu-
tion of mushrooms in diff erent forest areas of Bankura district. The study area includes 
intermittent dense forest and fl ood plains from middle-east to eastern part of Bankura 
district. However, this area received very little attention from a conservation perspec-
tive, and there is no such documentation on mushrooms of this area. The survey was 
conducted from August 2019 to October 2020 including vivid fi eld surveys in the forest 
depots. The study has revealed a total of 53 identifi ed mushroom species belonging to 
40 genera and 30 families. The study has also identifi ed 25 edible, 18 inedible and 15 
medicinally potential mushrooms. The genus Russula and the family Russulaceae dominates 
the myco-population. The fi nding shows that this region is rich in macrofungal diversity 
complicatedly linked to the functioning of the local ecosystem. The present study opens 
new possibilities regarding the exploration and utilization of wild mushrooms in India.
Acta Biol Szeged 65(2):185-198 (2021)

ABSTRACT 
bioactive compound
mushroom diversity
nutritional value
therapeutic potentiality

KEY WORDS

Volume 65(2):185-198, 2021
Acta Biologica Szegediensis

http://abs.bibl.u-szeged.hu/index.php/abs

Submitted
20 August 2021
Accepted
28 December 2021
*Corresponding author
E-mail: mandalasish71@gmail.com

cta
iologica

zegediensis
DOI:10.14232/abs.2021.2.185-198

185

ARTICLE INFORMATION



major factors that indicate their biodiversity. Fungi also 
play an important role as decomposers. They breakdown 
plant components like lignin and cellulose and thus are 
particularly important in woody-ecosystems. They also 
degrade surface waste and release nitrogen back into the 
soil in the form of ammonium nitrate, an important nutri-
ent that plants need for their survival. Mushrooms are also 
known to produce several bioactive compounds that have 
therapeutic uses. However, they protect themselves from 
deleterious effect of plant phenolic tannins by producing 
a hydrolytic enzyme, called tannase that form gallic acid 
and glucose (Das Mohapatra et al. 2020). It is often been 
noticed that local people who consume the mushroom 
Astraeus hygrometricus (Kurkure chhatu) on regular basis 
enjoy several health benefits (Dutta and Acharya 2014). 
This mushroom possesses antitumor, anti-Leishmanial, 
anti-Candidal, antioxidant and immune-modulatory 
activity (Biswas et al. 2017).

Macrofungal diversity is an integral component of 
the global diversity. Diverse abundance of macrofungal 
species is a helpful indicators to interpret the current 
status of the ecosystem. Most healthy forest ecosystem 

contains at least 45% mycorrhizal fungi (Arnolds 1988). 
Native people living in nearby forest areas relate to the 
wild mushrooms in respect to their socio-economic life-
styles by means of both food ingredients as well as small 
business elements. Chang and Miles (2004) reported that 
out of 14000 known mushroom species, there were nearby 
7000 well-studied species that possesses varying degree 
of edibility. Among them, only 200 species were experi-
mentally cultured; 100 were economically cultivated, 60 
were commercially cultivated and about 10 species have 
gained industrial importance. 

The total recorded mushrooms in India are approxi-
mately 850 species (Deshmukh 2004). The collection and 
scientific study of mushrooms in India has started during 
19th century (Kaul et al. 2002). Butler and Bisby (1931) 
published the first list on Indian fungi which was further 
revised by Vasudeva (1960). Purkayastha and Chandra 
(1985) published the first comprehensive account of In-
dian edible mushrooms and their cultivation technology.

India has an ancient history of using mushrooms as 
food, medicine, minerals and drugs. It has become a centre 
of herbal therapy (Nad et al. 2021). However, such kind 

Figure 1. Study location and map of Bankura forest areas.
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of studies is very rare in West Bengal. Dutta and Acharya 
(2014) obtained 31 edible and 3 medicinally important 
macrofungi that were used by local and indigenous com-
munities in eight districts of West Bengal. Das et al. (2015) 
reported 16 wild edible mushrooms with ethno-medical 
value from tropical dry deciduous forest of Eastern Chota 
Nagpur plateau. Deshmukh et al. (2006) reported that, 
around 40 species found from all over India were lethal. 
Singha et al. (2017b) explored the nutritional and anti-
bacterial potentiality of some wild edible mushrooms 
from Gurguripal Eco-forest, Paschim Medinipur, West 
Bengal, India. Thus, the studies on mushroom diversity 
are often significant and contribute to the knowledge of 
the ecosystem of a forest.

The forest region of Bankura district is one of the 
enriched forest areas of West Bengal. The district pos-
sesses dense forest dominated by Sal (Shorea robusta). 
Other trees found in the forests include Azadirachta indica 
(Neem), Dillenia indica (Chalta), Syzygium cumini ( Jam) 
(Basu et al. 2013). A higher proportion of mycorrhizal 
fungi is generally correlated with a region that contain 
better conserved forests (Pradhan et al. 2016). Bankura is 
surrounded with low-lying alluvial-laterite soil (Das and 
Paul 2015) with an average annual rainfall of 1329 mm 
(Majumder and Patra 1993). Overall, the biogeological 
environment provide favourable climatic zone for fungal 
growth. However, there is no valid documentation on 
diversity of mushrooms in this area till date. Hence, the 
present study is focused on the diversity and distribution 
of mushrooms in Bishnupur and adjacent forest areas of 
Bankura district, West Bengal.

Materials and Methods

Study area 
Five major forest areas namely Bishnupur (23°04′48′′N, 
87°19′12′′E; Altitude 59 m), Joypur (23°02′N, 87°27′E; Alt.74 
m), Sonamukhi (23°18′11.5848′′N, 87°24′56.4948′′E; Alt. 
66 m), Taldangra (23°01′1.092′′N, 87°06′29.3688′′E; Alt. 
74 m), and Bankadaha (22°58′03.64′′N 87°21′05.43′′E; Alt. 
74 m) of Bankura district were selected as the study area 
(Fig. 1). These forest areas have a tropical climate with dry 
and rainy season (annual average rainfall: 11000-15000 
mm), dominated by ‘Sal’ trees with a laterite and alluvial 
type soil. The average temperature of this locations ranges 
between 20-30 °C during rainy season. The field study 
was conducted from August 2019 to October 2020 to 
obtain the maximum outcome.

Collection of samples
Opportunistic sampling method was being performed and 
conspicuous specimens were collected precisely from the 

study area (Mueller et al. 2004). After finding a colony or 
a single species of mushroom, the fruiting bodies were 
collected with the help of knife. Their habitat conditions 
and occurrence frequency were recorded. The samples 
were photographed (Nikon D5300 camera), both in their 
natural habitats and with the reference of a scale or coin, 
for identification. The samples were then taken in a con-
tainer, labelled and kept for further study.

Identification of the specimens
The collected samples were examined in laboratory by 
observing the formation of the cap, arrangements of the 
gills, presence of pores on the under surface of the fruit 
bodies or not, presence of stipe and volva or not, the type 
of the surface (smooth or rough), etc. Then according to 
their characteristics, they were then identified with the 
help of standard literatures (Pradhan et al. 2010; Pushpa 
and Purushothama 2012; Acharya and Pradhan 2017).

Preservation of the specimens
All the samples were preserved immediately in liquid 
preservative (25:5:70 ml rectified alcohol + formalin + 
distilled water) for further studies (Hawksworth et al. 
1995).

Data analysis

Occurrence frequency of species A
Total number of all species

 × 100

D =                    ; where,Σn (n-1)
N (N-1)

Simpson Index of Diversity =1-D; where,

The frequency of occurrence for each species was cal-
culated by following formula as suggested by Aung et 
al. (2008).

Simpson Index of Diversity was calculated as suggested 
by Simpson (1949).

n = total number of organisms of a particular species
N = total number of organisms of all species

Shannon diversity index for mushroom was calculated 
as suggested by Margalef (2008).

H =-Σ (n/N) log (n/N); where,

H = diversity index
N = total number of individuals of all the species 
n = total number of individuals of a particular species
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Results

The study areas were spread over the central eastern 
part of Bankura district (Agro Climatic Zone), marked 
by flood plains and interfluves. The climate of the study 
area is tropical, slightly warm and humid with average 
annual rainfall of 1400 mm. The mean temperature is 
around 33 °C. Relative humidity during the study time 
was found around 80%. From this point of view, the study 
areas possess a good geographical environment for the 
growth of mushrooms.  

In the span of survey, a total number of 53 species were 
identified, among which 29 specimens were identified up 
to species level. Majority of the identified mushrooms 
(96.07%) belongs to Basidiomycota (51 specimens), where 
only 2 species belong to Ascomycota. All the identified 
mushrooms are distributed in diverse group of 40 genera 
belonging to 30 families (Table 1). The family/ genus ratio 
of 0.75 and genus/ species ratio of 0.75 suggest the pres-
ence of comparatively high familial and generic diversity 
in the region. 

The study revealed that members of Russulaceae (12%) 
grow predominantly in the study area, followed by Agari-
caceae (10%), Polyporaceae (10%), Ganodermataceae (6%) and 
Psathyrellaceae (6%) as shown in Fig. 2. Among the two spe-
cies of Ascomycota, one was Xylaria sp. belonging to the 
family Xylariaceae and the other was Daldinia concentrica 
from the family Hypoxylaceae.

Most diverse specimens were obtained from the family 
Russulaceae which was found to be the most dominant in 
overall survey. As per sampling areas, Polyporaceae and 
Russulaceae in Bishnupur (16.66% each) and Bankadaha 
(13.33% each), Agaricaceae in Taldangra (36.36%), Maras-
miaceae, Agaricaceae and Psathyrellaceae in Sonamukhi (10% 
each) and Russulaceae in Joypur (27.27%) were found most 

frequently. Marasmius, Polyporus and Ganoderma were the 
most common genera in all five study areas. 

Mushrooms were found to be largely saprophytic 
(30 specimen), whereas rest of them were mycorrhizal 
(17 specimen) and parasitic (6 specimen) in the present 
study (Fig. 3). Ectomycorrhizal specimens were notable 
in the overall survey as it is one type of reflexion of the 
forest health. Russulaceae, Lyophyllaceae, Sclerodermataceae 
and Hydnangiaceae; the common ectomycorrhizal families 
were found to be predominant in the study area. The most 
common mycorrhizal species were Russula rosea, Russula 
nobilis, Scleroderma citrinum and Laccaria laccata. On the 
other hand, Pleurotus ostreatus and Russula cyanoxantha 
were identified as rare species from this area. Some spe-
cies like Aleuria aurantia, Daldinia concentrica, Coprinus 
logopus, Podoscypha venustula, Cyathus striatus, Coprinus 
logopus mostly fruited upon decaying logs and organic 
matters. However, this occasional sighting at the base of 
diseased and/or infected trees indicate their facultative 
parasitic nature. Majority of mushroom were found to 
grow on soil (25 specimen) and wood (23 specimen), rest 
were found to grow on leaf (2 specimen) and decaying 
organic materials (3 specimen) (Fig. 4). 

Through interaction with the local people living 
nearby the study areas, it was revealed that 25 species 
were edible, 15 species have medicinal importance and rest 
are inedible (18 species) and with unknown significance 
(10 species) (Fig. 5). Moreover, the mushroom species 
Termitomyces heimii, Russula cyanoxantha, Agaricus sp., 
Auricularia sp., Calocybe indica, Tremella fuciformis were 
found to be potential food sources for local livelihood. 
It also contributes to local economy. On the other hand, 
some poisonous fungi like Coprinus logopus, Amanita sp., 
Lepiota sp., Conocybe sp. were also found in the forest 
regions of Bankura. Among the medicinally important 
mushrooms, Ganoderma lucidum, Auricularia sp., Ganoderma 
applanatum were traditionally used by local physicians for 
the treatment of diabetes, hyper cholesterol, muscle pain 
and flu, respectively.

Mushroom richness and abundance in different for-
est areas 

There are several factors through which biological diver-
sity of a species can be quantified. Among them, the two 
major factors are species richness and species abundance. 
In the present study, mushrooms collected from five forest 
areas namely Sonamukhi, Bishnupur, Bankadaha, Joypur 
and Taldangra were analysed for mushroom diversity. 
Species diversity richness and abundance of mushrooms 
in forest areas of Bankura district were analysed thor-
oughly (Table 2). 

The forest area of Sonamukhi had 20 species of mush-
rooms belonging to 18 genera and 17 families. A family/ 

D = s/√N; where, D = species richness

Considering the values of diversity index, the evenness of 
the mushrooms was calculated according to Pielou (1996).

e = H/ log S; where,

e = evenness
H = Shannon index
S = the number of species

Menhinick’s index of species richness was calculated as 
suggested by Menhinick (1964).

s = the number of different species
N = total number of individuals
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Family Scientific name Observed
frequency

Site of collection Habitat Significance Mode of
nutrition

Common/
Local name

Agaricaceae Agaricus campestris 1 Taldangra Soil Edible & medici-
nally important

Saprophytic Field or Meadow 
mushroom

Lepiota sp. 5 Taldangra Soil Inedible Saprophytic ––

Leucocoprinus birnbaumii 1 Sonamukhi Soil Inedible (poison-
ous)

Saprophytic Flowerpot parasol

Leucocoprinus sp. 13 Taldangra,
Sonamukhi

Decaying 
matter

Inedible Saprophytic/
Mycorrhizal

––

Lycoperdon pyriforme 1 Taldangra Soil Edible Saprophytic Pear shaped puffball

Amanitaceae Amanita sp. 6 Bankadaha,
 Bishnupur

Soil Inedible Saprophytic/
Mycorrhizal

––

Auriculariaceae Auricularia sp. 6 Bankadaha, 
Sonamukhi

Wood Edible & medici-
nally important

Saprophytic Wood ear/ jelly ear

Bolbitiaceae Conocybe sp. 2 Bishnupur Soil Unknown Saprophytic ––

Boletaceae Boletus sp. 14 Joypur Soil Edible Mycorrhizal ––

Tylophilus sp. 2 Bishnupur Soil Edible Mycorrhizal Bitter bolete

Bondarzewiaceae Amylosporus sp. 4 Bankadaha Wood Unknown Saprophytic ––

Clavariaceae Clavaria sp. 38 Bishnupur Soil Edible Saprophytic Fairy fingers

Clavulinaceae Clavulina cristata 6 Sonamukhi, Banka-
daha

Soil Edible Saprophytic White coral fungus

Crepidotaceae Crepidotus sp. 15 Bankadaha Wood Inedible Saprophytic Jelly crep

Dacrymycelaceae Dacryopinax spathularia 7 Bankadaha Wood Edible Saprophytic Jelly fungus

Diplocystaceae Astraeus sp. 1 Sonamukhi Soil Edible & medici-
nally important

Mycorrhizal ––

Fomitopsidaceae Daedalea quercina 3 Sonamukhi Wood Inedible & medici-
nally important

Saprophytic Oak mazegill

Ganodermataceae Ganoderma lucidum 7 Taldangra, Joypur Wood Inedible & medici-
nally important

Parasitic Lingzhi or Reishi 
mushroom

Ganoderma applanatum 2 Sonamukhi, Banka-
daha

Wood Edible & medici-
nally important

Parasitic Artist’s conk/ bear 
bread

Ganoderma sp. 2 Bishnupur Wood Unknown Parasite Conks

Hydnangiaceae Laccaria laccata 3 Sonamukhi Wood Edible & medici-
nally important

Mycorrhizal Waxy Laccaria

Hypoxylaceae Daldinia concentrica 7 Bankadaha, Bish-
nupur

Organic 
matter

Inedible Saprophytic Cramp balls/ coal 
fungus/ Kath chhatu

Lyophyllaceae Calocybe indica 7 Taldangra Soil Edible Mycorrhizal Doodh chhatu/milky 
mushroom

Termitomyces heimii 22 Joypur, Bishnupur Soil Edible Terricolous-
saprotrophic

Sib chhatu/ Sikh 
chhatu

Marasmiaceae Marasmius vladimirii 9 Sonamukhi Soil Unknown Saprophytic ––

Marasmius sp. 103 Bankadaha, Bish-
nupur, Taldangra, 
Sonamukhi, Joypur

Wood/
leaf/soil

Unknown Saprophytic ––

Meripilaceae Grifola frondosa 4 Joypur, Bishnupur Soil Edible & medici-
nally important

Parasitic Hen of the woods

Rigidoporus lineatus 1 Taldangra Wood Edible Parasitic ––

Meruliaceae Podoscypha vensustula 1 Sonamukhi Leaf Unknown Saprophytic/ 
Parasitic

Bracket fungi

Nidulariaceae Cyathus striatus 7 Sonamukhi Organic 
matter

Inedible Saprophytic Fluted bird’s nest

Phallaceae Phallus indusiatus 1 Sonamukhi Soil Edible Mycorrhizal Basket Chhatu

Pleurotaceae Pleurotus ostreatus 2 Taldangra Wood Edible & medici-
nally important

Saprophytic Pearl oyster mush-
room

Pleurotus sp. 12 Bishnupur, 
Sonamukhi

Wood Edible Saprophytic Oyster mushroom

Table 1. Mushroom diversity, habitat, significance, and mode of nutrition in forest areas of Bankura District, West Bengal, India.
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genus ratio of 0.94 and genus/ species ratio of 0.90 sug-
gest the presence of higher familial and generic diversity 
in the area. Out of 20 species in Sonamukhi, Pycnoporus 
cinnabarinus, Tremella fuciformis, Marasmius vladimirii, Leu-
cocoprinus birnbaumii, Cyathus striatus, Podoscypha venustula, 

Daedalea quercina, Laccaria laccata, Coprinus logopus, Phallus 
indusiatus, Cystoagaricus sp. and Astraeus sp. were collected 
only at this site. The Simpson and Shannon’s diversity 
index were found to be 0.2763 and 0.83 respectively; 
evenness was found to be 0.83 and species richness was 

Family Scientific name Observed
frequency

Site of collection Habitat Significance Mode of
nutrition

Common/
Local name

Polyporaceae Coriolopsis occidentalis 7 Bankadaha Wood Unknown Saprophytic ––

Coriolopsis sp. 5 Bishnupur Wood Unknown Saprophytic ––

Polyporus sp. 6 Bishnupur, Banka-
daha, Joypur

Wood Edible Saprophytic Spring polypore

Pycnoporus cinnabarinus 3 Sonamukhi Wood Inedible Saprophytic Cinnabar polypore

Pycnoporus sp. 5 Bishnupur, Tal-
dangra

Wood Inedible Saprophytic Cinnabar-red 
polypore

Psathyrellaceae Coprinus lagopus 1 Sonamukhi Organic 
matter

Edible & medici-
nally important

Saprophytic Hare’s foot inkcap

Cystoagaricus sp. 1 Sonamukhi Soil Inedible Saprophytic ––

Coprinopsis sp. 1 Bishnupur Soil Inedible Saprophytic Ink cap

Pyronemataceae Aleureia aurantia 12 Bankadaha Wood Edible Saprophytic Orange peel fungus

Russulaceae Lactarius sp. 6 Bankadaha 
Sonamukhi

Soil Edible Mycorrhizal Milkcaps

Russula cyanoxantha 3 Bankadaha, Bish-
nupur

Soil Edible & medici-
nally important

Mycorrhizal The sickener or vomit-
ing/ jam patra

Russula emetica 2 Bishnupur Soil Inedible Mycorrhizal Beechwood sickener/ 
murgi oat

Russula nobilis 1 Joypur Soil Inedible Mycorrhizal Beechwood sickener

Russula rosea 2 Joypur Soil Edible Mycorrhizal Rosy russula

Russula sp. 4 Joypur, Bishnupur Soil Unknown Mycorrhizal Charcoal       burner

Schizophyllaceae Schizophyllum commune 24 Taldangra Wood Edible & medici-
nally important

Mycorrhizal Pakha chhatu

Schizophyllum sp. 23 Bishnupur, Banka-
daha

Wood Inedible & medici-
nally important

Mycorrhizal Split gill mushroom

Sclerodermataceae Scleroderma citrinum 8 Joypur Soil Inedible Mycorrhizal Common earthball

Tremellaceae Tremella fuciformis 7 Sonamukhi Wood Edible & medici-
nally important

Saprophytic Snow fungus

Xylariaceae Xylaria sp. 160 Sonamukhi, Joypur Wood Inedible & medici-
nally important

Saprophytic Dead man’s finger

Table 1. Continued.

Sonamukhi Bishnupur Bankadaha Joypur Taldangra

No. of families 17 14 13 8 8

No. of genera 18 16 15 9 11

Family/ genus ratio 0.94 0.88 0.87 0.89 0.73

No. of species (s) 20 18 15 11 11

Genus/ species ratio 0.9 0.89 1.0 0.82 1.0

Total number of individuals (N) 185 114 86 142 69

Simpson diversity index (1-D) 0.2763 0.1532 0.0949 0.2998 0.1914

Shannon diversity index (H) 0.83 1.11 1.25 0.74 1.03

Richness (S) 1.47 1.69 1.62 0.92 1.32

Evenness (e) 0.83 1.81 2.06 1.52 1.82

Table 2. Species diversity richness and abundance of mushrooms in forest areas of Bankura District, West Bengal, India.
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found to be 1.47. Though the species richness is more in 
this collection area, but species evenness is comparatively 
less. Hence, the mushroom diversity was found to be less, 
may be due to the interference of anthropogenic activities. 

The forest area of Bishnupur had 18 species of mush-
rooms belonging to 16 genera and 14 families. A family/ 
genus ratio of 0.88 and genus/ species ratio of 0.89 suggest 
the presence of higher familial and generic diversity in 
the area. Out of 18 species in Bishnupur, Russula emetica, 
Conocybe sp., Coprinopsis sp., Tylophilus sp. and Clavaria sp. 
were exclusively collected only at this site. This implies 
more diverse mushroom population. This increased 
diversity of mushrooms may be due to less interference 
of human activities and more availability of degradable 

organic materials. 
The forest area of Bankadaha had 15 species of mush-

rooms belonging to 15 genera and 13 families. A family/ 
genus ratio of 0.87 and genus/ species ratio of 1.0 sug-
gest the presence of higher familial and highest generic 
diversity in the area. Out of 15 species in Bankadaha, 
Coriolopsis occidentalis, Aleuria aurantia, Dacryopinax spathu-
laria, Crepidotus sp. and Amylosporus sp. were obtained 
only at this site. The Simpson and Shannon’s diversity 
index were found to be 0.0949 and 1.25, respectively; 
evenness was found to be 2.060, which was highest 
among all study areas and species richness was found 
to be 1.62. The diversity index found less in this collec-
tion area. This may be due to the reduced availability of 

Figure 2. Diversity of mushrooms in forest areas of Bankura District, West Bengal, India.
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degradable organic matter.
The forest area of Joypur had 11 species of mushrooms 

belonging to 9 genera and 8 families. A family/ genus ratio 
of 0.89 and genus/ species ratio of 0.82 suggest the pres-
ence of higher familial and generic diversity in the area. 
Out of 11 species in Joypur, Scleroderma citrinum, Russula 
nobilis, Russula rosea and Boletus sp. were collected only 
at this site. The Simpson and Shannon’s diversity index 
were found to be 0.2998 and 0.74, respectively; evenness 
was found to be 1.524 and species richness was found 
to be 0.92. Though the evenness was more species were 
found as lowest among all collection areas. This infers 
to the increased human activity in the forest.

The forest area of Taldangra had 11 species of mush-
rooms belonging to 11 genera and 8 families. A family/ 
genus ratio of 0.73 and genus/ species ratio of 1.0 suggest 
the presence of moderately higher familial and highest ge-
neric diversity in the area. Out of 11 species in Taldangra, 
Agaricus campestris, Calocybe indica, Lepiota sp., Lycoperdon 
pyriforme and Rigidoporus lineatus were collected only at 

this site. The Simpson and Shannon’s diversity index 
were found to be 0.1914 and 1.03 respectively; evenness 
was found to be 1.82 and species richness was found 
to be 1.324. The diversity index reflects the decreasing 
population of mushroom in this collection area due to 
less availability of organic matter in soil and drastic air 
pollution of anthropogenic origin.

Discussion

Mushrooms play a major role in natural and managed 
ecosystems as ectomycorrhizal fungi. Some fruit bodies of 
mushrooms from different forest areas of Bankura District 
are depicted in Fig. 6. They become an important factor 
for reforestation programme worldwide (Wongchalee 
and Pukahute 2012). There are several ecological fac-
tors, such as geographic location, temperature, relative 
humidity; light and surrounding flora which greatly 
influence the growth and development of macrofungi 
(Kumar et al. 2013). Therefore, the myco-diversity along 
with the eco-climatic factors of an area is important in 
a forest community. Here in the study this is focussed 
in the natural forests of Bankura district, West Bengal.

The overall result shows that human activity and 
surrounding environment plays a significant role in the 
population of mushrooms. Less human interference, 
climatic condition, vegetation and availability of degrad-
able materials in higher amount helps a greater number 
of litter decomposing and wood rooting mushrooms to 
colonise. Plant litter mainly grows in the dense forest 
where the atmosphere contains favourable moisture. It 
increases the fertility of soil. Thus, it becomes clear that 
the diversity of mushroom indicates the quality of the 
ecosystem. 

Mushrooms have enormous significance as food ma-
terial for human and other animals. A wide number of 
mushrooms are considered to have medicinal importance. 
The local tribal people also have informed about their 

Figure 3. Distribution of mushrooms based on ecological mode of 
nutrition.

Figure 4. Distribution of mushrooms based on habitat of specimens.

Figure 5. Distribution of mushrooms based on signifi cance of speci-
mens.

Ganguly et al.

192



habit of consumption of mushrooms for the treatment 
of several ailments. Further literature study was then 
performed on the obtained mushrooms. 

There is an important aspect regarding the local study 
on mushroom as they have medicinal importance. 12 

obtained genera were medically important. Ganoderma 
lucidum, collected from both Taldangra and Joypur, shows 
anti-HIV, anti-tumor, anti-cancerous and anti-HSV activi-
ties. It is also cytotoxic to hepatoma cells. It is effective 
against atherosclerosis and type-2 diabetes (Sagar et al. 

Figure 6(A). Some fruit bodies of mushrooms from the forest areas of Bankura District, West Bengal, India.
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2007). Murrill (1905) found G. lucidum for the first time in 
1905. Ganoderma applanatum, collected from Sonamukhi 
and Bankadaha, is antagonist to both Gram positive and 
Gram-negative bacteria. It produces D-glucans which 
activate the immune response of the host (Nomura et al. 

1994). It also shows activity against influenza virus type 
A. It is useful in the treatment of pain (Sagar et al. 2007). 
Russula cyanoxantha, collected from Bankadaha, may have 
high phenolic concentration for which it shows great an-
tioxidant and antimicrobial activity (Ribeiro et al. 2008, 

Figure 6(B). Some fruit bodies of mushrooms from the forest areas of Bankura District, West Bengal, India.
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Kosanić and Ranković 2016). Tremella fuciformis, collected 
from Sonamukhi, is well known for its remarkable anti-
aging, anti-wrinkle and nutraceutical properties. It also 
shows anti-tumor, anti-decrepitude and anti- thrombus 
activities (Zhang et al. 2007). Auricularia sp., collected from 

Bankadaha and Sonamukhi, have high antioxidative prop-
erties along with hyperglycaemia, immunomodulating, 
anti-inflammatory and anti-radiative bioactivity. It also 
lowers hyper-cholesterol and maintains blood sugar level 
(Zhang et al. 2007). Astraeus sp., collected from Bishnupur, 

Figure 6(C). Some fruit bodies of mushrooms from the forest areas of Bankura District, West Bengal, India.
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contains polysaccharide which increases macrophage 
stimulation (Mallick et al. 2007). Laccaria laccata, collected 
from Sonamukhi, acts as an effective biocatalyst in organic 
media (Rahi and Malik 2016). Pleurotus ostreatus, collected 
from Taldangra, has the potentiality to neutralize HIV 
through degradation of viral genetic material (Nomura 
et al. 1994). It shows bioactivity against hyperglycaemia, 
atherosclerotic and tumor patients (Sagar et al. 2007). 
It has also been reported for its hypocholesterolaemia 
and hypolipidemic properties (Wasser and Weis 1999). 
Coprinus logopus, collected from Sonamukhi, is reported 
to inhibit the growth of sarcoma 180 and Ehrlich Solid 
cancer by 100% and 90%, respectively, and is also effective 
against Gram-positive and Gram-negative bacteria (Co-
letto and Striano 2000). Schizophyllum commune, collected 
from Taldangra, is pharmacologically very important as 
it produces polysaccharide, schizophyllan (β-D-glucan), 
which shows anti-cancer activity in xenography and 
anti-tumoral activity in clinical practice (Ooi and Liu 
2000). Xylaria sp., collected from Joypur and Sonamukhi 
had been proved as a valuable source of bioactive com-
pounds such as chemokine receptor (CCR5) antagonist 
19, 20-epoxycytochalasin Q (Ramesh et al. 2014). Daedalea 
quercina, collected from Sonamukhi forest, is capable 
of producing an anti-inflammatory compound named 
quercinol (Gebhardt et al. 2007). 

The previous studies also indicated potential thera-
peutic and immunostimulatory role of wild mushrooms. 
Pushpa and Purushothama (2012) recorded 90 species in 46 
genera belonging to 19 families in and around Bangalore, 
Karnataka and the Simpson and Shannon diversity index 
were found to be 0.8 and 1.24 respectively. Altogether 98 
macrofungal species representing 72 genera belonging 
to 47 families were recorded in the Eastern Himalayan 
ecosystem and the Simpson and Shannon biodiversity 
index was found ranging from 0.07-0.86 and 0.16-2.13 
respectively (Pradhan et al. 2016). Earlier, Pradhan et al. 
(2010) summarised the role of Wild Edible Mushrooms 
(WEMs) in the Santal livelihood in lateritic region of West 
Bengal and recorded 21 species of WEMs from the villages 
as well as Sal forests. In 2013, a case study of macrofungal 
diversity and habitat specificity of lateritic regions of West 
Bengal revealed 122 species, belonging to 11 orders, 29 
families and 70 genera (Pradhan et al. 2013). Dutta et al. 
(2013) studied the macrofungal diversity and ecology of 
the mangrove ecosystem in the Indian part of Sundarbans 
and recorded 59 species over 25 families. A total number 
of 71 species in 41 genera belonging to 24 families were 
recorded in Gurguripal eco-forest of Paschim Medinipur, 
West Bengal and the Simpson and Shannon biodiversity 
index was found to be 0.92 and 2.206 respectively (Singha 
et al. 2017a). Chakraborty (2019) recorded a total num-
ber of 82 macrofungal species in 60 genera belonging to 

30 families in 12 orders from the locality of 8 blocks of 
Dakshin Dinajpur district of West Bengal.

At the time of survey, some species may lack fruit 
bodies or have a sporulating strategy that is dispropor-
tional to their underground abundance (Baptista et al. 
2010). This is the reason why the study conducted for a 
span of limited durations has a propensity for reflecting 
inadequate diversity profiles. Therefore, long term obser-
vation in specific time interval is required for betterment 
and adding to the current understanding of structure 
of regional mushroom assembles and species diversity 
(Straatsma and Krisai-Greilhuber 2003). The present 
study revealed the rich diversity of macrofungal popula-
tion in the study area. The moderate rainfall in the study 
area supported a rich flora. However, the medicinal and 
edible properties of maximum mushrooms were mostly 
unknown to the local people. More studies are required to 
explore the cryptogamic mushrooms in the forest region 
of Bankura District.

Conclusion

The present study is the first systematic study of mush-
rooms distributed in the forest areas of Bankura District. 
There was no documentation on any ethno-mycological 
diversity of mushrooms till date. This is an important first 
step towards producing a checklist of mushrooms in this 
territory. However, the list of macrofungi in this study 
provides baseline information needed for the assessment 
of changes in biological diversity of mushroom.

The importance of mushrooms is not only in the eco-
system dynamics but also in human nutrition and health. 
Hence, it increases the need for the conservation of these 
non-timber forest product resources. Overall, the present 
study has revealed rich macrofungal diversity.

However, there are several mushrooms whose eco-
nomic importance still unknown. Future investigation 
is needed in different seasons as well as in other differ-
ent forest regions. It will result the identification of new 
exotic species of mushroom-flora, which will represent 
a complete overview on the mushroom flora of different 
forest areas of Bankura. 
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Introduction

Saffron (Crocus sativus L.) is a very special crop that 
produces a valuable spice. It is the most expensive spice 
worldwide. In Morocco, the saffron sector represents 
a major issue for this local product in both social and 
economic terms. This sector is a promising way that may 
help to reduce inequalities in income in saffron areas as 
Taliouine and Taznakht. However, due to some ancestral 
cultural practices applied at the level of saffron fields, the 
lack of information about the behavior of the plant viz-
a-viz the environment and the scarce knowledge of the 
potentialities of the local cultivated crop may constitute 
a handicap to the sector development.

Among many biotic and abiotic factors that disturb 
the growth and the yield of saffron plants, the ecologi-
cal degradation of saffron fields related to plantation 
age turns out to be the most important (El Aymani et al. 

2019). Generally, in Morocco, the cultivation of C. sativus 
L. is carried out in areas with low soil fertility, harboring 
rhizospheric microorganisms, such as endomycorrhizae 
that are supposed to be essential for plant growth and 
ecosystem functioning. Great saffron productivity would 
be achieved since the agricultural practices applied in 
field-grown saffron maintain the population of these 
microorganisms at a suitable level (Onguene 2000). In-
deed, numerous studies have reported that soil fertility 
and productivity are highly correlated with the biological 
activity of soil microorganisms. The development of plants 
depends on the interactions they have with the surround-
ing environment, especially with soil microorganisms. 
Their importance in natural and semi-natural ecosystems 
(Sylvia et al. 1992) is to improve the absorption of water 
and nutrients such as phosphorus, nitrogen, and micro-
nutrients, thereby improving plant growth and resistance 
to biotic and abiotic stresses (Goussous and Mohammad 
2009; Lone et al. 2015).
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Exploiting the beneficial effects of endomycorrhizae 
requires an appropriate knowledge regarding the diversity 
of arbuscular mycorrhizal fungi in areas of saffron crop 
in Morocco. The most exhaustive possible highlighting 
of this diversity needs the recruitment of more sites and 
samples of saffron plant rhizosphere for analysis. In this 
context, the present study ensures the continuation of the 
works already undertaken by El Aymani et al. (2019) and 
Chamkhi et al. (2018, 2019). Therefore, the aim was to 
assess the effect of the age of saffron plantations on the 
diversity of the populations of arbuscular mycorrhizal 
fungi. Such studies are expected to provide a broad over-
view of AMF communities existing at the rhizosphere 
level upon agronomic practices and should with time also 

lead to the selection of the best endomycorrhizal species 
colonizing the roots of saffron plants.

Materials and methods

Prospecting and sampling 
The samples of rhizospheric soil and fine roots of saffron 
plants were collected in October 2020 from 15 different 
plots of saffron belonging to the Taliouine area (Morocco). 
Three lots of plots were selected, each one is character-
ized by the number of years (2, 4 or 10) of land use by 
saffron cultivation (Fig. 1). Soil samples were taken from 
the rhizosphere of plants from a depth of 0-25 cm. Very 
fine roots, likely to be mycorrhized and easily observable 
under the microscope, were also collected with the soil 
in sterilized polythene bags. Each lot of plots was repre-
sented by three composite samples after the samplings 
were homogenized.

Root clearing and staining
The roots were cleaned from soil particles by thorough 
rinsing with tap water in a sieve. Then only the small-
est fine roots were selected. According to the lightening 
technique described by Philips and Hayman (1970), roots 
were cut into fragments of approximately 1 to 2 cm 
and placed in vials containing 10 ml of 10% potassium 
hydroxide solution. These flasks were then placed in a 
water bath at 90 °C for 15 min. The root fragments were 
then bleached by adding a few drops of H2O2 to the KOH 
solution. After 15 min, the fragments were rinsed with 
distilled water and then stained with a solution of cresyl 
blue (0.05%) for 15 min.

Assessment of AMF colonization 
Evaluation of the mycorrhizal parameters was performed 
by observing thirty root fragments of about 1 cm, ran-
domly chosen to quantify the mycorrhizae (Amir and 
Renard 2003; Kormanik and McGraw 1982). These frag-
ments were mounted parallel in groups of 10 to 15 in a 
drop of glycerine water (8%) between blade and coverslip 
(Kormanik and McGraw 1982). Each fragment was thor-
oughly checked over its entire length, at magnifications 
of 100× and 400×.
The frequency and levels of arbuscules and vesicles of 
AMF within the root bark were measured by assigning 
a mycorrhizal index ranging from 0 to 5 (Derkowska et 
al. 2008): 0: absence; 1: traces; 2: less than 10%; 3: from 
11 to 50%; 4: from 51 to 90%; 5: more than 91%.

Frequency of mycorrhization (F%):

F% = 100 × (N – n0) / N

Figure 1. The fields of saffron in bloom. (A): Plot of 2 years of land use 
of saffron. (B): Plot of 4 years of land use of saffron. (C): Saffron plant 
at flowering stage or blooming and unflowering saffron plants.
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where N is the number of fragments observed and n0 is 
the number of non-mycorrhizal fragments. 

Intensity of mycorrhization (M%): 

M% = (95 n5+70 n4+30 n3+5 n2+n1) / N

Where n is the number of affected fragments of the index 
0, 1, 2, 3, 4 or 5 

Arbuscular content (A%): 

A% = (100 mA3 + 50 mA2 + 10 mA1) / 100

where mA3, mA2 and mA1 are assigned with the notes 
A3, A2 and A1, respectively, with mA3 = (95 n5 A3 + 70 
n4 A3 + 30 n3 A3 + 5 n2 A3+ n1 A3) / N, as the same 
for A1, A2. 

In this formula, n5A3 represents the number of frag-
ments noted with A3; n4A3 the number of fragments 
rated 4 with A3; etc.

A0: no arbuscules; A1: few arbuscules (10%); A2: mod-
erately abundant arbuscules (50%); A3: very abundant 
arbuscules (100%).

Extraction of spores
The spores were extracted from 100 g of each rhizo-
spheric soil sample using the humid sifting technique 
(Gerdemann and Nicolson 1963), then centrifuged in a 
sucrose solution (Daniels and Skipper 1982, as modified 
by Brundrett et al. 1996). After centrifugation (2000 rpm 
for 4 min), the supernatant was discarded, and a viscosity 
gradient was created by adding a solution of 50% sucrose 
into each centrifuge tube. After centrifugation at 5000 
rpm for 10 min, the supernatant was poured onto sieve 
of 2 mm- 50 μm mesh screen. The resulting substrate 
was rinsed with distilled water to remove sucrose and 
recovered in an Erlenmeyer flask.

This content was observed with a binocular magnify-
ing glass, by successive samples of small quantities. These 
aliquots were reversed on filter paper placed in a Petri 
dish and then observed using a binocular loupe. Micro-
scopic observations of spores were made in a few drops 

of polyvinyl-lactic acid-glycerol (PVLG) and checked at 
magnifications of 100x and 400x. A preliminary identi-
fication at the genus level was made based on the criteria 
proposed by Ferrer and Herrera (1981), Berch and Koske 
(1986), Schenck and Smith (1982), Hall (1987), Schenck 
and Perez (1987), Morton and Benny (1990), Walker et 
al. (1982), Dalpé (1995), Pérez and Peroza (2013), Pérez 
et al. (2012), Monroy et al. (2013), Rodríguez-Morelos et 
al. (2014), Rajeshkumar et al. (2015), Błaszkowski et al. 
(2018), and information available in different databases.

Statistical analysis
The statistical treatment of results focused on the analysis 
of variance to a single criterion of classification (ANOVA).

Results

Study of the diversity of arbuscular mycorrhizal fungi 
(AMF) in the rhizosphere of C. sativus showed that overall 
roots of saffron plants were mycorrhized and showed the 
existence of typical structures of mycorrhizae including 
arbuscules, intra- and extracellular hyphae and spores 
(Fig. 1, 2, 3 and 4).

As shown in Table 1, the average frequencies of my-
corrhization rate, which reflect the inoculum pressure 
or propagule rate infecting surrounding medium, varied 
among sites. Thus, the maximum frequency value was 
95.20% at site 2 occupied during 2 years by saffron, while 
the lowest frequency value was 60.40% noted at the site 
exploited for 10 years. The highest mean percent mycor-
rhizal root colonization intensity expressing the percent 
of mycorrhizal root cortex attained 38.85% in roots of 
saffron plants growing in 2-year-old plantation, while 
in those from the 10-year-old plantation, the value was 
18.32%. The arbuscular content of root at aged planta-
tion site (10 years) was 19.4% and increased to 35.50% 
and 36.50% at plantation sites operated from four years 
and six years, respectively, whereas the vesicles were not 
found (Table 1). 

The maximum spore richness (138.66/100 g soil) was 
observed at plantation site exploited for 2 years, followed 
by the 4-year-old plantation (96 spores/100 g soil) while 
the site operated for 10 years contained only 71 spores/100 
g soil (Table 1). 

Based on morphological criteria of spores (shape, 
colour, mean size, wall, surface) and hyphal size, 12, 10 
and 7 morphotypes of arbuscular mycorrhizal fungi 
were distinguished in plots occupied along 2, 4 and 10 
years by saffron, respectively (Tables 2 and 3; Figs. 1 and 
2). The species Acaulospora mellea, Glomus macrocarpum, 
Glomus versiforme and Rhizophagus intraradices were com-
mon in three plots. Acaulospora laevis and Densicitata nigra 

Parameters of mycorhization Site 2 Site 4 Site 10

Frequency (%) 95.20 88,23 60.40

Intensity of mycorrhization (%) 38.85 31.60 18.32

Arbuscules (%) 36.50 35.80 19.40

Number of spores/100 g soil 138.66 96, 00 71,00

Table 1. Parameters of mycorhization of saffron plant roots in studied 
sites.

Diversity of arbuscular mycorrhizal fungi

201



were frequent in 2- and 4-year-old saffron plantations. 
Glomus microcarpum was reported in 2- and 10-year-old 
saffron plots.

These results show that the optimum of all mycor-
rhization parameters such as mycorrhization frequency 
and intensity, number of arbuscules and spores, as well 
as species richness of arbuscular mycorrhizal fungi was 
found at the site exploited by saffron for 2 years. 

Discussion

Mophological examination of saffron under light micro-
scope revealed the presence of AMF structures among 
the examined roots which showed different colonization 
levels. This suggests that C. sativus is a mycrotrophic spe-
cies. In addition, the values of mycorrhization frequency 
and intensity and the arbuscular contents strongly differ 
versus age of the saffron plantation. The same observa-
tion was fulfilled for spore richness which appeared to be 
dependent on the age of the plantation. In agreement with 
our results, El Aymani et al. (2019) reported a smallest 
richness and mean number of spores in the rhizosphere 
of saffron plants from 10-year-old plantation with 27 
spores/100 g soil and the highest density level at a 4-year-
old site (45 spores/100 g soil). Conversely, in the same 
region, Chamkhi et al. (2019) signaled that the density 
of AMF spores in Taliouine saffron soils is significantly 
affected by the plantation age, it is higher in the soil of 
the oldest saffron plantation (169.33 spores/100 g soil). 

But these authors did not mention any significant effect 
of planting or fertilization methods on the density of 
AMF spores. 

The increase of spore density with field age has been 
mentioned in the literature (Burni et al. 2011; Birhane 
et al. 2017). These authors related this to increasing soil 
organic matter and water capacity retention over time. 
Johnson et al. (1991) found a positive correlation between 
increased organic matter fraction including elements like 
carbon and azote and diversity of Glomales spores. Talbi 
et al. (2016) pointed out that each mycotrophic species 
may favor the proliferation and dominance of one or 
many species of endomycorrhizal fungi. The variation 
often observed can be related to the physicochemical 
and microbiological properties of the soil (Anderson et 
al. 1984; Johnson et al. 1991; Houngnandan et al. 2009), 
to the microclimate fluctuation (Koske 1987; Dalpé et al. 
1989), to the vegetation coverage; (Benjamin et al. 1989) 
and the sampling season (Gemma et al.1989; Bouamri 
et al. 2006).

The composite endomycorrhizal inoculum containing 
26 species monitored in the rhizosphere of olive plants 
by Semane et al. (2018) for 30 and 42 months revealed 
a distinct evolution of the initial inoculum numbers of 
species which were not able to sporulate versus time, 
while others, viz. four species of Glomus (G. clarum, G. 
intraradices, G. mossea and G. versiforme) have been able 
to maintain a stable sporulation rate in the rhizosphere 

Mycorrhizal species Ages of saffron plantation
10 years 4 years 2 years

Acaulospora mellea + + +

Acaulospora foveta + + -

Acaulospora laevis - + +

Acaulospora scorbiculata - - +

Acaulospora sp. 1 + - +

Acaulospora sp. 2 - +

Acaulospora sp. 3 - - -

Glomus macrocarpum + + +

Glomus microcarpum + - +

Glomus versiforme + + +

Glomus lamellosum - + -

Glomus deserticola - + -

Glomus sp. 1 - - +

Glomus sp. 2 - + -

Rhizophagus intraradices + + +

Funneliformis geosporum - - +

Densicitata nigra - + +

Table 2. Occurrence of mycorrhizal species in saffron plantation sites.

Figure 2. Crocus sativus roots with arbuscular mycorrhizal structures: 
arbuscles (a); intraductal hyphae (ih); external hyphae (he) and endo-
phytes (e). (G. x 400).
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of olive plants. Yang et al. (2010) reported that AMF soil 
community evolved in the function of environmental 
conditions and better-adapted AM fungi appeared to 
replace less-adapted AM fungi as environmental condi-
tions changed.

Studies on AMF linked to the roots and rhizosphere 
of C. sativus plants in saffron-producing countries are 
still rare. Lone et al. (2016) signaled that the early stud-
ies on the AM-saffron fungal association focused on the 
seasonal variation of spore density in the rhizosphere 
of saffron plants in Iran (Kianmehr 1981). Zare Maivan 
and Nakhaei (2000) noted the dominance of Acaulospora 
morrowiae and Glomus coronatum among endomycor-
rhizal species associated with the rhizosphere of three 
saffron cultivars that grow in the Irano-Turani climatic 
region. Mohebi-Anabat et al. (2015) found three species 
belonging to the Glomus genus in northeastern Iran (G. 
aggregatum, G. mosseae and G. etunicatum). In the present 
paper, the AMF richness of saffron plant rhizosphere in 
the Taliouine zone was reflected by a total of 17 species 
making up Acaulospora mellea, A. laevis, A. scorbiculata, A. 
sp. 1, A. sp. 2, Glomus macrocarpum, G. microcarpum, G. 
sp. 1., G. versiforme, Rhizophagus intraradices, Funneliformis 
geosporum, A. foveata, G. sp. 2, G. deserticola, G. lamellosum, 
Densicitata nigra and Acaulospora sp. 2. The highest number 
was 12 species recovered from the rhizosphere of saffron 
plants originating from 2-year-occupied plots against 7 
species in 10-year-occupied plots. The species A. mellea, 
G. macrocarpum, G. versiforme and Rhizophagus intraradices 
were most common at three lots of plots exploited by saf-

fron for 2, 4 and 10 years, while the most predominant 
species in saffron-grown fields of 2 and 4 years were A. 
laevis and Densicitata nigra. Saffron plots operated for 2 
and 10 years shared G. microcarpum. There is a difference 
in the composition and the species richness of the AM 
fungal community of saffron plants within the same 
sampling region in comparison with the research work 
of Chamhki et al. (2019), who reported the occurrence 
of 10 AMF species in the soil of saffron grown fiels in 
Taliouine, viz Glomus tenebrosum, G. reticulatum, Septoglomus 
deserticola, Sclerocystis taiwanensis, Rhizoglomus aggregatum, 
R. intraradices, Funneliformis coronatus, Enterophospora in-
frequens, Acaulospora sp. and Funneliformis sp. with the 
predominance of Glomeraceae family species. 

In 5 sites of the same zone, El Aymani et al. (2019) 
noted the presence of diversified AMF community mak-
ing up 36 identified species. According to these authors, 
this diversity varied among sites and increased in the 
site in four successive years of exploitation by saffron (24 
species), which registered the highest Shannon diversity 
index (H’ = 2.82). A regression Shannon index was noted 
at the sites of six or ten years of occupation by saffron.

According to Fuji et al. (1991), saffron is among the 
plants that are recognized as strong allelopathic plants. 
Variations in the AMF population structure among studied 
plots are likely related to the accumulation of allelopathic 
substances in the soil. Indeed, Pellissier and Trosset (1989) 
have reported the negative effect of Molinia caerulea on 
AMF. Afzal et al. (2000) demonstrated that aqueous shoot 
extracts of Imperata cylindrica, an allelopathic herb, reduced 

Species Shape of spores Color of spores Mean spore size (µm) Wall surface Hyphal length (µm)

Glomus microcarpum Globular brown 102.36 Granular -

Acaulospora foveata Globular brown 112.36 Granular -

Acaulospora sp. 1 Ovale brown 104.2 Smooth -

Acaulospora mellea Ovale yellow brown 115.36 Granular -

Acaulospora laevis Globular brown 102.7 Granular -

Glomus versiforme Ovale brown 104.2 Granular -

Rhizophagus intraradices Globular yellow 91.1 Granular -

Glomus macrocarpum Ovale brown 102.37 Smooth -

Glomus deserticola Globular black 113.51 Granular -

Densicitata nigra Globular brown 86.37 Smooth -

Glomus sp. 1 Globular brown 122.37 Granular -

Glomus lamellosum Globular brown 114.14 Granular -

Funneliformis geosporum Globular yellow brown 102.36 Smooth -

Acaulospora scorbiculata Globular yellow 106.18 Smooth -

Glomus sp. 2 Globular brown 107.9 Smooth 25.6

Acaulospora sp. 2 Globular yellow brown 128.36 Granular -

Acaulospora sp. 3 Globular brown 124.2 Granular -

Table3. Morphological characteristics of endomycorrhizal species isolated from rhizospheric soil of different aged saffron plantations (2, 4 and 
10 years).

Diversity of arbuscular mycorrhizal fungi

203



Figure 3. Morphology of some AMF species recovered from the rhizospheric soil of saffron plantations. (1): Glomus microcarpum; (2): Acaulospora 
foveata; (3): Acaulospora sp. 1; (4): Acaulospora mellea; (5): Acaulospora laevis; (6): Glomus versiforme; (7): Rhizophagus intraradices; (8): Glomus 
macrocarpum; (9): Glomus deserticola; (10): Densicitata nigra; (11): Glomus sp. 1; (12): Glomus lamellosum.
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root endomycorrhizal colonization in Vigna radiata (L.) 
Wlczek and Phaseolus vulgaris.

The influence of cultural practices on the populations 
of rhizospheric microorganisms of saffron plants is not 
yet well known. Jalali (1962) stated that after one period 
of cultivation, saffron cannot be cultivated in the same 
soil. Other researchers found that the continuous saffron 
cultivation induces some undesirable changes in soil 
chemical and physical properties (Khozaei et al. 2015). 
These changes can play an important role in decreasing the 
saffron yields even after 6 years of cultivation (Khozaei et 
al. 2015). Azizi Zohan and Sepaskhah (2002) affirmed that 
the unsuccessful saffron cultivation after one cultivation 
period can be due to allelopathic effects or accumulation 
of special salts in the root zone. Qarai and Beiji (1995) 
noted that the yield decreases with the age of the saf-
fron fields, afterwards the plot becomes unsuitable for 
cultivation. Following these authors, the probable reason 
for this diminution can be a change in physicochemical 
and biochemical properties of soil or the major change 
in the population of soil microorganisms. Sharif and 
Moawad (2006) noted that the diversity of AMF species 

in agricultural systems is highly affected by the types of 
input. For instance, the effect of the tissue extract of one 
plant species on the growth or reproduction of another 
species has been observed in numerous cases (Hoseini and 
Rizvi 2003; Jadhav et al. 1997; Kobayashi 2004). Jansa et 
al. (2014) have found that soil properties such as pH, soil 
fertility and texture, as well as site geography, especially 
the altitude strongly affected AMF community profiles.

The VA mycorhizae receive increasing attention dur-
ing the last decades for their potential role in improving 
agricultural yield of economic crops (Mosse and Hayman 
1971; Powell and Daniel 1978; Powell 1979; Kormanik et 
al. 1982; Fontana 1985; Strullu 1990). Indeed, these fungi 
are essential components of soil-plant systems (Smith and 
Read 2008; Van Der Heijden et al. (1998), they improved 
phosphorus assimilation, micronutrients (Bürkert and 
Robson 1994) and azote (Barea et al. 1991). They im-
proved water nutrition and provided a greater tolerance 
to abiotic constraints to different host plants (Smith and 
Read 2008; Campagnac et al. 2010; Miransari 2010), 
like drought (Dalpé 2005; Gianinazzi et al. 2010; Pozo 
et al. 2013), organic pollutants and heavy metals ( Joner 

Figure 4: Morphology of some AMF species recovered from the rhizospheric soil of saffron plantations. (13): Funneliformis geosporum; (14): 
Acaulospora scorbiculata; (15): Glomus sp. 2; (16): Acaulospora sp. 2; (17): Acaulospora sp. 3.
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and Leyval 2001). The potential of AMF as biocontrol 
agents has also been proved for various root infections 
(Khaosaad et al. 2007; Fiorilli et al. 2011). The optimiza-
tion of the symbiotic potential of the endomycorrhizal 
species taking place in the studied sites deems necessary 
to improve the productivity of the saffron culture and 
reduce the damage caused by fungal telluric pathogens. 
These symbionts will be able to increase the agronomic 
efficiency of phosphates and the resistance of the plants 
to different types of biotic and abiotic stresses. In this 
sense, it is very important to give a great importance 
to the multiplication and the production of a composite 
endomycorrhizal inoculum based on all the met species 
that will serve for the treatment of the corms of saffron 
destined to the culture. Indeed, according to Deirdre et 
al. (2009), arbuscular mycorrhizal fungi represent one of 
the key groups to ensure sustainable productivity of this 
agricultural system. 

Through this study we can confirm the diversity of 
indigenous AMF community associated with saffron 
plants grown in Taliouine, the primary area of saffron 
production in Morocco and to underline the variation 
of AMF community structure versus age of saffron 
plantation. Therefore, it is time to explore the efficacy 
of different AMF species and identify the most effective 
association for developing a composite endomycorrhizal 
inoculum as a more suitable and environmentally ac-
ceptable alternative enabling to preserve, improve yield 
and protect saffron plants from telluric bio-agressors. 
It also may help to formulate, based on this inoculum, a 
biostimulant and biofungicide used in new agricultural 
practices for a sustainable agriculture less dependent on 
chemical inputs. 
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Introduction

Salvia officinalis L. (sage, also called as garden sage, com-
mon sage, or culinary sage) (Fig. 1A) is an important 
medicinal plant belonging to family Lamiaceae (Labia-
tae). This species is a perennial and shrubby plant with 
evergreen stems and large, elongated, and entire leaves. 
The height of the plant is about 50 to 80 cm and its young 
stems are dark green that  covered with dense gray hairs 
(Asadi et al. 2018). This plant is native to the Mediter-
ranean regions; but, grows in most parts of the world 
and is also cultivated as an ornamental plant. S. officinalis 
needs heat and dry conditions during growing season 
and it is cultivated in some provinces of Iran that have 
mentioned conditions. Glycyrrhiza glabra L. (Liquorice or 
Licorice) (Fig. 1B) is an important medicinal plant with 
many secondary metabolites which many features of 
them is remained unknown (Duan et al. 2016; Esmaeili 
et al. 2019). This species is a perennial plant that has 
adapted with mesophyte and xerophyte habitats during 
its evolutionary period. It is native for southern Europe, 

northern Africa, and temperate regions of Asia; but is 
found in abundance in many parts of Iran, especially in 
western half (Ghahreman and Attar 1999). According 
to Bao and Larsen (2010), G. glabra is considered as the 
most important species in genus Glycyrrhiza and family 
Fabaceae (Leguminosae) which has been widely used as 
an important medicinal plant.

Habrobracon hebetor Say (Fig. 2) is a minute wasp from 
family Braconidae that is an ectoparasitoid agent of moth 
caterpillars. This wasp feed quickly, aided by their gut 
enzymes which quickly destroy blood proteins in hosts 
larvae; this increases value of the species as an effective 
biological control agent (Salvador and Consoli 2008). Mass 
rearing projects of H. hebetor are frequently performed 
on the larval stage of Sitotroga cerealella Olivier and the 
other laboratory hosts in different commercial insecta-
riums from Iran (Abedi et al. 2012; Mahdavi and Saber 
2013). Angoumois grain moth (S. cerealella) is an impor-
tant species of family Gelechiidae, commonly referred 
as the rice grain moth. It is most commonly associated 
as a pest of field and stored cereal grains. They burrow 
within the kernel grains of crop plants and rendering 
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them unusable for human consumption. By laying eggs 
between the grains and hatching in later time during the 
processing, transportation, or storage stages; this moth 
can be transported to households or countries presently 
free of infestations. Thus, constant protection against this 
important pest is required for grain up untill consump-
tion time (Throne and Weaver 2013). To date, H. hebetor 
parasitoid wasp has been released for effective control of 
Helicoverpa armigera (Hübner), Sesamia cretica Lederer, and 
Ostrinia nubilalis (Hübner) in agricultural crops of Iran 
(Baker and Fabrick 2000).

Essential oils are volatile materials in different plant 
species that contain terpenes, terpenoids, aromatic, and 
non-aromatic compounds. Identifying these compounds 
and understanding their roles are very important issues 
in plant science (Isman 2000; Isman et al. 2008). Essential 
oils, also known as the plant secondary metabolites, are 
mainly abundant in Myrtaceae, Lauraceae, Lamiaceae, 
and Asteraceae families due to their contact, fumigation, 
repellent, and anti-feeding effects. These compounds are 
one of the main components in defense mechanisms of 
various plants against herbivores during many centuries 
ago (Bakkali et al. 2008; Rafiee-Dastjerdi et al. 2013; 
Asadi et al. 2018, 2019). In terms of isolation method, 
the aromatic products from distillation process that are 
separated by volatile mechanisms are called the essential 
oil (Asadi et al. 2019). Research on these compounds has 
shown that the essential oils are used in different aspects 
due to their fumigant and medicinal effects. These com-
pounds are different in each plant species and also in each 
geographical areas; therefore, it is not possible to expect 
same compounds in one plant species from different 
regions; although, there may be similarities between 
their compounds. 

Biological control or biocontrol is one of main methods 
in integrated pest management (IPM). Functional response 

is the intake rate of a consumer as a function of food 
density or the amount of food available in a given ecotope 
(Baker and Fabrick 2000; Moezipour et al. 2008; Salvador 
and Consoli 2008). Following Holling (1959), functional 
responses are generally classified into three types, which 
are called Holling's type I, II, and III (Carneiro et al. 2010; 
Asadi et al. 2018). Totally, functional response type I has 
linear shape. In functional response type II, number of 
hosts attacked by each natural enemy reach to fix rate 
and most of the biocontrol agents show this type. Also, 
the functional response type III has sigmoid shape that 
is a preferred type or response about the natural enemies 
(Holling 1959; Hassell 1978). 

Predators and parasitoids as important biocontrol 
agents commonly could be combined with compatible 
pesticides or botanical compounds (plant extracts and 
essential oils). To date, there are few information about the 
effects of these compounds on the functional response of 
H. hebetor to its hosts (Rafiee-Dastjerdi et al. 2009; Abedi 
et al. 2012; Mahdavi and Saber 2013; Mahdavi et al. 2013; 
Faal Mohammad-Ali et al. 2015; Jarrahi and Safavi 2015; 
Rashidi et al. 2018; Asadi et al. 2018, 2021). Due to great 
importance of functional response in population dynam-
ics of plant pests by their natural enemies, the main idea 
for performing of this research was to determining safe 
botanical compounds on this important biocontrol agent 
for their efficient combination in IPM schedules.

Material and Methods

Identification of plant species
Identification of medicinal plants species collected from 
their natural habitats in Kermanshah province from Iran 
was done by sending complete samples to Razi University 
Herbarium (RUHK), Herbarium code: 2905 and 2906, 

Figure 2. Adult male (A) and female (B) wasps of H. hebetor.
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respectively; Kermanshah, Iran.

Isolation process of essential oil 
After drying the plant specimens in shade (temperature 
about 25 °C), they were transferred to laboratory and 
their essential oils were gradually isolated. For this, aerial 
parts of the plants that have the highest content of vola-
tile compounds were pulverized. Then, 50 g of the plant 
powder was mixed with 500 ml of distilled water in 1 liter 
balloon of Clevenger apparatus (Asadi et al. 2018). When 
the balloon heats up, volatile compounds are transferred to 
top of the tube and then cooled by condenser. After three 
hours, the essential oil was separated as a pale green layer 
on the water. The essential oil content of two medicinal 
plants was sufficient for these experiments and in each 
mentioned process approximately 0.5 ml was isolated. In 
order to remove water and purify the isolated essential 
oils, sodium sulfate (Na2SO4) was used (Asadi et al. 2019). 
Finally, the purified essential oils were stored in special 
glasses (5 ml) covered with aluminum tape in refrigerator 
(temperature about 4 °C) until GC-MS analyses and their 
usage in the experiments (Negahban et al. 2007; Shiva 
Parsia and Valizadegan 2015; Asadi et al. 2018).

Gas chromatography-mass spectrometry (GC-MS)
Chemical compounds in the purified essential oils of 
S. officinalis and G. glabra were identified by using a gas 
chromatographic device equipped with a split-splitless 
inlet (SSI) connected to mass spectrometer (GC-MS, 
Agilent 7980, USA). This device was available in the 
central laboratory, Islamic Azad University, Science and 
Research Branch, Tehran, Iran. The MS was equipped with 
EI ionization system and a four-coupled single analyzer 
(SQA) (Agilent, USA). To achieve the highest sensitivity in 
the detector, there was a triple detector (EMP) type that 
had very little noise and drift. After injecting of the es-
sential oils by Hamilton syringe into the device, different 
compounds were gradually detected based on their molar 
mass at different times (run time). Based of the analyses 
by GC-MS, different compounds were explored according 
to their peak number, run time, and area.

Rearing of the host (S. ceralella)
Initial population of S. cerealella was gotten from a private 
insectarium (registered name: Jalilian) in Eslamabad-e 
Gharb city located in Kermanshah province (Iran), dur-
ing 2019. The population was reared on wheat seed and 
maintained under the laboratory conditions including 
25 ± 1 °C, 65 ± 5% relative humidity, and a photoperiod 
of 16:8 (L:D) h (Naseri et al. 2017). 

Rearing of the parasitoid wasp (H. hebetor)
Females of H. hebetor were gotten from a private insecta-

Figure 1. Mature plants of S. officinalis and G. glabra that collected 
from their natural habitats.
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rium (registered name: Jalilian) in Eslamabad-e Gharb city 
(Kermanshah province located in west of Iran), during 
2019. The obtained wasps were urgently transferred to 
the growth chamber and reared on the last larval stage 
of S. cerealella as its laboratory host in 25 ± 1 °C, 65 ± 
5% relative humidity, and a photoperiod of 16:8 (L:D) h. 
Honey solution (produced in Mahram factory, Iran) was 
used as food for the adult parasitoid during the mentioned 
processes (Rafiee-Dastjerdi et al. 2009; Abedi et al. 2012).

Bioassays experiments
For study the fumigant toxicity of two isolated essential 
oils on the young female wasps of H. hebetor; different 
concentrations of them (8.5, 17.8, 38, 79.45, and 166.5 
µL/L air for S. officinalis and 8.9, 21.9, 54.95, 134.9, and 
333.5 µL/L air for G. glabra) that showed the mortality 
rate between 20% and 80% were put on filter papers (1 × 
1 cm) in 80 ml glass Petri dishes by using of sampler. The 
distilled water was used on the control wasps. Then, 20 
female wasps of H. hebetor were introduced to each Petri 
dish and then the Petri dishes were immediately covered 
with parafilm tape to prevent of essential oil exit. For 
feeding of the parasitoids, the honey solution was used 
on a piece of white paper in each unit. Each concentration 
was assayed in four replications and after 24 h; numbers 
of dead wasps were carefully recorded (Shiva Parsia and 
Valizadegan 2015). 

Functional response experiments
LC30 of each essential oil (6.657 and 6.754 µL/L air, re-
spectively) was used as the lowest lethal concentration 
for the functional response experiments. For this, 100 
mated females of H. hebetor were firstly treated by LC30 

of selected essential oils on filter papers (1 × 1 cm) by us-
ing of sampler in 10 cm Petri dishes for 24 h. All stages 
were done for on control wasps with the distilled water. 
After 24 h, six treated wasps were randomly selected and 
separately transferred to the Petri dishes contained the 
different densities including 2, 4, 8, 16, 32, and 64 of S. 
cerealella larvae in a growth chamber that was set at 25 
± 1 °C, 65 ± 5 % relative humidity, and a photoperiod of 
16:8 (L:D)h for 24 h. The honey solution was supplied as 
food source for the parasitoids. The experiments were 
designed in eight replication for the control wasps and 
each essential oil treatment and the numbers of paralyzed 
larvae were recorded after 24 h.

Functional response model
Model of Holling (1959) was used about the functional 
response of H. hebetor on variable densities of S. cerealella 
larvae which given as follows: 

Na = aTt N0  / (1+ aThN0)

The components of above equation are: 

Na= Number of attacked larvae
N0= Different densities of S. cerealella larvae
Tt = Total time of experiments (24h)
a= Attack rate
Th= Handling time 

Simpler form of the above equation is:

a = (d + bN0) / (1+ CN0)

Compound number Compound name Run time (min) Area%

1 Alpha-thujone 8.904 24.22

2 Bicyclo [2.2.1] heptan-2-one 9.865 15.51

3 1, 8-cineole 2-oxabicyclo 7.250 10.00

4 Thujone bicyclo [3.1.0] hexan-3 9.110 6.20

5 Veridiflorol 24.330 4.47

6 1-naphthalene propanol 31.786 4.10

7 1s-alpha-pinene 5.408 3.52

8 Camphene bicyclo [2.2.1] heptan 5.688 3.17

9 Alpha-humulene 20.416 2.65

10 Iron, monocarbonyl-(1, 3-butadien) 37.828 1.67

11 Borneol 10.369 1.65

12 Caryophyllene 19.341 1.60

13 12-oxabicyclo [9.1.0] dodeca-3 24.765 1.30

14 3, 6-dioxa-2, 4, 5, 7-tetrasilaoctan 38.034 1.13

15 1-naphthaleneethanol 37.565 1.09

Table 1. Fifteen dominant compounds in S. officinalis essential oil.
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In this status; “b”, “c” and “d” are model constants (Hassell 
1978; Juliano 1993).

Statistical analysis
Logistic and non-linear regression models by using of SAS 
ver. 9.1 software were used to determine the functional 
response type and estimation of its parameters (attack rate 
and handling time), under essential oils treatments and 
in the control wasps, respectively (SAS Institute 2002).

Results

Chemical analysis of the essential oils
The GC-MS results showed that S. officinalis essential 
oils contained 93 chemical compounds with a total run 
time of 38.230 min. Among the identified compounds 
based on the exit analysis by detector device, fifteen 
compounds were occupied more than 1% of area and 
make up 82.28 % of total sum of areas in the essential oil 
(Table 1). Also, alpha-thujone (8.904 min - 24.22%) was 

the highest compound in this essential oil. Moreover, G. 
glabra essential oil contain 239 different chemical com-
pounds with total run time of 38.469 min. As shown in 
Table 2, among the identified compounds, 20 compounds 
accounted more than 1% of sum of areas and mentioned 
as dominant compounds. By comparing of area in each 
compound to sum of areas, it was found that naphthalene, 
decahydro-4a-methyl (25.578 min -15.62 %) had the high-
est areae in this essential oil. These data were explored 
from the file produced by the chromatographic device.

Bioassay 
The obtained LC30, LC50, and LC90 values for S. officinalis 
and G. glabra essential oils against the females of H. hebetor 
are shown in Table 3. The adult bioassays indicated that 
acute toxicity of S. officinalis essential oil on H. hebetor 
was higher than G. glabra essential oil.

Functional response type
Models of logistic regressions by linear (P1) and non-
linear parameters indicated functional response type in 

Compound number Compound name Run time (min) Area%

1 Naphthalene, decahydro-4a-methyl 25.578 15.62

2 2, 6-octadiene-1-ol, 3, 7-dimethyl 24.702 6.96

3 Butanoic acid, 3, 7-dimethyl-2 23.587 5.79

4 Lavandulyl acetate 18.294 4.93

5 3-hexene-1-ol, benzoate 23.890 3.45

6 Nerolidol 1, 6, 10-dodecatrien 23.735 3.22

7 Geranyl tiglate 27.037 3.04

8 Geranyl propionate 2, 6-octadiene 21.137 2.59

9 Geranyl benzoate 31.151 2.55

10 (e)-2-formyl-6-methyl-3-(1-propylen) 24.805 2.24

11 Benzyl benzoate benzoic acid 28.473 2.14

12 1, 6, 10-dodecatrien-3-ol 25.091 2.12

13 Naphthalene, 1, 2, 3, 4, 4a, 5, 6, 8a 25.337 2.09

14 2-naphthalenemethanol 25.967 1.98

15 Propanoic acid, 2-methyl 22.242 1.82

16 Hinesol 25.664 1.57

17 (-)-endo-2, 6-dimethyl-6-(4-methyl) 19.890 1.46

18 Neryl propionate 2, 6-octadiene 28.193 1.34

19 Beta-eudesmol 2-naphthalene 25.898 1.28

20 1h-cycloprop [e] azulene, decahydro 20.926 1.02

Table 2. Twenty dominant compounds in G. glabra essential oil.

Essential oil n Slope ± E LC30 µL/L air (95% CL) LC50 µL/L air (95% CL) LC90 µL/L air (95% CL) Chi-Square

S. officinalis 480 1.564 ± 0.177 6.657 (4.181 - 9.159) 14.405 (10.744 – 18.083) 95.025 (70.572 – 145.715) 10.07

G. glabra 480 1.123 ± 0.134 6.754 (3.564 – 10.370) 19.792 (13.475 – 26.667) 273.871 (176.772 – 527.283) 8.99

Table 3. Acute toxicity of two plant essential oils on the female wasps of H. hebetor.
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the control and each essential oil treatment. If P1 value 
be equal or more than 1, the response is type III and if be 
lower than 1 is type II (Table 4). According to the results, 
the functional response type III (P1 ≥ 0) in the control 
and type II (P1 < 0) in S. officinalis and G. glabra essential 
oils were determined, respectively (Fig. 3).

Functional response parameters
Estimation results of the attack rate, handling time, and 
theoretical maximum attack rate values for the treated 
wasps of H. hebetor by two isolated essential oils and the 
control are given in Table 5. Accordingly, the highest and 
lowest attack rates were obtained in the control wasps 
(0.0443 ± 0.00278 h-1) and S. officinalis (0.0349 ± 0.00257 
h-1) treatment, respectively. The descending order of attack 
rate values was observed in the control, G. glabra, and S. 
officinalis treatments, respectively. In addition, the treated 
wasps by G. glabra essential oil showed shorter handling 
time than S. officinalis (0.4497 ± 0.0373 h versus 0.5196 
± 0.0589 h). Moreover, the respective ascending order 
of handling time values was observed in the control, G. 
glabra, and S. officinalis treatments. The highest and lowest 
values for theoretical maximum attack rate based on the 
obtained T/Th (total time / handling time) were observed 

in the control and S. officinalis essential oil (62.19 versus 
46.19), respectively. In addition, the respective descending 
order for this parameter was determined in the control, 
G. glabra, and S. officinalis treatments. 

Discussion

Medicinal plants are god-given natural resources in 
each region and study of their chemical properties 
is very important. Due to high importance of S. of-
ficinalis and G. glabra, various researches have been 
done on these valuable plants over the world. There 
are good studies on the extract of these plants; but, 
we will abandon them. In addition, there are some 
studies on their essential oils that we will review 
them and explain differences or similarities with 
our results. Totally, the effects of essential oils on 
the functional response of H. hebetor and the other 
natural enemies could be considered as a useful tool 
for predicting the success of this useful agents in 
IPM schedules, especially on stored pest, S. cerealella. 

Studies about the acute toxicity of different es-
sential oils on H. hebetor is very limit (Seyyedi et al. 

Treatments Coefficient Estimate Stansard Error Chi-Square P-value

Control

P0 (Constant) 1.2962 0.5316 5.95 0.0148

P1 (Linear) 0.0554 0.0813 0.46 0.4958

P2 (Quadratic) -0.00292 0.00306 0.91 0.3406

P3 (Cubic) 0.00002 0.00003 0.81 0.3668

S. officinalis

P0 (Constant) 1.5690 0.4790 10.73 0.0011

P1 (Linear) -0.1267 0.0701 3.27 0.0707

P2 (Quadratic) 0.00410 0.00260 2.48 0.1151

P3 (Cubic) -0.00004 0.00002 2.58 0.1082

G. glabra

P0 (Constant) 1.6326 0.5021 9.85 0.0017

P1 (Linear) -0.0248 0.0767 0.10 0.7469

P2 (Quadratic) -0.00078 0.00285 0.07 0.7846

P3 (Cubic) 0.00001 0.00002 0.17 0.6828

Table 4. Functional response parameters in H. hebetor wasps were exposed to LC30 of two essential oils.

Treatment Functional re-
sponse type 

Attack rate (h-1) a ± SE 
(Lower - Upper)

Handling time (h) Th ± SE 
(Lower - Upper)

Theoretical maximum
attack rate (Ttoal / Thandling)

Correlation coef-
ficient (R2)

Control III 0.0443 ± 0.00278
(0.0387 - 0.0449)

0.3859 ± 0.0317
(0.3221 - 0.4498) 62.19 0.96

S. officinalis II 0.0349 ± 0.00257
(0.0343 - 0.0446)

0.5196 ± 0.0589
(0.4012 - 0.6381) 46.19 0.95

G. glabra II 0.0364 ± 0.00340
(0.0296 - 0.0433)

0.4497 ± 0.0373
(0.3747 - 0.5247) 53.36 0.95

Table 5. Logistic regression analysis from S. cerealella larvae that parasitized by H. hebetor wasp.
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2011; Hashemi et al. 2014; Ahmadpour 2017; Asadi 
et al. 2018, 2019). In our study, the tested essential 
oils showed different acute toxicity on the females 
of H. hebetor that extremely are similar to the results 
of Seyyedi et al. (2011), who studied the effects of 
Ferula gummosa L. essential oil on H. hebetor and 
concluded that the mortality was increased during 
24h. Moreover, Hashemi et al. (2014) concluded 
that Ferula assafoetida L. essential oil had high toxic-
ity on H. hebetor. Furthermore, Ahmadpour (2017) 
concluded that among Ocimum basilicam L., Achillea 
millefolium L., Foeniculum vulgare Mill., and Zataria 
multiflora Boiss, the essential oil of F. vulgare showed 
higher mortality compared with the others. Asadi et 
al. (2018, 2019) concluded that acute toxicity of Ros-
marinus officinalis L. essential oil on the female wasps 
of H. hebetor was higher than the other essential oils 
including  Allium sativum L., Piper nigrum L., Salvia 
officinalis L., and Glycyrrhiza glabra L. Also, G. glabra 
essential oil had the lowest acute toxicity in their 
research that is completely similar to our results.

In our research, alpha-thujone and naphthalene 
decahydro-4a-methyl were main components in S. 
officinalis and G. glabra essential oils, respectively. 

These compounds are volatile and aromatic with 
high toxicity on the female wasps of H. hebetor. 
These compounds have active molecules that make 
fumigant and contact effects and could be considered 
as natural insecticides against the insect pests espe-
cially in enclosed environments (Yazdgerdian et al. 
2015). Accordingly, these essential oils and the other 
botanical compounds also can have negative effects 
on the natural enemies especially on behavioural 
freatures such as functional response that must be 
seriously considered (Croft 1990; Mahdavi and Sa-
ber 2013; Jarrahi and Safavi 2015). The results also 
showed that the attack rate values in treated wasps 
of H. hebetor by LC30 of the essential oils was lower 
than the control; but, the handling time values were 
higher. This subject indicated that these essential oils 
negatively have affected these important parameters 
in H. hebetor; because, when handling time increase 
the attack rate naturally decrease and this is a nega-
tive effect of each compound on a biocontrol agent.  

There are limited research about the effects of 
essential oils on the functional response of H. hebe-
tor; but, research on the insecticides effects are to 
some extent available. Asadi et al. (2018) concluded 

Figure 3. Curves of functional response from females of H. hebetor that treated by LC30 of selected essential oils and the control wasps to dif-
ferent densities of S. cereaella larvae.
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that among A. sativum, R. officinalis, P. nigrum, S. of-
ficinalis, essential oil of G. glabra showed minimum 
negative effects on the functional response type and 
it’s parameters in H. hebetor. Their results indicated 
that G. glabra essential oil can be recommended with 
H. hebetor in IPM that is similar with our results. 
Although, the studied host in their research was 
Ephestia kuehniella Zeller that is different with our 
host. Features of host directly could be effective on 
the natural enemies that this subject must be con-
sidered in related research on any natural enemy.

About the effects of pesticides on the functional 
response of this biocontrol agent, Rafiee-Dastjerdi 
et al. (2009) obtained the functional type II in H. 
hebetor on its laboratory host in the control and all 
insecticides treatments. Abedi et al. (2012) indicated 
that cypermethrin showed more adverse effects on 
this ectoparasitoid wasp compared with azadirachtin, 
methoxyfenozide, and pyridalil. In comparison, our 
results indicated that S. officinalis essential oil made 
higher negative effects on this biocontrol agent. Mah-
davi and Saber (2013) concluded that malathion was 
compatible insecticide on the functional response 
of H. hebetor to E. kuehniella larvae compared with 
diazinon. But, our results showed that G. glabra were 
compatible. Mahdavi et al. (2013) studied the effects 
of abamectin, carbaryl, chlorpyrifos, and spinosad 
on the functional response of H. hebetor on adults 
treatment and reported functional response type III 
in all treatments; but, spinosad and abamectin were 
relatively compatible on the functional response 
parameters of this ectoparasitoid wasp. The dissimi-
larity of the results can belong to the type of host, 
laboratory conditions, quality of investigated wasps, 
type and mode of action of selected treatments, and 
their compatibility on H. hebetor.

Faal Mohammad-Ali et al. (2015) investigated the ef-
fects of chlorpyrifos and fenpropathrin on the functional 
response of H. hebetor in larval and pupl treatments and 
stated that the functional response of this parasitoid 
wasp in the control and all treatment were type III and 
the treatmenes have not any significant effects on the 
attack rate compared to the control; but, their effects 
on the handling time were significant. Different stages 
of H. hebetor have special features and their treatments 
could be made variable results. Jarrahi and Safavi (2015) 
concluded that Proteus® in pupal stage treatment made the 
highest handling time and lowest attack rate in H. hebe-
tor compared to entomopathogenic fungus Metarhizium 
anisopliae sensu-lato and the control that their results 
were in agreement with our results about S. offocinalis 
treatment. The observed differences in results can belong 
to treated growth stage of H. hebetor, experimental con-

ditions, colony quality of the parasitoid wasp, and type 
of examined treatments. Moreover, Rashidi et al. (2018) 
studied the effects of diazinon, phosalone, fipronil, and 
pyriproxifen on the functional response of H. hebetor on 
two lepidopteran host and concluded that the type of 
functional response in the treatments and control were 
similar; but, the attack rate and handling time negatively 
were affected by LC30 of mentioned insecticides that their 
results were in agreement with our results; although, in 
our research the type of functional response in all treat-
ments were changed compared with the control. Asadi 
et al. (2021) studied the sublethal effects of chemical and 
botanical insecticides on the functional response of H. 
hebetor to larvae of E. kuehniella and stated that palizin and 
dayabon due to the lowest negative effects on H. hebetor 
were compatible insecticides for combination with this 
parasitoid wasp in IPM. In this study, we investigated 
the effects of two selected essential oils on the functional 
response in the ectoparasitoid wasp H. hebetor for second 
time. So far, the isolated essential oils from these me-
dicinal plants have not been formulated as a commercial  
insecticide and we hope to find a way to formulate this 
natural compounds in future.
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Introduction

Copper (Cu(II)) is one of the common inorganic metal 
cations that are extensively used in the manufacturing, 
electroplating and fertilizer industries (Sulaymon et al. 
2013; Chen et al. 2018).  By nature, Cu(II) is an essential 
metal required for physiological processes. However, 
high concentrations of Cu(II) in wastewater, can lead to 
toxicity, affecting living organisms and the environment. 
Prolonged exposure to high concentrations of Cu(II) can 
result in deleterious health implications affecting vital 
organs such as brain, heart, liver and kidney (Singh et 
al. 2011). The removal of Cu(II) from the environment is 
therefore pertinent to reduce hazards as Cu(II) cations 
are non-biodegradable and tend to accumulate in the 
environment. Several techniques have been adopted 
as approaches to remove Cu(II) from the environment. 
They include mostly physicochemical approaches such as 
chemical-metal precipitation, ion exchange, membrane 
filtration and adsorption (Cheah and Ting 2020). These 
approaches are useful, but are also costly and contributes 
to the generation of toxic sludge. As an alternative, bio-
remediation is investigated, in which biological agents 

are used to remove toxic metals from the environment. 
Bacteria, fungi and plants, are all capable of bioremedia-
tion via biosorption, biodegradation, bioaugmentation 
or bioflocculation.

In recent years, the application of biomolecules pro-
duced from microbes such as exopolymeric substances 
(EPS) has become an attractive alternative. The application 
of EPS eliminates the need to apply live microbial cells, 
addressing concerns of having microbial cell residues 
in the environment and potential transfer of resistance 
genes (Cheah and Ting 2020). EPS comprises of long chain 
polysaccharides and are naturally-produced by bacte-
ria into the surrounding environment during bacterial 
growth, especially in response to stressful environmental 
conditions (Sivakumar et al. 2012; Ahmed et al. 2013; 
Cheah and Ting 2020). The typical composition of EPS 
includes macromolecules such as nucleic acids, proteins, 
lipids and carbohydrates (Sheng et al. 2010; Ozturk et al. 
2014; Jia et al. 2017). These constituents contribute to the 
many functional groups present (e.g., carbonyl, carboxyl, 
hydroxyl, phosphoryl, sulfhydryl and amino groups) in the 
EPS, which assist in biosorption of metal cations (More et 
al. 2014; Crini and Lichtfouse 2018). While some of these 
EPS are well-known and used in various industries (i.e., 
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xanthan, gellan, alginate, hyaluronan) (Messner 1997; De 
Philippis et al. 2011; Freitas et al. 2011); only scattered 
reports are available on microbial EPS for metal removal. 
For example, EPS from cyanobacteria have been found to 
be effective for the removal of Cu(II), Cr(III) and Ni(II) 
(Micheletti et al. 2007). Paniwichian et al. (2011) reported 
similar metal removal potential by EPS produced from 
Rhodobium marinum and Rhodobacter sphaeroides, which 
reduced levels of Cd(II), Cu(II), Pb(II) and Zn(II) from 
contaminated shrimp ponds. There is therefore a demand 
for more thorough investigations on EPS production, 
optimization of yield and quality, and their subsequent 
metal removal capacity.

The focus of this study is to investigate if EPS produc-
tion is influenced by culture age. This is because EPS is 
organically produced by bacteria, and the EPS and possibly 
their constituents may differ depending on response of 
bacteria to incubation time, nutrient, and stress. To ascer-
tain this, the influence of culture age on EPS production 
(yield), profile and subsequent Cu(II) removal efficacy, is 
determined. The influence of culture age encompasses the 
response of bacteria to incubation time as well as towards 
depletion of nutrients and build-up of toxic products 
(Brose and Eikeren 1990). As such, influence of culture 
age was the approach adopted in this study. The findings 
here would offer new understanding on the characteristics 
of the EPS from bacterial cultures of various incubation 
periods, and the integrity of their properties. It also out-
lines the consistency of the properties and quality of EPS 
to be used as an effective biomolecule for metal removal.

To achieve this, Bacillus cereus and Pseudomonas aerugi-
nosa were selected as they are known to produce EPS. They 
also represent gram positive and gram negative bacteria, 
respectively. Both B. cereus and P. aeruginosa are laboratory 
strains, and has no prior exposure to metal stress or any 
other stress factors. The intention of using two laboratory 
strains are to eliminate pre-disposing factors that may 
induce EPS production other than under the typical con-
trolled environment. The bacterial isolates were incubated 
at various incubation time to give rise to different culture 
ages, and the EPS produced was investigated for yield and 
quality (solubility, FTIR). The EPS produced were then 
studied (using different concentrations) for their efficacy 
for Cu(II) biosorption to remove Cu(II) from solutions. 

Materials and Methods 

Establishment of bacterial cultures
Two bacterial isolates, Bacillus cereus ATCC 14579 and 
Pseudomonas aeruginosa ATCC 10145 were selected as 
producers of EPS. Both isolates were from the Microbial 
Culture Collection, Microbiology Laboratory, School of 

Science, Monash University Malaysia. The bacterial iso-
lates were cultured on Nutrient Agar (NA) (Merck 105450, 
Germany) and incubated for 24 h at 25 ± 2 °C and 35 ± 2 
°C for B. cereus and P. aeruginosa, respectively, until use.

Bacterial growth and EPS production 
Bacterial isolates were inoculated into 50 ml of Nutrient 
Broth (NB) (Merck 105443, Germany), and incubated with 
agitation (35 ± 2 °C, 100 rpm, 24 h) (Thermo Scientific, 
MaxQ 6000, USA). After incubation, the broth cultures 
were centrifuged at 4000 rpm (30 min, 25 ± 2 °C) (Thermo 
Scientific CL40R Centrifuge, USA) to obtain pellets (bac-
terial cells) (Chug et al. 2016). The pellets were weighed 
(fresh weight) (weighing balance, Ohaus® Pioneer™, USA) 
and the biomass recorded to represent bacterial growth. 
The supernatant was transferred into 250 ml flasks and 
three volumes of 95% ethanol ( J. Kollin Chemical) were 
added. The mixture was incubated at 4 °C overnight to 
allow precipitation of EPS. After incubation, mixtures 
were centrifuged (4000 rpm, 45 min, 4 °C) and the su-
pernatant discarded. The pellet (EPS) was mixed with 
double distilled water to dissolve the precipitate, followed 
by filtration using 0.45 µm membrane pore filters ( Jet 
Biofil, China) to obtain cell-free EPS. The cell-free EPS 
was then lyophilized (freeze dryer Labconco Freezone 
4.5, Missouri) to obtain powder-forms. The procedure 
was repeated to obtain EPS from both bacterial cultures 
incubated for 48, 72, 96 and 120 h. 

Characterization of EPS
The physical properties of the lyophilized EPS was deter-
mined by characterizing based on colour and solubility 
in various solvents. The EPS was first weighed (Mettler 
Toledo, USA) and the colour of lyophilized EPS was as-
signed based on visual interpretation. The solubility of 
EPS was tested in distilled water and organic solvents, i.e. 
absolute ethanol ( J. Kollin Chemical), ether (Friendemann 
Schmidt) and acetone (Friendemann Schmidt). Solubil-
ity test was performed by dissolving 0.5 mg EPS in 5 ml 
of the solvents (or distilled water). The procedure was 
repeated for EPS from both bacterial cultures incubated 
for 48, 72, 96 and 120 h. 

The quality and purity of the EPS obtained was ascer-
tained by detecting the presence/absence of DNA peaks. 
EPS (0.5 mg) was first mixed in 2 ml of distilled water, 
and the absorbance read within the range of 190-500 nm 
(UV-vis spectrophotometer, Perkin Elmer Lambda 365, 
USA). The absence of peaks within regions of 260 to 280 
nm indicated absence of DNA in the EPS sample, suggest-
ing high quality and purity of EPS (Lin et al. 2010; Liu 
et al. 2010). On the contrary, peaks detected at 260-280 
nm regions would indicate contamination with DNA, 
concluding that EPS is of poor quality. The procedure was 
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repeated for EPS from both bacterial cultures incubated 
for 48, 72, 96 and 120 h. 

 The Fourier transformed infrared (FTIR) spectroscopy 
analysis was performed for EPS samples to determine the 
functional groups present on the EPS. EPS samples (0.5 
mg) were analysed with the FTIR spectrometer (Perkin 
Elmer Spectrum Two, USA) with the spectrum measured 
at the resolution of 4 cm-1 in the range of 400-4000cm-1 
(Chew and Ting  2016). The procedure was repeated for 
EPS from both bacterial cultures incubated for 48, 72, 
96 and 120 h. 

Cu(II) biosorption
The removal of Cu(II) by EPS was determined by first 
preparing the Cu(II) solution (10 ppm concentration) using 
Copper(II) nitrate trihydrate (Friendemann Schmidt) in 
1000 ml of distilled water. The solution was then dispensed 
into 50 ml Falcon tubes (25 ml Cu(II) solution in each 
tube). The EPS (from 24-, 48-, 72-, 96-, 120-h culture) 
was then weighed (0.75 mg) and added into the Cu(II) 
solutions, to give a final concentration of 30 ppm of EPS 
for the treatment of 25 ml Cu(II) solution (Chug et al. 
2016).  The EPS-Cu(II) solution was incubated for 24 h, 
at room temperature (23 ± 2 °C), with agitation (120 rpm) 
(Lab Companion SI-600R, Korea). After incubation, the 
EPS-Cu(II) solutions were centrifuged (4000 rpm, room 
temperature, 45 min), and the supernatant collected while 
the pellet was discarded. The supernatant was subjected 
to Cu(II) analysis via Atomic Absorption Spectrometry 
(AAS) analysis using flame atomic absorption (Perkin 
Elmer AAnalyst 100, USA). The procedure was repeated 
for EPS-Cu(II) solutions incubated for 48 and 72 h. The 
removal of Cu(II) was recorded and calculated using 
Equation 1 (Eq.1), with C0: initial concentration of Cu(II), 
and Ce: final Cu(II) concentration.

% Cu(II)  removal=[(Co-Ce)/Co] x 100%          (Eq.1)

A subsequent test was conducted using a higher con-
centration of EPS (50 ppm) and with longer EPS-Cu(II) 
solution incubation time (24, 48, 72, 96, and 120 h). For 
this test, 1.50 mg of EPS (from 24-, 48-, 72-, 96-, and 120-h 
culture) was added into 30 ml of 10 ppm Cu(II) solution 
to give rise to 50 ppm EPS for the test and incubated 
in similar conditions as described previously. At each 
sampling period (24, 48, 72, 96, and 120 h),  aliquots were 
sampled and analysed for Cu(II) removal as previous. 

Statistical analysis
Analysis for bacterial growth and EPS production was 
conducted using six replicates, while Cu(II) biosorption 
analyses were conducted in triplicates. Data was analysed 
using One Way Analysis of Variance (ANOVA) performed 

using SPSS Statistics version 21.0. Means were compared 
with Tukey’s test (p < 0.05). Comparison between two 
variables were performed using T-test (p  < 0.05).

Results and Discussion

Bacterial growth and EPS yield
The growth of Bacillus cereus was generally inferior to 
Pseudomonas aeruginosa, for all incubation periods (24-120 
h) (Fig. 1). The growth of B. cereus was slower (184.83-
449.66 mg) with highest biomass achieved at 120 h (449.66 
mg). On the contrary, the biomass of P. aeruginosa was 
significantly higher than B. cereus (328.33-632.33 mg) 
for all incubation periods (Fig. 1), with highest biomass 
observed as early as 24 h (632.33 mg). It is presumed 
that both bacterial isolates achieved stationary phase by 
96 h as there were no longer any significant increase in 
biomass thereafter (Fig. 1). Although 120-h culture of B. 
cereus and 24-h culture of P. aeruginosa had the highest 
biomass, keeping the cultures longer than 120 h may not 
necessary be beneficial. Bacteria will grow to a point 
where growth is then limited by the gradual depletion of 
nutrients and the possible build-up of toxic by-products 
(i.e. organic acids, carbon dioxide) (Brose and Eikeren 
1990), which may have then inadvertently affected their 
growth in the later stages.  

On the contrary, the production of EPS continued 
throughout the incubation period, suggesting that EPS 
production is possible exceeding beyond the optimum 
culture age of 120 h. Although maximum EPS yield was 
derived from 48-h culture for B. cereus (8.30 mg EPS) 
and 96-h culture for P. aeruginosa (6.95 mg EPS), there 
is an increasing trend in EPS production beyond the 
optimum culture age, more evidently for P. aeruginosa 
with 6.67 mg EPS recovered from 120-h culture (Fig. 1). 
For B. cereus, EPS production increased almost two-fold 
after 24 h, and subsequent 72-, 96- and 120-h cultures 
yield 7.81, 6.19 and 8.21 mg of EPS, respectively (Fig. 1). 
It is evident that cultures kept at prolonged incubation 
period beyond the optimum period, was able to sustain 
the production of high EPS yield. 

When examined between growth and yield, 48-h 
culture of B. cereus appeared to produce more EPS (8.30 
mg) despite the low biomass (184.83 mg). This gives a 
percentage of EPS production of 4.49% for B. cereus. In 
fact, B. cereus had lower biomass (poorer growth) (184.83-
449.66 mg) compared to P. aeruginosa (328.33-632.33 mg), 
but the production of EPS by B. cereus was significantly 
higher than P. aeruginosa, especially from 48, 72 and 120-
h cultures with 8.30, 7.81 and 8.21 mg of EPS obtained, 
respectively (Fig. 1). For P. aeruginosa, EPS production 
was highest from 96-h culture (6.945 mg) which had a 
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corresponding biomass of 582 mg. This gives a percent-
age of EPS production of only 1.19%, This affirmed that 
B. cereus produced more EPS than P. aeruginosa although 
the growth of B. cereus was inferior to P. aeruginosa. 

Clearly, EPS production differs in the two isolates 
tested. B. cereus have higher EPS production as early 
as 48 h incubation, suggesting EPS production is high 
during the early log (exponential) growth phase. On the 
contrary, P. aeruginosa produced more EPS at 96 h, coin-
ciding with the stationary growth phase.  The high EPS 
production during late log or stationary phase has been 
reported (Bragadeeswaran et al. 2011; Razack et al. 2011) 
and is associated with the various bacterial species and 
their response to limited nutrient conditions (Myszka 

and Czacyzk 2009) and release of EPS due to cell lysis 
(Zeng et al. 2016). Therefore, in some bacteria, growth is 
correlated to their production of EPS (Finore et al. 2014), 
whereas no correlation exists for others (Arunkumar et 
al. 2012). This study has shown that the two different 
bacteria responded to the incubation conditions differ-
ently which influenced growth. However, since EPS is 
typically produced at early or late log phase of growth 
between 48-96 h incubation, culture age does influence 
the EPS yield whereby older cultures (prolonged incuba-
tion) may produce high EPS yield irrespective of growth. 
The higher production of EPS by 48 and 96-h old cultures 
appeared typical for most bacteria (Kilic and Dönmez 
2007; Sheetal and Gupte 2016).

Figure 1. (a) Growth of B. cereus and P. aeruginosa expressed as weight of bacterial biomass (mg) from 24, 48, 72, 96 and 120 h cultures. (b) 
Production of exopolymeric substances (EPS, dry weight in mg) by 24, 48, 72, 96 and 120 h cultures of B. cereus and P. aeruginosa. Means with 
the same alphabets of the same caption are not significantly different (Tukey’s Test, p<0.05). *indicates significant differences between the two 
bacteria as according to T-test (p<0.05). Bars indicate standard error.

Physical properties Bacillus cereus Pseudomonas aeruginosa

Colour Brown Greyish white

Solubility in water Yes Yes

Solubility in absolute ethanol No No

Solubility in ether No No

Solubility in acetone No No

Table 1. Properties (colour, solubility) of EPS produced from Bacillus cereus and Pseudomonas aeruginosa.
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Quality and purity of EPS yield 

The quality of EPS produced from the various incuba-
tion periods was generally acceptable, as the integrity of 
physical properties was evident throughout. The colour 
of the EPS produced by B. cereus and P. aeruginosa were 
brown and white in colour, respectively (Fig. 2). EPS from 
both B. cereus and P. aeruginosa were soluble in water, but 
insoluble in the organic solvents (Table 1). The quality of 
EPS was consistent for all EPS sampled from all culture age 
of B. cereus and P. aeruginosa throughout the experiment. 

The EPS produced by B. cereus and P. aeruginosa were 
considered pure, as no impurities (i.e. nucleic acids, pro-
teins) were detected. Absence of peaks between 260 to 
280 nm indicated absence of nucleic acids or proteins 
(Fig. 3). Minor shoulder peaks were however, detected at 
190-210 nm and 250-260 nm. Peaks at 190-210 nm may be 
attributed to the n-σ* and/or π-π* transitions, associated 
with functional groups such as carboxyl, carbonyl or ester 
functional groups (Lin et al. 2010). Peaks at 250-260 nm 
wavelength may originate from the π-π* electron transi-
tions of the aromatic and polyaromatic compounds (Liu 
et al. 2010; Lin et al. 2010). The EPS produced by both B. 

cereus and P. aeruginosa were concluded to have accept-
able purity, and were not contaminated by nucleic acids 
or proteins, although aliphatic and aromatic compounds 
associated with the EPS were detected as inconspicuous 
shoulder peaks (Lin et al. 2010). This observation was 
consistent for all EPS derived from the various culture 
ages of B. cereus and P. aeruginosa.

The FTIR analysis showed that EPS from B. cereus 
and P. aeruginosa have similar spectral and major peak 
patterns, although the intensity of the peaks differed, 
especially within sections from wavenumber 500-1800 
cm-1 (Fig. 4). In those regions, the peak widths for B. 
cereus were broader, whereas the peaks for P. aeruginosa 
were narrower. Broad strong bands of the O-H stretch 
was abundant in both bacteria (7) (3271.82-3258.98 cm-

1) (Fig. 4, Table 2 and 3). The primary functional groups 
detected were C-O stretching of alcohols (2) and carbonyl 
(3), alkanes (CH3) (4,6), and C=C stretch of alkene com-
pounds (5), each at their respective wavenumbers (Fig. 4; 
Table 2 and 3). These observations were consistent for all 
samples derived from EPS of B. cereus and P. aeruginosa 
of different culture age. 

The FTIR spectra analysis confirmed the presence of 
polar and non-polar functional groups in EPS produced 

Figure 2. Lyophilized EPS produced by 120 h cultures of (a) B. cereus 
and (b) P. aeruginosa, bearing the distinct brownish and greyish white 
colours, respectively.

Figure 3. UV-Vis spectra of EPS derived from 24 h cultures of (a) B. cereus 
and (b) P. aeruginosa, measured within a wavelength of 190-500 nm.

Figure 4. FTIR spectra of EPS derived from 24 h cultures of (a) B. cereus and (b) P. aeruginosa. Major peaks are labelled with numbers (i.e. 1-7), 
with corresponding functional groups listed in Table 2. and 3. for B. cereus and P. aeruginosa, respectively.
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by both gram-positive and gram-negative bacteria. The 
primary functional groups identified were alkyl halides, 
carbonyl, alcohol, alkane, and alkenes, which are nega-
tively charged and capable of binding metal ions (Abraham 
and Le 1999; Wu et al. 2016). In this study, there were no 
distinct differences in major functional groups found in 
the EPS produced by B. cereus and P. aeruginosa. There 
were however, two peaks detected within 1210-1230 
cm-1 (3) and 1630-1650 cm-1 (5) in P. aeruginosa, which 
had higher peak intensity than in B. cereus (Fig. 4). The 
intense peaks from EPS of P. aeruginosa correspond to 
phenol, amine and alkene, suggesting that more of the 
groups may be present in P. aeruginosa compared to B. 
cereus. FTIR analysis also revealed the presence of O-H 
stretching group (3000-3500 cm−1), C-H stretching group 
(2930 cm-1) and deviational vibration of C-H (1400-1200 
cm-1), which represent the polysaccharide constituent in 
the EPS (Ryder et al. 2007; Chen et al. 2017). This carbo-
hydrate constituent (40-95% of the total composition of 
EPS) typically comprise of sugar molecules (e.g., hexose 
or uronic acids), homopolysaccharides, heteropolysac-
charides, proteins and lipids (Messner 1997; Flemming 
and Wingender 2010; More et al. 2014; Gupta and Diwan 
2017). Ionization of the functional groups releases the 
hydrogen ion, giving rise to negatively-charged groups 
that bind readily to metal cations (Wei et al. 2016; Gupta 
and Diwan 2017; Zhang et al. 2017). The differences in 

peak intensity were attributed to the gram positive and 
gram negative nature of the bacterial isolates, rather than 
to the culture age. 

The quality and yield analyses indicated that both B. 
cereus and P. aeruginosa produced EPS of similar charac-
teristics or properties throughout the experiment. EPS 
from both bacterial cultures, whether from 48, 72, 96 
or 120-h cultures, all demonstrated similar characteris-
tics and profile for quality (solubility, purity, functional 
groups). Older cultures may produce more EPS yield, 
given that it is within the late exponential or stationary 
phase of the bacteria growth cycle. This suggested that 
the EPS produced by both bacterial isolates has good 
integrity and consistency, although harvested from dif-
ferent culture ages. 

Cu(II) biosorption by EPS
The initial Cu(II) removal test using 30 ppm EPS con-

centration for metal incubation from 24-72 h, indicated 
that a longer metal incubation time is required to benefit 
Cu(II) biosorption. The amount of Cu(II) removed was 2-3 
fold higher when EPS-Cu(II) solution was incubated for 48 
h and 72 h instead of 24 h (Fig. 5). This was evident for EPS 
derived from both B. cereus and P. aeruginosa. Application 
of EPS from B. cereus into EPS-Cu(II) solutions incubated 
for 48 h recorded 15.15 and 17.64% Cu(II) removal by 
EPS from 24- and 48-h cultures. The increasing trend 

No. Wavenumber (cm-1) Functional groups

1 810.78 C-Cl stretching of alkyl halides 

2 1024.28 C-O stretching of alcohol

3 1220.45 C-O stretching of carbonyl; stretching vibration of C-O

4 1397.84 CH3 (alkanes)

5 1636.28 C=C stretching of alkene compounds 

6 2932.08 -CH3 alkanes; symmetric and asymmetric CH2- and CH3- stretching vibrations

7 3258.98 O-H stretching of alcohol

Table 2. Functional groups and their respective wavenumbers (cm-1) detected from EPS samples produced by 24-h cultures of Bacillus cereus. 
Corresponding spectra peaks are in Figure 4.

No. Wavenumber (cm-1) Functional groups

1 810.78 C-Cl stretching of alkyl halides 

2 1041.40 C-O stretching of alcohol

3 1226.33 C-O stretching of carbonyl; stretching vibration of C-O

4 1394.91 CH3 (alkanes)

5 1632.80 C=C stretching of alkene compounds 

6 2939.45 -CH3 alkanes; symmetric and asymmetric CH2- and CH3- stretching vibrations

7 3271.82 O-H stretching of alcohol

Table 2. Functional groups and their respective wavenumbers (cm-1) detected from EPS samples produced by 24-h cultures of Pseudomonas 
aeruginosa. Corresponding spectra peaks are in Figure 4.
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continued with EPS-Cu(II) incubation for 72 h, in which 
8.96%, 14.63% and 12.73% Cu(II) removal was achieved 
by EPS from 24-, 48- and 72-h cultures of B. cereus. These 
levels were higher than amount of Cu(II) removed when 
the EPS-Cu(II) solutions were incubated for 24 h. At 24 
h of EPS-Cu(II) incubation, the highest Cu(II) removal 
was by EPS from 72-h cultures of B. cereus (7.92% Cu(II) 
removal) (Fig. 5). 

Similarly, Cu(II) removal by EPS produced by P. ae-
ruginosa were also higher when the EPS-Cu(II) solutions 
were incubated for 48 h and 72 h. At 48 h of EPS-Cu(II) 
incubation, Cu(II) removal was significantly higher by 
EPS derived from 24-, 48- and 72-h cultures, with 14.82%, 
17.41% and 15.35% Cu(II) removal (Fig. 5). When EPS-
Cu(II) solutions were incubated for 72 h, Cu(II) removal 
was relatively higher by EPS produced from 24-, 48- and 
72-h cultures of P. aeruginosa, with 14.18%, 19.19% and 
15.17% removal, respectively (Fig. 5). The EPS produced 
from 24-, 48- and 72-h cultures were therefore observed 
to have significantly higher Cu(II) removal potential than 
EPS produced from 96- and 120-h cultures (Fig. 5). 

Comparing the efficacy of 30 ppm EPS from B. cereus 
and P. aeruginosa, the EPS produced by P. aeruginosa ap-
peared to have significantly higher Cu(II) removal poten-
tial, particularly for EPS-Cu(II) solutions incubated for 

48 and 72 h (Fig. 6). T-test analysis showed Cu(II) removal 
by EPS produced from 72-h (15.35%) and 120-h (8.60%) 
for EPS-Cu(II) incubation at 48 h, revealed significant 
differences. A more evident trend was observed for EPS-
Cu(II) solutions incubated for 72 h.  Cu(II) removal at this 
stage by EPS derived from 48-h (19.19%), 72-h (15.17%), 
96-h (6.02%) and 120-h (6.67%) cultures of P. aeruginosa 
were significantly higher than EPS from B. cereus (Fig. 
6). On the contrary, EPS from B. cereus removed only 
7.84 (by 72-h culture) and 6.11% (by 120-h culture) of 
Cu(II) post EPS-Cu(II) incubation for 48 h. At 72 h of 
EPS-Cu(II) incubation, Cu(II) removal was only 14.63%, 
12.73%, 4.75%, and 4.77%,  by 48-, 72-, 96-, and 120-h 
cultures, respectively (Fig. 6). Interestingly, EPS from 72-h 
culture of B. cereus was more effective than P. aeruginosa 
for Cu(II) removal at 24 h EPS-Cu(II) incubation, with 
7.92 compared to 3.31% of removal, respectively (Fig. 6). 

The early indications here suggested that culture age 
may have influenced Cu(II) biosorption, with EPS from B. 
cereus and P. aeruginosa from specific culture age demon-
strating more superior Cu(II) biosorption than others. This 
may be ascribed to the fact that EPS is organic and subtle 
variations in the EPS constituents may exist, particularly 
for EPS derived from a gram positive or gram negative 
bacteria. The production of EPS and their composition, 

Figure 5. Cu(II) removal (%) by 30 ppm EPS produced by (a) B. cereus and (b) P. aeruginosa from 24, 48, 72, 96 and 120 h cultures. Cu(II) removal 
was assessed from EPS-Cu(II) incubation for 24, 48 and 72 h. Means with the same alphabets within a specific EPS-incubation period, are not 
significantly different (Tukey’s Test, p<0.05). Bars indicate standard error.
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may have subtle differences in the carbohydrate and 
protein constituents, owing to their cell wall structures 
(Seltmann and Holst 2013). Gram-negative bacteria have 
an outer membrane that is rich in lipopolysaccharides, 
in addition to the thin inner layer of peptidoglycan. On 
the contrary, Gram-positive bacteria do not have an 
outer membrane; instead consists of several layers of 
peptidoglycan (Seltmann and Holst 2013). This may have 
influenced the composition in the EPS produced, thus 

influencing the metal adsorption capability of bacteria 
(Vu et al. 2009; More et al. 2014; Cheah and Ting 2020). 
This has also been shown in the FTIR results (in the earlier 
sections) in which peak intensity differs between B. cereus 
and P. aeruginosa. Nevertheless, there were no conclusive 
evidences on the significant influence of culture age on 
EPS and Cu(II) biosorption as EPS-Cu(II) incubation 
period and EPS concentration appeared to contribute to 
biosorption. As such, the EPS-Cu(II) incubation period 

Figure 6. Comparison of Cu(II) removal (%) effi  cacy by EPS produced by B. cereus and P. aeruginosa from 24, 48, 72, 96 and 120 h cultures. Cu(II) 
removal was assessed using 30 ppm EPS incubated in EPS-Cu(II) solution for (a) 24, (b) 48 and (c) 72 h. *indicates signifi cant diff erences between 
the two bacteria as according to T-test (p<0.05). Bars indicate standard error.

Figure 7. Cu(II) removal (%) by 50 ppm EPS produced by (a) B. cereus and (b) P. aeruginosa from 24, 48, 72, 96 and 120 h cultures. Cu(II) removal 
was assessed from EPS-Cu(II) incubation for 24, 48, 72, 96 and 120 h. Means with the same alphabets within a specifi c EPS-Cu(II) incubation 
period, are not signifi cantly diff erent (Tukey’s Test, p<0.05). Bars indicate standard error.
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was prolonged and a higher concentration of EPS was 
used so that a clearer trend can be seen.

With higher concentration of EPS used (50 ppm) and 
prolonged incubation period beyond 72 h (to 96 and 120 
h), higher amount of Cu(II) was removed (Fig. 7). As such, 
results here suggested that Cu(II) removal may now be 
independent of culture age, for both B. cereus and P. ae-
ruginosa. When 50 ppm of EPS from B. cereus was used, 
the amount of Cu(II) removed by EPS from 24-, 48-, 72-, 
96- and 120-h cultures were not significantly different, 
with the exception for EPS-Cu(II) incubated for 48 h 
(Fig. 7). With 48 h incubation, Cu(II) removal by EPS 
from 96-h culture (18.72%) was significantly lower than 
EPS derived from 48-h culture (25.03%) (Fig. 7). For P. 
aeruginosa, the EPS by 48- and 72-h cultures appeared to 
have an advantage in Cu(II) removal compared to 24-h 
cultures, particularly for EPS-Cu(II) incubations for 48, 
72 and 96 h (Fig. 7). EPS from 24-h cultures of P. aerugi-
nosa removed only 20.09%, 16.25%, 28.04%, 29.88%, and 
27.08% of Cu(II) at 24, 48, 72, 96 and 120 h of EPS-Cu(II) 
incubation, respectively (Fig. 7). Clearly, with the higher 
amount of EPS used and prolonged EPS-Cu(II) incuba-
tion period, the Cu(II) removal efficacy has become less 
dependent on EPS derived from various culture ages of 
bacteria.

The efficacy of EPS from B. cereus was generally com-
parable to EPS from P. aeruginosa with the use of 50 ppm 

of EPS (based on T-test) (Fig. 8). Exceptions though, were 
observed for EPS from 24-h culture of B. cereus, which 
removed more Cu(II) when incubated for 48 (21.93%) 
and 120 h (35.18%) in EPS-Cu(II) solution, compared to 
P. aeruginosa (16.25 and 27.08%, respectively) (Fig. 8). On 
the contrary, EPS derived from 96-h cultures of P. aerugi-
nosa, removed significantly higher Cu(II) when incubated 
in EPS-Cu(II) solution for 48 h, with 23.81% compared 
to 18.72% by EPS from B. cereus (Fig. 8). Notably, with a 
higher concentration of EPS used (50 ppm), the efficacy 
of Cu(II) removal is enhanced, and there were no longer 
significant discrepancies between the two EPS sources 
in removing Cu(II). Both B. cereus (gram positive) and 
P. aeruginosa (gram negative) were capable of producing 
EPS for Cu(II) removal. For B. cereus, the ability of EPS 
to remove Cu(II) conforms to reports of other Bacillus 
sp. in removing Cu(II), Pb(II) and Cd(II) (Shameer 2016). 
Similarly, gram negative bacteria are also known to 
produce EPS to remove metals. Ashruta et al. (2014) used 
EPS produced by a consortium of gram-negative bacteria, 
to effectively remove Zn(II), Pb(II), Cr(III), Ni(II), Cu(II) 
Cd(II) and Co(II). It is evident that Cu(II) removal by EPS 
is influenced significantly by the concentration of EPS 
used. It is anticipated that with increased concentrations 
of EPS used, Cu(II) removal would be enhanced by two 
to three-fold (Shameer 2016; Wei et al. 2016; Azzam and 
Tawfik 2015). In this study, the increase of Cu(II) removal 

Figure 8. Comparison of Cu(II) removal (%) efficacy by EPS produced by B. cereus and P. aeruginosa from 24, 48, 72, 96 and 120 h cultures. Cu(II) 
removal was assessed using 50 ppm EPS incubated in EPS-Cu(II) solution for (a) 24, (b) 48, (c) 72 h, (d) 96, and (e) 120 h. *indicates significant 
differences between the two bacteria as according to T-test (p<0.05). Bars indicate standard error.
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efficacy was observed when 50 ppm is used compared to 
30 ppm. This is mainly attributed to having more avail-
able binding sites in EPS.

Observations here provided evidence that the influ-
ence of culture age on Cu(II) biosorption efficacy by EPS 
diminished with the use of higher EPS concentration 
(i.e. 50 ppm) and with prolonged EPS-Cu(II) incuba-
tion period. The age of the culture appeared to be more 
important when cells/biomass are used instead of EPS 
(Odokuma 2009). Although Pereira et al. (2009) suggested 
that composition of EPS produced by bacteria may have 
slight quantitative and qualitative differences attributed 
to age of culture, this was not clearly evident in this study. 
With prolonged incubation period, the influence of culture 
age diminished as EPS have more time to bind to the EPS 
(Kumar et al. 2009). This was demonstrated here whereby 
metal removal was enhanced two-fold (from < 20 to 40% 
removal efficacy) with incubation extended to 120 h. 
Nevertheless, metal binding may reach a saturation point 
where metal removal is gradually limited by the limited 
number of active binding sites (Pagnanelli et al. 2009). 

Conclusions

To conclude, EPS produced from laboratory strains B. 
cereus and P. aeruginosa have potential use for Cu(II) 
removal. EPS production was higher in 48-h and 96-h 
cultures of B. cereus and P. aeruginosa, respectively, with 
acceptable quality and integrity across all culture ages. 
EPS produced from different culture ages also did not 
demonstrate varying metal removal capacity, especially 
when higher concentrations of EPS were used and with 
extended EPS-Cu(II) incubation time. There were also no 
clear distinctions between the efficacy of EPS produced 
from gram positive and gram-negative bacteria. This 
study revealed that culture age influenced the yield of 
EPS, but does not have a strong impact in determining the 
characteristics of the EPS (purity, solubility, functional 
groups) nor their Cu(II) biosorption efficacy.
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Introduction

The broadly diverse mycobacteria are known to exist 
in wide ranging environments like soil, water, dust etc. 
(Eddyani et al. 2008; Johansen et al. 2020). They have 
been divided into tuberculous and non-tuberculous 
mycobacteria (NTM) (Wolinsky 1992). Non-tuberculous 
mycobacteria (NTM) consist of more than 170 differ-
ent species (Baldwin et al. 2019). While majority of 
them have a worldwide presence, some are endemic to 
certain geographical locations (Hoefsloot et al. 2013). 
NTM are responsible for a wide array of pulmonary, 
extrapulmonary and disseminated diseases affecting 
all organs (Baldwin et al. 2019; Johansen et al. 2020). 
NTM infections are increasing globally owing to a 
multitude of factors (Collins 1989; Faverio et al. 2016). 
Constrained diagnostic capabilities, coupled with high 
degree of antibiotic resistance and lack of vaccines has 
aggravated the problem (Ahmed et al. 2020). 

First identified in 1947, Mycobacterium ulcerans is a 
pathogenic NTM responsible for causing Buruli ulcer 
(Yotsu et al. 2015). M. ulcerans is a fragile (Eddyani et 

al. 2008) environmental bacterial pathogen (Ohtsuka 
et al. 2014), that has an optimal growth temperature of 
30-33oC (Hoxmeier 2014). It has been known to adapt 
to certain ecological niches (Stinear et al. 2007) and 
are transmitted by some aquatic insects, mosquitoes, 
mammals etc. (Stinear et al. 2004; Einarsdottir and 
Huygen 2011). Evidences show that M. ulcerans evolved 
one million years ago by diverging from the common 
ancestor shared by Mycobacterium marinum (Stinear et 
al. 2005). This was made possible by acquisition of a 
plasmid encoding mycolactone and reductive evolution 
(Demangel et al. 2009; Hoxmeier 2014). Mycolactone is 
responsible for the virulence of M. ulcerans (Liu et al. 
2019). M. ulcerans infection results in tissue destruction 
of limbs owing to necrosis of the skin and soft tissues 
(Einarsdottir and Huygen 2011; O’Brien et al. 2019).

The World Health Organization (WHO) considers 
Buruli ulcer as a neglected tropical disease. It has been 
reported from 34 countries (Fig. 1), especially Ghana, 
Benin, Democratic Republic of Congo, Ivory Coast, Togo, 
French Guiana, Australia, China, Papua New Guinea, 
and Japan (Yotsu et al. 2015; Röltgen and Pluschke 2015, 
Simpson et al. 2019). People living near swamps, lakes 
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and rivers are more prone to infection (Brou et al. 2008; 
Einarsdottir and Huygen 2011). Changes in the ecosystem 
has been cited as a reason behind incidence of Buruli 
ulcer (Morris et al. 2014). Multiple lines of evidence have 
pointed out that amongst mycobacterial diseases, Buruli 
ulcer is the third common one after tuberculosis and 
leprosy (Van der Werf et al. 1999; Etuaful et al. 2005; 
Walsh et al. 2011). What starts as a painless nodule in 
the limbs, when left untreated progresses into severe 
ulceration and necrosis (Fig. 2) owing to the immu-
nosuppression triggered by mycolactone (de Souza et 
al. 2012; Hall et al. 2014). Age, late diagnosis, and joint 
infections are some of the risk factors for Buruli ulcer 
severity (Tai et al. 2018). Immunization with BCG in a 
controlled setting offered small degree of protection 
(Smith et al. 1977). However, in the absence of suitable 
vaccine (Philips et al. 2014), surgery and combinatorial 
antibiotic treatment with rifampicin and streptomycin 
was recommended (Yotsu et al., 2015). In Japan, a regimen 
of rifampicin, levofloxacin and clarithromycin was fol-
lowed (Sugawara et al. 2015). But numerous side-effects 
have been reported. Repurposed anti tuberculosis drugs 
proved to be ineffective against Buruli ulcer (Liu et al. 
2018). 

Explosion of genome projects in the last two de-
cades, coupled with development of high-performance 
computational facilities and software have resulted in 
a wealth of information (Sur et al. 2010). This includes 

M. ulcerans as well. Here, we present a comprehensive 
review of the knowledge based on various bioinformatic 
analyses concerning M. ulcerans and Buruli ulcer. This 
is from the perspective of genomics and or comparative 
genomics, diversity, phylogenetic analyses, proteomics, 
vaccinomics, resistomics, etc. Additionally, we also com-
ment on the opportunities of utilizing computational 
studies for controlling this pathogen.

Figure 1. World map depicting countries with reported Buruli ulcer cases.

Figure 2. Buruli ulcer disease progression.
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Whole genome, comparative and population 
genomics research

Advances in molecular biology and genomics coupled 
with the publication of human genome in the early 21st 
century accelerated studies on whole genome. A neces-
sity was felt to decode the huge deluge of information 
coming out from genome projects, aimed at enriching 
comparative genomics that could be applied to research 
on mycobacterial diseases (Zakham et al. 2011). While 
earlier genomic studies on identification of M. ulcerans 
concentrated on the use of 16SrRNA gene sequencing 
technology (Nakanaga et al. 2007), the whole genome 
sequencing of M. ulcerans Agy99 (Stinear et al. 2007) 
offered a new outlook into the biology of the pathogen. 
This was the first ever whole genome sequence of a M. 
ulcerans strain. It established the implication of reductive 
evolution and adaptation of the pathogen to specific niche 
(Stinear et al. 2007). Since 2007, several whole genome 
sequences of human pathogenic M. ulcerans strain Harvey, 
M. ulcerans subsp. shinshuense ATCC33728, M. ulcerans 
strain S4018, M. ulcerans strain CSURP7741, M. ulcer-
ans strain SGL03, M. ulcerans strain P7741 etc. became 
available in the public domain. The genome sequence 
of M. ulcerans subsp. shinshuense ATCC33728 isolated 
from Japan and determined by 454 GS FLX Titanium 
technology, is made up of a 5.9 mb chromosome and a 
166 kb plasmid (Yoshida et al. 2016). M. ulcerans strain 
S4018 isolated from a Buruli ulcer patient in Benin was 
sequenced on a MiSeq sequencer platform (Kambarev 
et al. 2017). M. ulcerans strain CSURP7741 isolated from 
French Guiana, was sequenced using a combinatorial ap-
proach of Nanopore and Illumina methods. It had some 
affinities with the frog pathogen M. ulcerans subsp. lifandii 
(Saad et al. 2019). Most of these genomes had a high GC 
content. M. ulcerans strain Harvey is the largest among 
human pathogenic M. ulcerans, having coding sequences 
more than 9000 coding sequences ((https://patricbrc.org/
view/Taxonomy/2#view_tab=genomes&filter=and(keyw
ord(Mycobacterium),keyword(ulcerans)). These genome 
sequences house valuable information that are crucial 
for understanding the phylogeny, pathophysiology, and 
lifestyle of this bacteria.

Over the years, comparative genomics research on 
different mycobacterial species have been the successful 
in providing valuable insights (Zakham et al. 2011). One 
such work focused on genes located within regions of 
difference accounting for 7% of M. ulcerans genome. The 
work demonstrated that gain of virulence plasmid along 
with deficiency of recognizable anti-virulence genes, 
catalyzed by IS2606 expansion. This armed the classical 
lineage with better capability with respect to virulence and 

transmissibility (Käser and Pluschke 2008). An extensive 
comparative genomics analyses from Benin using bioin-
formatic methods, resulted in the detection of 45 M. ulcer-
ans specific proteins that could assist in the serodiagnosis 
of Buruli ulcer. This study underscored the importance of 
further research in generating antigenic repertoire of M. 
ulcerans (Pidot et al. 2010). That, M. ulcerans Agy99 showed 
affinity with Mycobacterium leprae Br4923, Mycobacterium 
sp. KMS and Mycobacterium sp. MCS was illustrated by 
a study with 14 mycobacterial genomes (Zakham et al. 
2011). A comparison of whole genome sequences of thirty 
mycolactone producing mycobacteria and M. marinum, 
highlighted that M. ulcerans does not behave as a normal 
saprophyte. In all probability it had adapted itself to an 
aerobic and osmotically stable ecological niche that also 
protects it from light (Doig et al. 2012). Comparison of 
the M. ulcerans and M. marinum complex portrayed some 
fascinating aspects. The work highlighted mycolactone 
producing mycobacteria as a monophyletic group and 
stressed the importance to consider these bacteria as a 
single species i.e., M. ulcerans (Doig 2012). Moreover, the 
work also demonstrated the role of selective pressure and 
purifying selection in protein coding genes of M. ulcerans. 
Besides, the outcome also accentuated that speciation of 
M. ulcerans had no effect on codon translation (Doig 2012). 
Investigation of 21 mycobacterial genomes including M. 
ulcerans Agy99 divulged that although they differed in 
size, yet they had comparable high GC and low tRNA 
content. Besides, the ES1 locus extant in Mycobacterium 
tuberculosis and M. marinum was missing in M. ulcerans 
Agy99 (Zakham et al. 2012). A robust comparative ge-
nomics methodology was successful in detecting 424 
essential genes from the genomes of M. ulcerans linked to 
carbohydrate and amino acid metabolism. Out of them, 
236 were possible candidates for vaccine development. 
Furthermore, a number of enzymes associated with the 
cell wall, thiamine, histidine and protein biosynthesis 
pathways were also predicted to be prospective drug 
targets (Butt et al. 2012). 

Increasing interest in mycobacterial comparative ge-
nomics prompted development of a user-friendly analysis 
platform named MycoCAP (Choo et al. 2015). This served 
as a suite for analyzing genomes from 55 Mycobacterium 
species including M. ulcerans. MycoCAP houses an assort-
ment of web-based tools for searching, genome annotation, 
comparing genomes and virulence genes, determining 
phylogenetic relationships between mycobacterial strains 
and super classification. The developers of this trailblaz-
ing platform contemplate that, addition of newer genomes 
and their analysis will provide significant evolutionary 
insights (Choo et al. 2015). 

The last decade also witnessed the use of whole ge-
nomes studies to figure out transmission and outbreak 
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of M. ulcerans in different countries. Research on whole 
genomes of M. ulcerans in clinical isolates from Ghana, 
Ivory Coast, Togo, Benin, and Nigeria, revealed wide-
spread presence of the bacterium coupled with the exis-
tence of multiple genotypes in certain areas (Ablordey et 
al. 2015). The researchers opined that mobility of Buruli 
ulcer infected humans and livestock, from neighbor-
ing countries might have had contaminated the water 
bodies in different parts of Ghana. As a result, certain 
genotypes were introduced which later on transmitted 
among the population. This work stressed the need to 
undertake more whole genome surveys to understand 
the mechanism of genotype admixtures (Ablordey et al. 
2015). Whole genome sequencing of isolates using NGS 
technologies from Benin and their comparison revealed 
incidence of exogenous Buruli ulcer reinfection (Eddyani 
et al. 2015). This incident demonstrated the importance of 
understanding transmission routes by targeted genome 
sequencing in Ouémé river valley. Another work based 
on whole genome amplification of crayfish samples in 
water bodies from Japan, illustrated seasonal emergence 
of M. ulcerans subsp. shinshuense (Luo et al. 2015). This 
study specified the link between contaminated water 
and incidence of Buruli ulcer. 

Ever increasing number of mycobacterial genomes 
resulted in a plethora of information regarding cyto-
chrome P450 monooxygenases (CYPs), a crucial enzyme 
for metabolic processes. Computational analysis of my-
cobacterial CYPs including those from M. ulcerans Agy99 
demonstrated high diversity and their association with 
oxidation of steroids, fatty acids and terpenoids (Parvez 
et al. 2016). Human pathogenic mycobacteria have low 
count of CYPs which are crucial for lipid synthesis (Senate 
et al. 2019). Recently, a comparative study of CYPs from 
complete genomes of seven M. ulcerans strains provided 
insights into their lifestyle. Using CYPMiner software 
(Kweon et al. 2020) the study predicted 261 CYPs in the 
strains, classified into 35 and 38 families and subfamilies 
(Sur 2021). Although a few of them were diagnostic mark-
ers for some strains, there were 20 conserved families 
and subfamilies. While the flourishing family CYP140 
was linked to mycolactone synthesis and pathogenesis, 
others were destined for lipid utilization. Interestingly, 
African strains showed similarities in their CYP profile 
(Sur 2021). Furthermore, the work revealed mutual as-
sociation between CYP families and subfamilies.

Scientists have conducted population genomics stud-
ies applying bioinformatics methodologies, to ascertain 
the population structure and evolution of M. ulcerans in 
Africa. One such study using evolutionary trajectory and 
dynamics of M. ulcerans from Democratic Republic of 
Congo, Republic of Congo and Angola detected distinct 
sequence types. The research highlighted that a superior 

sublineage of M. ulcerans evolved in these countries and 
became endemic to hotspots in certain transmitted regions 
(Vandelannoote et al. 2019). This outcome once again 
pointed out the necessity for novel intervention-based 
health strategies, to disrupt transmission from localized 
outbreaks. Another study with whole genome sequences 
from clinical isolates in Melbourne, applying phylogeo-
graphic and Bayesian phylogenetic techniques divulged 
an interesting outcome. The investigation portrayed 
that M. ulcerans started migrating in eastern portion of 
Southeast Australia in the 1980’s and gradually expanded 
to the western regions by increasing its population to a 
great extent (Buultjens et al. 2018). It once again empha-
sized the urgency to conduct environmental surveillance 
of pathogen mobility and have suitable interventional 
strategies in place to prevent migration and growth of 
endemic cases. It is clear from these sorts of research 
in Africa and Australia, that assessment of population 
structure and disease management based on comparative 
genomics data, is pivotal for controlling Buruli ulcer. In 
African countries and Australia with high burden of the 
disease, a localized assessment of M. ulcerans population 
using genomics (Vandelannoote et al. 2019a) can go a long 
way in treating Buruli ulcer. 

Genomic diversity research based on compu-
tational techniques

Last decade of the 20th century witnessed a growing 
clamor for molecular typing of different strains of M. 
ulcerans from various parts of the globe ( Jackson et al. 
1995). Scientists were of the opinion that diversity stud-
ies would usher a new chapter for better understanding 
of Buruli ulcer epidemiology. Accessibility of genome 
sequence data of mycobacterial pathogens including M. 
ulcerans, signified the importance of studying genome 
polymorphisms to recognize pathogenic characteristics 
(Zhu et al. 2009). The necessity to have a database for 
mycobacterial genome polymorphisms gave birth to 
MyBASE. This user-friendly database accommodates 
information on genomic polymorphisms of different 
mycobacteria including M. ulcerans. It facilitates inter-
pretation of diversity in pathogenicity, genome structure, 
evolution etc. (Zhu et al. 2009). 

A single nucleotide polymorphism (SNP) profiling, us-
ing next-generation sequencing methodology from three 
strains of M. ulcerans demonstrated certain features (Qi 
et al. 2009). The Ghanaian isolate of M. ulcerans Agy99, 
when compared to a Japanese strain indicated 26564 
SNPs in the latter. However, juxtaposition of M. ulcerans 
Agy99 with two other strains from Ghana revealed only 
173 SNPs. This study illustrated that the Ghanaian clade 
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diverged from the Japanese strain 394-529 thousand years 
back, while two other Ghanaian subtypes diverged only 
1000-3000 years back (Qi et al. 2009). One more study 
using high-throughput DNA sequencing data, of M. ul-
cerans genome isolates from Densu river basin of Ghana 
indicated sparse SNPs. Additional phylogenetic recon-
struction analysis using SNP genotyping data divulged 
the ascendancy of a clonal complex and variants within 
it (Röltgen et al. 2010). 

It was reported that multilocus sequence typing 
(MLST) based on housekeeping genes, of M. ulcerans 
isolates resulted in six contrasting genotypes from wide-
ranging biogeographical regions of the world (Narh et 
al. 2014). Comparative DNA analysis between samples 
from water, soil, biofilms, and clinical samples, from 
Buruli ulcer patients in South Togo revealed similar M. 
ulcerans genetic profile (Maman et al. 2018). This study 
demonstrated riverine source of M. ulcerans infection in 
regions through which Haho and Zio rivers flow. MLST, 
short read DNA sequencing and SNP calling in a Japanese 
study, illustrated the difference between pigmented and 
non-pigmented colonies of M. ulcerans subsp. shinshuense. 
The pigmented and non-pigmented isolates differed only 
in 8 SNPs and 20 indels (Nakanaga et al. 2018). The lat-
ter was devoid of a large plasmid encoding regions for 
mycolatone biosynthesis, rendering it non-pathogenic 
in contrast to the former. Genome-wide association 
analysis of Buruli ulcer patients from Ouémé and pla-
teau regions of Benin, revealed the role of lncRNAs and 
pathways linked to autophagy in the disease (Manry et 
al. 2019). These sort of genomic diversity studies using 
an assortment of computational techniques, enhanced 
our understanding of M. ulcerans regarding intraspecific 
divergence, geographical dissimilarities, virulence etc. 

Research from Benin assessed bacterial diversity in 
skin lesions from individuals with Buruli ulcer. They 
performed a small-scale microbiome analysis using 16Sr-
RNA sequencing, to gauge the composition of microbes 
from Buruli ulcer lesions, non Buruli ulcer lesions and 
skin samples of healthy persons (Leuvenhaege et al. 2017). 
The samples from Buruli ulcer lesions exhibited higher 
proportion of unassociated bacteria like Bacteroides and 
obligate anaerobes, in contrast to non Buruli ulcer lesions 
(Van Leuvenhaege et al. 2017). Since, skin microbiome is 
influenced by geography, genetics, climatic condition etc., 
its comparative study on a large scale should be used for 
estimating diversity in different populations (Nuhamu-
nada et al. 2018). This work on Buruli ulcer lesions from 
Benin underlined that, additional microbiome-based 
analysis should be accompanied with standard micro-
biological studies.  

In silico phylogenetics studies

Rapid improvement in “omics” data analysis and my-
cobacterial genomics research, has contributed to the 
understanding of evolutionary mechanisms (Bottai et al. 
2014). One of the earliest works based on whole genome of 
M. ulcerans Agy99, indicated its evolution by lateral gene 
transfer and reductive evolution from M. marinum (Stinear 
et al. 2007). In fact, a number of factors viz., amassing 
304 insertion sequence elements like IS2404 and IS2606, 
presence of 771 pseudogenes, genomic rearrangements, 
genome reduction, inability to tolerate sunlight, plasmid 
acquisition, mycolactone selective pressure and occurrence 
of foreign genes, contributed to its evolution and allowed 
it to colonize insects (Fig. 3a) by adapting to an arthropod 
ecosystem (Stinear et al. 2007). Moreover, the loss of ESX1 
locus was also regarded as a survival strategy. Extensive 
comparative genomics analysis of insertions, deletions 
and genomic rearrangements from clinical isolates of M. 
ulcerans revealed that the microorganism evolved into five 
haplotypes (Käser et al. 2007). Two phylogeographically 
well-defined lineages were observed (Fig. 3a). The clas-
sical lineage underwent substantial genomic rearrange-
ments and comprised of highly pathogenic genotypes 
concentrated mainly in Africa, Australia and Southeast 
Asia. They were over-represented by genes belonging to 
the PPE/PE families. On the other hand, the less patho-
genic ancestral lineage housed environmental genotypes 
from China, South America and Mexico which showed 
similarity with M. marinum (Käser et al. 2007). There is 
strong evidence that, the classical and ancestral lineages 
diverged during the arrival of modern humans (Qi et 
al. 2009). However, the African isolates were not quite 
archaic and came into existence in the last 18,000 years 
(Stinear et al. 2000).

Some in silico analysis pointed out that, reductive evo-
lution increased the pathogenic capacity of M. ulcerans by 
gaining a virulence plasmid pMUM001 (Demangel et al. 
2009). Further comparative evolutionary genomic stud-
ies with two Ghanaian strains and one Japanese strain, 
demonstrated that the latter had an unstable genome 
compared to the former. Additionally, reductive evolu-
tionary pressure was less among the Ghanaian strains 
(Qi et al. 2009). These were attributed to chromosomal 
rearrangements. Phylogenetic analysis of different myco-
bacterial species using 16SrRNA sequences, divulged the 
placement of M. ulcerans in a separate clade along with M. 
marinum (Zakham et al. 2012). A vast phylogenetic study 
with mycolactone producing mycobacteria including 
M. ulcerans, specified the role of pMUM plasmid hous-
ing genes for mycolactone biosynthesis to their advent 
(Doig et al. 2012). Add to this was the gain of cell wall 
associated genes and loss of cell wall antigens. This set 
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off the process of cell wall remodeling that was crucial 
for the lifestyle of M. ulcerans, especially in its potential 
to form biofilms. Additional analysis of the mycolactone 
producing mycobacterial complex showed that, M. ulcer-
ans were in all probability transferred between Africa 
and Australia not long ago. This was ascribed to genetic 
drift and deletion of some genes, linked to metabolism 
and respiration that were futile for adaptation to distinct 
ecological niches (Doig et al. 2012).

Phylogenetic analysis based on complete mycobacterial 
genomes, hypothesized occurrence of shared common 
mobile elements between M. ulcerans and M. marinum 
(Reva et al. 2015). Moreover, reticulate network analysis 
also supported the close relationship between these bac-
teria. Evolutionary reconstruction studies and Bayesian 
analysis of M. ulcerans from 11 endemic regions of Africa, 
identified two specific M. ulcerans lineages (Fig. 3b) housed 
in the continent (Vandelannoote et al. 2017). While the 
Mu_A1 lineage was from 68 BC, the Mu_A2 lineage was 
introduced by humans in 1800 AD (Zingue et al. 2018). 
The close relation of the latter with isolates from Papua 
New Guinea was attributed to anthropogenic activities. 

One recent phylogenetic study with M. ulcerans from 
French Guiana and its comparison with global strains, 
utilizing core and accessory genomes threw up interesting 
facts. Five distinct lineages were identified by maximum 
likelihood phylogeny (Reynoud et al. 2019). Out of these, 
the L1.2 lineage was completely independent. The French 
Guinean strains were clustered together (Reynoud et al. 
2019). Research using complex whole genome sequences 
of M. ulcerans from Australian counties, underscored the 
impact of microevolution. It was found that three M. ul-
cerans complex clones, were the reason behind uptick of 
cases in Southern Australian counties compared to non-
endemic counties in rest of Australia (Saad et al. 2020).

The outcome of M. ulcerans phylogenetic studies ac-
centuated the interplay of myriad factors including phylo-
geography and human activities, which were responsible 
for variation amongst lineages, pathogenic lifestyle, and 
adaptation to specific niches.

Figure 3. (a) Schematic depiction of the evolution of Mycobacterium ulcerans and its divergence into two major lineages (Stinear et al. 2007; 
Käser et al. 2007; Käser and Pluschke 2008). Note the factors responsible for evolution from M. marinum and niche adaptation. (b) Specific M. 
ulcerans lineages from Africa (Vandelannoote et al. 2017; Zingue et al. 2018).
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Proteomics of M. ulcerans and Buruli ulcer

Prokaryote research has reaped the benefit of rapid ad-
vances in the field of proteomics (Burley and Bonnano 
2002). One of the pioneering computational proteome-
based studies concerning M. ulcerans, was a comparative 
analysis of Mycobacterium tuberculosis strains and NTMs 
that included M. ulcerans Agy99 (Zakham et al. 2012). It 
used a BLAST matrix to perform genomic analysis of 
the predicted proteomes (Zakham et al. 2012). The work 
revealed low similarity between M. tuberculosis strains, M. 
ulcerans Agy99 and MAV complex. A classic investigation 
involving quantitative proteomics and transcript level 
analysis, highlighted the implication of culture conditions 
on the regulation of mycolactone toxin in M. ulcerans 
(Deshayes et al. 2013). Data from 2D gel electrophore-
sis and mass spectrometry analysis demonstrated that 
during pathogenesis and lesion formation, mycolactone 
altered the cytoskeleton and hindered collagen biosyn-
thesis (Gama et al. 2014). It reiterated that mycolactone 
toxin was associated with reduction in collagen content 
in Buruli ulcer lesions. Another worker (Sarpong 2018) 
used high throughput mass spectrometry data to explore 
differentially expressed proteins from fast and slow heal-
ing Buruli ulcers. Highly expressed proteins viz., IFI30, 
PSME3, CD74, C4A linked to MHC class I, MHC class 
II and complement pathways showed better promise in 
healing Buruli ulcer (Sarpong 2018).

Vaccinomics research

The genome sequencing of a number of M. ulcerans strains 
opened up numerous possibilities for identifying potential 
vaccine candidates. Currently, there is no vaccine prevent-
ing Buruli ulcer (Mangas et al. 2020). A limited transient 
protection lasting for a year or so has been reported in 
individuals administered with Mycobacterium bovis BCG 
vaccine (Einarsdottir and Huygen 2011). Thus, develop-
ment of a suitable vaccine is important for preventing 
M. ulcerans infections and Buruli ulcer severity. In the 
post genomic era, a study on mice revealed the efficacy 
of priming species specific Ag85A-DNA and homologous 
protein boosting, in eliciting strong Th1 immune re-
sponses against M. ulcerans infection (Tanghe et al. 2008). 
Efforts to develop inactivated vaccines, DNA/protein 
vaccines by targeting the mycolactone toxin, enzymes 
synthesizing mycolactones, mycobacterial proteins and 
M. ulcerans specific proteins demonstrated some degree of 
humoral and cellular responses (Huygen et al. 2009; Pidot 
et al. 2010; Einarsdottir and Huygen 2011). Comparative 
genomics methods were used for serological assessment 
of the antigens (Pidot et al. 2010). However, none of them 

were tested in clinical trials. The last decade saw increased 
interest in in silico identification of potential antigens and 
peptides for designing new vaccine candidates. Develop-
ment of mycobacrvR package using reverse vaccinology 
and integrative immunoinformatic approach, served as 
a means for designing epitope-based vaccine candidates 
against mycobacterial diseases (Chaudhuri et al. 2014). 
This package used an assortment of 20 algorithms for 
determining adhesins with extracellular and surface 
localized characteristics (Chaudhuri et al. 2014). Analysis 
of the whole proteome of M. ulcerans Agy99 identified 
36 adhesin and adhesin like proteins. Out of these, 26 
potential vaccine candidates were identified by the en-
hanced reverse vaccinology method (Chaudhuri et al. 
2014). Others attempted to develop a recombinant vac-
cine from Mycobacterium marinum against Buruli ulcer 
(Hart et al. 2016). 

Mycobacterial secretory proteins have been the target 
of vaccine researchers since they are known to induce 
immune responses (Gcebe et al. 2016). There is evidence 
that the PE/PPE family of genes possess the capability 
to elicit Th1 response against tuberculosis (Bennan et 
al. 2017). Some workers studied the highly antigenic 
PE-PGRS family proteins from the whole proteome of M. 
ulcerans Agy99, to predict multi-epitope vaccine against 
it (Nain et al. 2020). They applied a robust integrated 
vaccinomics methodology (Fig. 4) by utilizing a wide 
array of algorithms. Initially, they selected 15 suitable 
epitopes which interacted with HLA binding alleles and 
demonstrated significant population coverage on a global 
coverage. This was followed by designing the vaccine 
chimera. The designed construct revealed antigenic, im-
munogenic, and non-allergenic characteristics. Docking 
and MD simulation studies demonstrated binding affinity 
with TLR2 receptor (Nain et al. 2020). Furthermore, in 
silico cloning, codon optimization and in silico immune 
response simulation analysis postulated that the vaccine 
construct is a suitable candidate for generating immune 
response against M. ulcerans Agy99 (Nain et al. 2020). 
Although, experimental studies are necessary to sub-
stantiate the findings. 

In silico studies on antibiotic resistance and 
exploration of natural products as anti Buruli 
ulcer drugs

The World Health Organization (WHO) has approved the 
use of antibiotics for primary treatment of Buruli ulcer 
lesions (Omansen et al. 2019). Although there are some 
uncertainties surrounding antibiotic therapy, further 
treatments using surgery, physical therapy, analgesia, 
and community therapy are followed in many countries 
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(Omansen et al. 2019). In recent years, development of a 
number of bioinformatics tools and databases, opened 
up the possibility of exploring microbial whole genome 
sequencing data for investigating antibiotic resistance 
(Hendriksen et al. 2019). An in silico study highlighted 
the occurrence of 14 antibiotic resistance genes in M. 
ulcerans Agy99. Single mutation in katG and pncA genes 
were responsible for resistance to isoniazid and pyra-
zinamide drugs (Gupta et al. 2017). This rendered them 
useless against M. ulcerans Agy99. Additionally, this study 
predicted that, using a cocktail of antibiotics like rifampin, 
streptomycin, azithromycin, clarithromycin etc., probably 
assisted in overcoming the impact of mutation and may 
control Buruli ulcer (Gupta et al. 2017). Nonetheless, these 
sorts of studies should be expanded to other M. ulcerans 
strains as well.

The growing concern of antibiotic resistance, coupled 
with the lack of potent antibiotics against late stage Buruli 
ulcer has troubled the clinicians. Despite this, identifi-
cation of suitable lead compounds that could act as anti 
Buruli ulcer drug in an in silico study from Ghana (Kwofie 
et al. 2018) showed promise. They screened isocitrate ly-
ase from M. ulcerans and generated its three-dimensional 
structure using molecular modeling. After refinement, 

molecular dynamics simulation, and active site predic-
tion, the structure was used for molecular docking with 
AutoDock (Kwofie et al. 2018). Virtual screening of the 
AfroDb for natural compounds, followed by docking 
resulted in 20 compounds showing reasonable affinity 
for isocitrate lyase. Further physicochemical analysis 
and ADMET testing narrowed upon ZINC38143792, 
ZINC95485880, and ZINC95486305 as best leads that 
could be suitable for experimental validation (Kwofie et 
al. 2018). These lead compounds known to possess inhibi-
tory (Mujovo et al. 2008) and anti-bacterial properties 
(Kwofie et al. 2018) possibly restricted disease progression 
by neutralising isocitrate lyase.

Conclusion and future perspectives

Buruli ulcer caused by M. ulcerans is a neglected tropical 
disease. M. ulcerans has been understudied in comparison 
to other mycobacterial pathogens. The major burden of 
Buruli ulcer is often borne by the poor. This has resulted 
in socioeconomic problems. In the recent years, a deluge 
of information from M. ulcerans genome projects, coupled 
with state-of-the art research in comparative genomics, 

Figure 4. Schematic representation of the in silico vaccine design methodology (Nain et al. 2020). CTL = cytotoxic T-lymphocyte, HTL = helper 
T-lymphocyte.
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population genomics, pathogen mobility/transmissibility, 
pathogen phylogeny, proteomics and designing vaccine 
candidates using in silico tools, has provided fantastic 
insights. This has revolutionized our understanding 
of Buruli ulcer. Phylogenetic and population genomics 
studies have illustrated the significance of incorporating 
microbial phylogeographic data in the analysis, since it 
highlighted information about strain origin, spread of 
the bacterium and migration of hosts. This has met with 
success in some regions of Africa and Australia wherein, 
early detection of active cases, surveillance and treatment 
resulted in reduced transmission and disease incidence 
(Vandelannoote et al. 2017, 2019). However, lot more needs 
to be done. Governments and international organizations 
should understand the necessity to finance Buruli ulcer 
research so as to improve disease control measures and 
minimize the burden. There is a need to have an interna-
tional network of researchers with diverse expertise to 
foster technological innovations. This should be aimed at 
expanding high precision cost effective sequencing meth-
odologies, advancing development of new tools/software, 
large scale targeted studies on genome variability/diversity 
in countries/regions with high prevalence, investigating 
the pattern of host microbiomes and identification of new 
vaccine candidates. Information from genomes could also 
be used to develop potent diagnostic and treatment regi-
mens. Moreover, genome-based investigations should be 
increasingly conducted to understand insect vector-based 
transmission of Buruli ulcer. This is important since, 
M. ulcerans has crafted an ecological niche for itself in 
aquatic insects. Furthermore, there is a need to broaden 
newer genotyping strategies and boosting genomic di-
versity studies. Sequencing more genomes from different 
locations could aid such studies. Additionally, in silico 
techniques should be applied to understand the nature 
of pMUM plasmid and mechanism of mycolactone toxin 
immunosuppression (Einarsdottir and Huygen 2011). The 
information from such studies can aid in the development 
of effective vaccines and therapeutic drugs against M. 
ulcerans, using immunoinformatics and immunogenomics 
approaches. Pharmaceutical companies and biomedical 
industries should take initiatives to validate the vaccine 
constructs designed by robust in silico techniques. Com-
putational studies on antimicrobial inhibitors and drug 
compounds from indigenous plants should be encour-
aged. This aspect of research is lacking. Clinicians and 
pharmaceutical scientists should assist bioinformaticians 
in this regard to combat the pathogen. The bottom line 
is to have a multidisciplinary effort in place, to better 
understand the epidemiological and transmission fac-
tors of this challenging and steadily evolving bacterium. 
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Introduction 

Seizure is a condition in which nerve cells make sudden 
and simultaneous discharges and is often accompanied 
by changes in the network and neural function. The 
term epilepsy – one of the most common diseases in 
the world – is defined as the presence of two or more 
seizures (Katyayan and Diaz-Medina 2021). Along with 
seizures, epilepsy is also associated with several other 
comorbidities, including cognitive deficits, which are 
very common in patients with epilepsy (Suleymanova 
2021). At present, most cases of epilepsy are treated or 
controlled with anti-epileptic drugs (AEDs), which, as 
has been shown, have limitations in performance, safety, 
and efficacy (Fattorusso et al. 2021). 

Although there are many studies on how comorbidities 
with epilepsy develop, there is little information on how a 
generalized or acute seizure causes memory impairment 
associated with learning (Carter et al. 2017). In addition 

to memory impairment, studies have indicated that acute 
generalized seizures are associated with increased oxi-
dative stress (OS) and the production of reactive oxygen 
species (ROS). There is ample evidence that OS plays a 
pivotal role in promoting seizures and epilepsy, causing 
membrane lipid peroxidation and depletion of antioxidant 
enzyme levels (Olowe et al. 2020). 

Asenapine (ASE) is an antipsychotic drug developed 
to treat schizophrenia and bipolar disorder. ASE exhibits 
its pharmacological effects by acting on serotonergic, 
dopaminergic, alpha-adrenergic, and histaminergic re-
ceptors. Having these pharmacological properties, it has 
been shown to have anti-anxiety, anti-stress, sedative, and 
anti-depressant properties (Grossini et al. 2014; Marazziti 
et al. 2019; Marston et al. 2009; Vieta and Montes 2018). 
ASE has also been shown to improve phencyclidine-
induced object recognition deficiency in rats due to its 
antagonistic properties on the dopamine d1 receptor 
(Snigdha et al. 2011). 

To the best of our knowledge, so far, there has been no 
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report on the effect of ASE on the seizure process, as well 
as on the memory impairment associated with seizures 
in humans or animal models; likewise, how it affects 
OS is still unknown. Thus, this study was designed and 
performed to identify the neuroprotective properties of 
ASE in rats with seizure and consequent memory deficit 
induced by pentylenetetrazole (PTZ), and to investigate the 
possible antioxidant mechanisms that ASE may suggest.

Materials and methods 

Animals 
Locally bred male Wistar rats (8 weeks old, 200-250 g) 
were used in the present study. These rodents were kept 
in standard cages in the animal room under controlled 
conditions (room temperature 22 ± 2 °C and 12 h light/
dark cycle). Standard food for rats (Pars Animal Feed 
Co., Iran) as well as water were made available to the 
animals in an unlimited manner. All the experiments 
were performed between 9 and 12 a.m. to reduce the 
effect of the light cycle on the susceptibility to seizures. 
Working with animals and the implementations of the 
experiments were completely done in accordance with 
the international ethical principles. The research proto-
col was also approved by the University’s Animal Ethics 
Committee (IR.BASU.REC.1400.003).

Drugs and chemicals 
Asenapine (ASE) (10 mg) was obtained from Hikma 
Pharma, Egypt. Pentylenetetrazole (PTZ) was purchased 
from Sigma Company as a crystalline, white powder. 

Experimental design and treatment protocol 
Twenty rats were randomly divided into four groups. 
Seizures were inducted by intraperitoneal (i.p.) injection 
of PTZ (60 mg/kg) dissolved in normal saline (Kumar et 
al. 2018). ASE was administrated at doses of 0.1 and 0.5 
mg/kg (Huang et al. 2008). The volume of injections in 
all animals was constant at 0.5 ml. The test protocol used 
to evaluate the effect of ASE on the behavioral activities 
was as follows: 

-Group I (control group): Rats that received only 
normal saline.

-Group II (PTZ group): Rats that received normal 
saline half an hour before the PTZ injection.

-Group III (ASE 0.1 group): Rats that received 
asenapine (0.1 mg/kg) half an hour before the 
PTZ injection. 

-Group IV (ASE 0.5 group): Rats that received 
asenapine (0.5 mg/kg) half an hour before the 
PTZ injection. 

Behavioral evaluation of seizure manifestation 

The motor behavior of the animals in each group was 
recorded in the plexiglass box (the box cleaned and dried 
before each test) and stored by a computer-connected 
camera for half an hour after the PTZ injection and was 
examined by researcher in a blind fashion. The latency 
and number of myoclonic jerks, and latency and duration 
of generalized tonic clonic seizure (GTCS) in animals 
was evaluated based on the stereotypical behavioral 
manifestations that were displayed after PTZ injections 
in six stages (Table 1) (Hosseini et al. 2021).

Evaluation of passive avoidance memory 
The rate of memory recovery in animals was assessed by 
a shuttle box (Borj Sanaat Co., Iran) (Hosseini et al. 2021). 
The device consists of a dark and a light compartment, 
separated by a guillotine door. The floor of the dark 
chamber has steel rods that can transmit electric shock 
to the feet of the rats. Briefly, on the first day of the ac-
quisition phase, each rat was placed separately in a clear 
compartment. After 30 s of habituation, the guillotine 
door was opened and initial latency (IL) was measured 
to enter the dark chamber. The rats that showed IL for 
more than 60 s were excluded from further analysis. 
When the rats entered the dark area, the guillotine door 
would quickly be closed, and an electric foot shock (75 V, 
0.2 mA, 50 Hz) was applied to them for 3 s. The animal 
would be transferred to its cage 30 s after the electric 
shock and this operation was repeated 5 min later. The 
rats were shocked every time they put all four limbs in 
the dark side. The training would end when the animal 
stayed in the bright area for 120 consecutive seconds. The 
number of shocks (SN) was measured until acquisition. 
Twenty-four hours later, like before, retention latency 
(RL) as well as total light compartment (TLC) time was 
measured after seizure induction, but no electric shock 
was applied. Retention time was measured in 300 s.

Animal euthanasia and serum extraction 

After behavioral tests, the animals underwent deep an-

Score Behavioral manifestation

0 No behavioral sign

1 Ear and facial twitching 

2 Head nodding and myoclonic jerks

3 Unilateral forelimb clonus with lorditic posture

4 Bilateral forelimb clonus with rearing and falling

5 Generalized tonic-clonic seizure (GTCS) with loss of postural 
tone

Table 1. Racine’s scale for pentylenetetrazole (PTZ)-induced seizure 
in rats.
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esthesia with ketamine and xylazine, and their blood 
was collected after cardiac puncture by a sterile syringe. 
The blood was allowed to clot for half an hour at room 
temperature and then the serums were separated by a 
centrifuge at 3000 rpm for 15 min and stored at -20 °C. 

Measurement of oxidative stress markers 

To measure GSH and NO oxidative stress indices, animal 
serum samples and conventional kits (Novin Navand 
Salamat Co., Iran) available in the market were used. 
The activity of GSH was measured according to the kit 
instructions at a wavelength of 340 nm by microplate 
reader (BioteTek ELx808, USA) and was reported in mU/
mL. In addition, the amount of NO was measured accord-
ing to the instructions of the kit and at a wavelength of 
550 nm by the same microplate reader and was reported 
in terms of nmol/mL.

Statistical analysis of data 
The results of the present study were shown as mean ± 
SEM. The normality of the data was tested by Shapiro-
Wilk test. If the data were normal, then one-way ANOVA 

and Tukey's post hoc test were used to examine the differ-
ences between the groups. If the hypothesis of normality 
of the data was rejected, then non-parametric Kruskal-
Wallis test and Dunn's test post hoc test were used to 
examine the differences between the groups. All statistical 
analyses were performed by GraphPad Prism software. 
In all analyses, the value of P was set at less than 0.05.

Results 

The effect of ASE on the activity of PTZ-induced seizure 
The effect of different treatments on the manifestations 
of PTZ-induced convulsive behavior is displayed in Fig. 
1(A-D). Regarding the latency of myoclonic jerk, statistical 
analysis revealed a significant increase in the group IV, 
but not the group III, vs. group II (Fig. 1A). As shown in 
Fig. 1B, the number of myoclonic jerks in different groups 
was affected; the effect was a significant decrease in the 
group III and group IV compared to the group II. Regard-
ing the GTCS latency, a significant increase was observed 
in the group III and group IV compared to the group II 

Figure 1. The effect of ASE (0.1, and 0.5 mg/kg, 30 min prior to testing) 
after PTZ treatment (60 mg/kg, i.p.) on latency of myoclonic jerk (A), 
number of myoclonic jerks (B), GTCS latency (C), and GTCS duration 
(D) in male Wistar rats. The data represents as the mean ± SEM (n = 5 
rats per group). **p < 0.01; ***p < 0.001 significant difference between 
ASE (0.1 or 0.5 mg/kg) treatment with PTZ group.

ASE: asenapine, GTCS: generalized tonic clonic seizure, PTZ: pentylenetetrazole.

Figure 2. The effect of ASE (0.1, and 0.5 mg/kg, 30 min prior to testing) 
after PTZ treatment (60 mg/kg, i.p.) on IL (A), SN (B), RL (C), and TLC (D) 
in male Wistar rats. The data represents as the mean ± SEM (n = 5 rats 
per group). *p < 0.05; **p < 0.01; ***p < 0.001 significant difference 
between PTZ or ASE (0.5 or 1 mg/kg) treatment with control group. #p < 
0.05; ##p < 0.01; ###p < 0.001 significant difference between ASE (0.1 
or 0.5 mg/kg) treatment with PTZ group. ††p < 0.01 significant differ-
ence between ASE (0.1 mg/kg) treatment with ASE (0.5 mg/kg) group.

ASE: asenapine, IL: initial latency, PTZ: pentylenetetrazole, RL: retention 
latency, SN: shock number, TLC: total light compartment.
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(Fig. 1C). GTCS duration was significantly decreased in 
the group III and group IV vs. group II (Fig. 1D).

The effect of ASE on passive avoidance memory 

There was no statistically significant difference between 
IL (Fig. 2A) and SN (Fig. 2B) in different treatment groups. 
However, RL in the PTZ group was significantly decreased 
compared to the control group, indicating memory impair-
ment (P < 0.001). RL in the group III was not significantly 
different compared to the group II. On the contrary, in 
the group III, RL was increased significantly vs, group II 
(P = 0.002) (Fig. 2C). Regarding TLC time, the group II 
exhibited a significant decrease compared to the group 
I (P < 0.001). In both group III and group IV, TLC sig-
nificantly increased vs. group II (P = 0.010 and P < 0.001, 
respectively) (Fig. 2D).

The effect of ASE on oxidative stress markers 
As shown in Fig. 3A, there was a significant increase in 
serum NO levels in the group II compared to group I (P 
< 0.001); but in the group III and group IV a significant 
decrease was observed in serum NO level compared to 
the group II (P < 0.001). In case of serum GHS levels, the 
effects were similar (Fig. 3B).

Discussion

In the present study, the effect of ASE on seizures and 
PTZ-induced avoidance memory deficits in rats was 
investigated. The results revealed that ASE has a sta-
tistically significant effect on behavioral manifestation 
of PTZ-induced seizures. The PA test also showed that 

PTZ caused memory impairment resulting in reduced 
RL and TLC. The results of this study are in line with 
reports on memory impairment due to PTZ-induced 
seizures (Aghaie et al. 2021; Hosseini et al. 2021; Nagib et 
al. 2018). By inducing significant increase in RL and TLC 
compared to the PTZ group, ASE reversed the effect of 
PTZ-induced memory impairment, indicating its protec-
tive role against seizures and seizure-induced memory 
impairment. While no studies have been reported on the 
anticonvulsant effect or the effect on memory of ASE 
so far, there are some reports on the inhibitory effects 
of ASE on experimental models of psychosis or bipolar 
disorder (BD) as well as on the progression of underlying 
diseases associated with psychosis or BD (Marston et al. 
2009; McLean et al. 2010; Snigdha et al. 2011).

Various mechanisms have been proposed for how 
PTZ injection causes seizures and the associated memory 
impairment. One of the most important factors in the 
development of seizures and resulting behavioral changes 
is OS and shift in the ROS level (Olowe et al. 2020). In the 
present study, the results showed a decrease in the GSH and 
an increase in NO serum levels following PTZ injection. 
The present study, similar to various prior studies, showed 
that the injection of PTZ in animal models increases 
OS and NO and decreases antioxidant levels (Hosseini 
et al. 2021; Kawakami et al. 2021; Kumar et al. 2018). 
Glutathione as an antioxidant helps protect cells against 
free radical damage. Glutathione is present inside cells 
in states of reduced GSH and oxidized GSSG. In healthy 
cells and tissues, more than 90% of total glutathione is 
in reduced form, and less than 10% as GSSG disulfide. 
The high concentration of GSH is due to the fact that the 
glutathione reductase enzyme (which transforms it from 
the oxidized state) is very active. Increase in GSSG to GSH 
is indicative of oxidative stress (Cárdenas-Rodríguez et 
al. 2014). NO is a molecular mediator which is made by 
the nitric oxide synthase (NOS) enzyme from L-arginine, 
oxygen, and NADPH and participates in vascular ho-
meostasis by inhibiting vascular smooth muscle con-
traction, platelet aggregation, and leukocyte adhesion to 
endothelium, inflammation, thrombosis, immunity and 
neurotransmission. People with atherosclerosis, diabetes, 
and high blood pressure often manifest NO pathway dis-
orders (Ghimire et al. 2017). NO has also been reported 
to be increased in PTZ-induced seizures (Kawakami et 
al. 2021). The effects of ASE on NO and GSH have not 
been reported in the status epilepticus condition, but in 
a previous study, ASE modulate inducible NOS (iNOS) 
and protected porcine coronary endothelial cells against 
oxidative stress by preventing ROS production and GSH 
loss (Grossini et al. 2014). Therefore, the positive effects of 
ASE on seizures as well as the improvement of memory 
impairment caused by seizures which were observed in the 

Figure 3. The effect of ASE (0.1, and 0.5 mg/kg, 30 min prior to testing) 
after PTZ treatment (60 mg/kg, i.p.) on serum level of NO (A), and GSH 
(B), in male Wistar rats. The data represents as the mean ± SEM (n = 
5 rats per group). *p < 0.05; **p < 0.01; ***p < 0.001 significant dif-
ference between PTZ or ASE (0.1 or 0.5 mg/kg) treatment with control 
group. ###p < 0.001 significant difference between ASE (0.1 or 0.5 mg/
kg) treatment with PTZ group.

ASE: asenapine, PTZ: pentylenetetrazole, NO: nitric oxide, GSH: glutathione.
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present study can be partially ascribed to the antioxidant 
properties of the agent.

The present study for the first time examined the 
antioxidant effects of ASE, as well as its possible pathway. 
The elicited results could pave the way for future studies. 
Despite this strength, the present study had a limitation: 
this study did not investigate the molecular pathway or 
inflammatory cytokines due to the small number of 
samples and time constraints. This issue can be addressed 
in future research designs.

Conclusion 

Overall, the present study provided evidence for the poten-
tial neuroprotective effects of the ASE drug. In addition, 
it was shown that ASE can be protective against oxidative 
stress induced during seizures. Therefore, a treatment 
strategy that could address the potential therapeutic effect 
of ASE with AEDs in the treatment of seizures as well as 
memory impairment associated with seizures calls for 
further research. Additional study designs are also needed 
to fully elucidate the mechanisms of anticonvulsant func-
tion as well as safety in their chronic use.
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INTRODUCTION

In India, Sundarban Biosphere Reserve (21°9497'N 
89.11833'E) is one of the world heritage sites declared 
by UNESCO in 1997. It is in the Ganga-Bramhaputra 
delta of Bay of Bengal, and it is the largest single tract of 
mangrove systems covering 4100 km2 of which 2/3rd falls 
under Bangladesh and 1/3rd portion lies under Indian ter-
ritory. It is one of the richest biodiversity zones of India 
having luxuriant growth of mangrove plants, many of 
which are having medicinal values and are being used 
by local population in day–to-day healthcare system. 
In many fringe areas of Sundarban Biosphere Reserve, 
which are having habitation also possesses many non-
mangrove plants such as, medicinal and aromatic plants 
(MAP). MAP possess a serious threat of being attacked by 
a number of herbivores among which insects and mites 
play significant role. 

Among the major pests of MAPs in Sundarban, phy-
tophagous mites are undoubtedly the worst, and their 
attack sometimes becomes so severe that the entire plant 
turns yellowish- brown to reddish, falling of leaves, and 
in some cases plant may die. The attack of phytophagous 
mites on these plants causes depletion and deterioration 

of their active ingredients and induce mild to hazardous 
damage to them. Damage to the plant may show adverse 
effect on the occurrence of predatory mites, which are 
present on the plant along with the phytophagous mite 
species. Most of the predatory mites considered as food 
generalists due to their feeding abilities on number of 
prey species along with plant exudates, pollen, and fungi 
(Tixier 2018). The predatory mites are natural enemies 
and can regulate the growth rate of phytophagous mite 
at low equilibrium densities and thus, can be utilized as 
biocontrol agents (McMurtry and Croft 1997; Gerson 
et al. 2003). Diversity of species, phylogenetic patterns 
and evolutionary processes play a pivotal role for iden-
tification of species which in turn is very significant for 
development of biological pest management strategy. 
Application of morphological taxonomic method would 
be advantageous for proper identification of mites. For 
proper implementation of biocontrol strategies against 
phytophagous mites, detailed knowledge of predatory 
mite biodiversity is essential and required (Tixier 2018). 
The information in all aspect are not available from our 
country specially from Sundarban Biosphere Reserve. 
So, the present study was designed to make a compre-
hensive list of predatory mites infesting MAPs along 
with a detailed taxonomic key, habitat, and distribution. 
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This information will be helpful for stakeholders to find 
out some predatory mites having great potentiality in 
utilizing as biological control for phytophagous mites 
infested MAPs.

Survey
A regular extensive survey of predatory mites was done 
in different, selected places of Sundarban Biosphere Re-
serve in the following localities: Sagar Island (21°7269'N 
88°1096'E), Gosaba (22°1652'N 88°8070'E), Dhamakhali 
(22°3615'N 88°8645'E), Jeliakhali (22°3615'N 88°8645'E), 
Jharkhali (22°0306'N 88°7013'E), Balikhal (22°0307'N 
88°7014'E), Sarberia (22°2675'N 88°4446'E), Hasnabad 
(22°5745'N 88°9174'E), Taki (22°5864'N 88°9097'E), dur-
ing February 2017 to May 2018. During the surveys, 
various MAPs were investigated for the occurrence of 
predatory mites.

Collection
For collection of predatory mites, direct examination of 
leaves plucked from plants of our interest was done in 
the field with 20X hand lens, and after confirmation of 
mites, 25-30 leaves were taken in polythene zipper bags 
for proper examination in the laboratory under stereo-
binocular microscope (MSZ-TR 70T0842). During the 
collection of plants, field observations were made regard-
ing their association with phytophagous mites and the 
predatory importance of predatory mites, if any. All the 
measurements given in the text are in microns and entire 
collection was made by extensive survey by all the authors.

Preservation
The collected mites were preserved in 70% ethyl alcohol 
and subsequently, mounted in Hoyer’s medium (Walter and 
Krantz 2009). Permanently mounted mites were identified 
under OLYMPUS CH-20i microscope. Identification was 
done consulting the updated literature. The keys of Gupta 
(2003), Moraes et al. (2004), and Chant and McMurtry 
(2007) were followed for the phytoseiid mite and Gupta 
(2002) was followed for identification and classification 
for other families. All the identified materials have been 
deposited in the Entomological Collection of Krishnagar 
Government College and those will be submitted to the 
National Collection Unit (Zoological Survey of India, 
Kolkata) in due course.

RESULTS

Taxonomic accounts
The identified collection of predatory mites belonged to 
41 species of 19 genera, 7 families, under 2 orders from 
32 species of medicinal and aromatic plants. The most 

dominating predatory mites associated with different 
species of phytophagous mite species were Amblyseius 
largoensis, Amblyseius herbicolus, Euseius ovalis, Paraphytoseius 
bhadrakaliensis, Euseius coccinae, Euseius alstoniae, Euseius 
ovalis, in the Phytoseiidae family and Agistimus fleschneri 
in the Stigmaidae family. The detailed taxonomic account 
with keys is given below.

Key to the superorders, orders and suborders 
of “Acari”:

1. With 1-4 pairs of dorsolateral or ventrolateral stigmata 
posterior to coxa II, coxae of legs free usually movable, 
tarsi of leg II-IV with peripodomeric fissure associated 
with slit organs tarsus of leg I with dense dorsal cluster 
of solidiform setae subdistally ...............................................  
.....................................................Superorder: Parasitiformes

*Venter of subcapitulum with maximum of IV pairs of 
setae, triotosternum usually present with a distinctly 
base, 1-2 setuloselacini and valves of adult ------ or at 
most with 1 pair of setae, base of chelicerae enclosed by 
a sclerotised ring usually with epistome. ............................  
................................................................ Order: Mesostigmata

**Idiosoma of adult female with 38 or fewer pairs of setae, 
dorsal shield with 23 or fewer pairs of setae including 
setae of r3 and R1; caudo-ventral area of female with 10 
or fewer pairs of setae; corniculae slender, triotosternum 
well developed with two lacinae, chelicerae well devel-
oped with two digits, having variable dentition, interior 
margin of tectum smooth or minutely denticulate. ........  
................................................................. Family: Phytoseiidae

- Without visible stigmata posterior to coxae II, coxae of 
legs integrated with venter of podosoma and often forming 
coxi-sternum, tarsai of leg II-IV without peri-podomeric 
fissure and slit organ, tarsus of leg I with a pair of dorsal 
setae distally and subdistally ..................................................  
.....................................................Superorder: Acariformes, 2

2. Chelicera rarely chelate, fixed digit often regressed 
and movable digit often a hook-like needle or style-like 
structure, cheliceral bases sometimes face medially, palp 
simple or modified into a thumb-claw process, sometimes 
reduced, subcapitulum without rutella , ambulacra of at 
least legs II and III usually with 2 pair of lateral claws 
and with or rarely without a medium or empodium, may 
be pad-like or rayed and often sucker-like opisthsoma, 
lacking paired lateral glands , one pair of stigmata opens 
between base of chelicerae or on anterior prodorsum , 
usually  present and sometimes associated with peretreme 
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dorsally on cheliceral bases or on the anterior margin of 
prodorsum ......................................Order: Trombidiformes
*Tracheal system with one pair of stigmata, opening be-
tween the bases of chelicerae or on anterior pro-dorsum 
usually present, usually with fixed digit sheath-like or 
completely regressed, coxal fields, contiguous or II-III 
separated ...........................................Suborder: Prostigmata

Order: Mesostigmata

Family: Phytoseiidae

Phytoseiidae Baker and Wharton (1952) An Introduction 
to Acarology, The McMillan Co., USA, p. 87.

Key to the subfamilies of Phytoseiidae:
1. Setae z3 and S6 absent ............................... Amblyseiinae
- Either or both of setae z3 and S6 present....................... 2

2. Setae Z1, S2, S4, and S5 absent .................Phytoseiinae
- At least one of setae Z1, S2, S4, S5 present ......................  
.........................................................................Typhlodrominae

Key to the tribes of subfamily Amblyseiinae:
1. Sternal shield with median posterior projection, deu-
tosternal groove wider (>5 µm in width), some forward 
migration of preanal setae, JV2 and ZV2, preanal setae 
on male, preanal setae usually arranged in tangential row 
rather than a triangular pattern ............................Euseiini
............................................................................. Genus: Euseius
- Sternal shield without posterior projection, deutosternal 
groove narrower without forward migration of preanal 
setae on male usually arranged in a triangular pattern 
rather than in a tangential row ............................................2

2. S4 absent.*
*Some dorsolateral setae thickened, serrate, arising from 
tubercles. Setae J2, S2 present, setae j6 short not longer 
than setae Z2 with 3 pairs of preanal setae ........................  
Kampidomini
................................................................Genus: Paraphytoseius
- Seta S 4 present ......................................................................3

3. Ratio of seta S4:Z1<3.0:1.0, setae S4, Z4, Z5 not greatly 
longer than other dorsal setae ..............................................4
- Ratio of setae S4:Z1<3.1:1.0, setae S4, Z5, Z4 marked 
longer than other dorsal setae ........................Amblyseiini
.......................................................................Genus: Amblyseius

4. Genu II without and genu III rarely with a macrosetae, 
fixed digit of chelicerae with fewer than 6 teeth, rarely 
multidentate in structure ...................... Genus: Neoseiulus

- Genu II and genu III rarely without macrosetae, fixed 
digit of chelicerae usually with more than 6 teeth ...........  
......................................................................Typhlodromipsini
....................................................................Genus: Scapulaseius
.............................................................. Scapulaseius suknaensis

Genus Amblyseius Berlese

Amblyseius Berlese (1914) Acari nuovi. Manipulus IX. 
Redia 10:113-150.

Key to the species groups of genus Amblyseius:
1. Cervix of spermatheca tubular or with various modi-
fications. ...................................................................................... 2
- Cervix not tubular or with various modifications. .... 3

2. Cervix of spermatheca pocular and with parallel walls 
and nodular atrium. ........................................obtusus group
.......................................................................Amblyseius obtusus
- Cervix elongated with fundibuliform wall and nodular 
atrium. .................................................................. coffeae group
........................................................................ Amblyseius coffeae
- Cervix long, narrow, tubular, flared internally and 
atrium nodular type. .......................................... sundi group
............................................................... Amblyseius paraaerialis
- Cervix short or long, tubular and with a nodular 
atrium ..................................................................aerialis group
........................................................................Amblyseius aerialis
- Spermatheca with slightly corniform cervix. ................  
................................................................. Amblyseius cucurbitae
- Cervix long, slender, tubular with nodular, triangular 
or waforied atrium. ................................largoensis group, 5

3. Cervix of spermatheca saccular with various modifica-
tions. ............................................................................................. 4
- Cervix not saccular or not saccular with various modi-
fication. ...............................................................ipomeae group
......................................................................Amblyseius ipomeae

4. Cervix of spermatheca long, saccular, swollen exter-
nally or distinctly flared internally and differentiated to 
slightly flared internally and differentiated to slightly 
nodular atrium. .............................................punctatus group
......................................................................... Amblyseius kulini
- Cervix saccular with nodular or undifferentiated atri-
um. ....................................................................orientalis group
...................................................................Amblyseius orientalis

5. Spermatheca with tubular cervix. ....................................  
..................................................................Amblyseius largoensis
- Spermatheca with fundibular cervix. ............................. 6

Predatory mites fauna on medicinal and aromatic plants

249



6. Z5 < 300 µm. ......................................................................... 7
- Z5 approximately 300 µm or longer. ............................... 8
7. s4 approximately 100 µm, Z5 < 200 µm, ST4 75 µm...  
..................................................................Amblyseius herbicolus
- s4 longer than 100 µm, Z5 longer than 250 µm, ST4 less 
than 70 µm. ..........................................Amblyseius adhatodae

8. Z4 less than 100 µm. ................Amblyseius herbicoloides
- Z4 longer than 100 µm. .................... Amblyseius fletcheri

Amblyseius aerealis (Muma)

Collection data: 2 females; India: West Bengal, Dist. South 
24 Paraganas, Jharkhali on Datura metel; Dt. 23.ix.2017.

Distribution: India (Karnataka, Bihar, West Bengal), 
Mexico, Brazil, USA, Jamaica

Remarks: The economic importance of the species 
is unknown in India though it has been reported to 
feed upon Panonychus citri on citrus (Gupta 2003). In the 
present study it was associated with Brevipalpus rica on 
Datura metel.

Amblyseius adhatodae Muma

Collection data: 1 female; India: West Bengal, Dist. North 
24 Paraganas, Hasnabad on Heliotropium indicum; Dt. 
5.xi.2017.

Distribution: India (Maharashtra, West Bengal), Paki-
stan.

Remarks: The economic importance is unknown.

Amblyseius coffeae De Leon

Collection data: 1 female; India: West Bengal, Dist. 
South 24 Paraganas, Gosaba on Cinnamomum tamala; 
Dt. 4.vi.2017.

Distribution: Mexico, India (new record).
Remarks: This species as well as the habitat on which 

it was collected is a new record for India.

Amblyseius cucurbitae Rather

Collection data: 2 females; India: West Bengal, Dist. 
South 24 Paraganas, Jeliakhali on Capparis zeylanica; Dt. 
16.iv.2017.

Distribution: India (Jammu and Kashmir, West Bengal). 
Remarks: This species is the second report for India 

and the habitat is also new for the species.

Amblyseius fletcheri Schicha

Collection data: 1 female; India: West Bengal, Dist. South 
24 Paraganas, Dhamakhali on Scuttelaria javanica; Dt. 
25.v.2017.

Distribution: New Caledonia, India (new record)
Remarks: The species has been unknown from India 

and hence is a new record. The habitat also forms a new 
record.

Amblyseius herbicoloides McMurtry

Collection data: 2 females, 1 male; India: West Bengal, 
Dist. South 24 Paraganas, Gosaba on Cleome viscosa; Dt. 
26.iii.2017.

Distribution: Fiji, India.
Remarks: The occurrence of this species was casual, 

but Cleome viscosa is a new habitat record for this species. 
The presence of the species in India was reported earlier 
by Gupta and Karmakar (2015). The record of this species 
for West Bengal is made here for the first time.

Amblyseius herbicolus (Chant)

Collection data: 2 females, 1 male; India: West Bengal, 
Dist. South 24 Paraganas, Tangrakhali on Cocos nucifera; 
Dt. 6.xi.2017.

Distribution: India (West Bengal, Tripura, Mizoram, 
Sikkim, Tamil Nadu), USA, Brazil, Mexico, Australia, 
South Africa, Japan, Thailand.

Remarks: This is one of the commonest phytoseiid 
mites present on a wide range of plants (Gupta 2003). In 
our study, it was associated with the coconut perianth 
mite, Acaria guerreronis and fed on its eggs.

Amblyseius ipomeae Ghai and Menon

Collection data: 1 female, 1 nymph; India: West Bengal, 
Dist. South 24 Paraganas, Jharkhali on Ricinus communis; 
Dt. 19.viii.2017.

Distribution: India (Maharastra).
Remarks: Its occurrence was casual and no economic 

importance has been observed, although, Ghai and Me-
non (1967) reported its occurrence in association with 
tetranychids mites.

Amblyseius largoensis (Muma)

Collection data: 5 females; India: West Bengal, Dist. 
South 24 Paraganas, Sagar Island on Justicia adhatoda; 
Dt. 25.ii.2017; 2 females; Jeliakhali on Ixora coccinea; Dt. 
15.iv.2017; 1 male; Dhamakhali on Ricinus communis; Dt.16.
iv.2017; 6 females and 2 males; Jharkhali on Avicenia alba; 
Dt. 23.ix.2017; 24.x.2017, 14.i.2018, 2 females; Dist. North 
24 Paraganas, Hasnabad on Occimum sanctum; Dt. 5.xi.2017.

Distribution: India (Himachal Pradesh, Odisha, Gu-
jarat, West Bengal, Andaman Nicobar Island, Karnataka, 
Manipur, Assam, Meghalaya, Nagaland, Kerala, Bihar), 
Brazil, Costa Rica, New Zealand, S. Africa, Japan, An-
gola, USA.

Remarks: This is another common phytoseiid mite 
species present on many plants feeding mostly in im-
mature phytophagous mites. In the present study it was 
seen in the colony of Oligonychus iseilemae on Avicenia alba 
and in the colony of Brevipalpus californicus on Justicia 
adhatoda and in both cases its feeding was observed on 
the immature stages.
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Amblyseius kulini Gupta

Collection data: 1 male, 2 females; India: West Bengal, 
Dist. South 24 Paraganas, Jharkhali on Cocos nucifera; 
Dt. 23.ix.2017.

Remarks: In the recent study it was found feeding 
upon eriophyid mites on Cocos nucifera.

Amblyseius obtusus (Koch)

Collection Data: 1 female; India: West Bengal, Dist. 
North 24 Paraganas, Hasnabad on Butea monosperma; 
Dt. 23.xii.2017.

Distribution: Indonesia, Europe Australia, Canada, 
India (new record).

Remarks: The record of this species is made here for 
the first time.

Amblyseius orientalis Ehara

Collection data: 1 female; India: West Bengal, Dist. 
North 24 Paragana, Mini Sundarban on Avicenia alba; 
Dt. 12.v.2017.

Distribution: India (Assam, West Bengal), Japan
Remarks: The occurrence of this species has been 

reported as casual occurrence. Earlier studies reported 
this mite from Assam (Gupta 1978). Its feeding behavior 
was not observed.

Amblyseius paraaerialis Muma

Collection data: 2 females; India: West Bengal, Dist. South 
24 Paraganas, Jharkhali on Vitex negundo; Dt. 23.ix.2017.

Distribution: India (Arunachal Pradesh, Assam, 
Meghalaya, Sikkim, Kerala), Thailand.

Remarks: Although this species has been reported from 
India on a number of plants feeding upon phytophagous 
mite (Gupta 2003), it was recorded just only showing no 
predatory importance in the present study.

Genus Euseius Wainstein

Amblyseius (Amblyseius) section Euseius Wainstein (1962) 
Acarologia 4:15.

Euseius, Chant and McMurtry (2007) p.118.

Key to the species of genus Euseius:
1. All setae on dorsal shield minute except j1 and Z5 .... 3
- Besides j1 and Z5 some other setae also long................ 2

2. S2-S5 equal .....................................................Euseius ovalis
- S2-S5 unequal ................................Euseius rhododendronis

3. j1, j3 either equal or j3 longer than j1 ............................. 4
- j1 longer than j3 ..................................................................... 5

4. j3 longer than j1 .......................................Euseius alstoniae
- j3 as long as j1 .............................................Euseius coccinae

5. Leg chaetotaxy on genu III  1 2 2 1; tibia III 1 2 2 1.
                                                           0 0                       1 1 ........  
..............................................................................Euseius prasadi
- Genu III 1 1 1 1; tibia III 1 2 1 1
                       1 1                       1 1 .......... Euseius finlandicus

Euseius alstoniae Gupta

Collection data: 1 female; India: West Bengal, Dist. 
South 24 Paraganas, Sagar Island on Gmelina arborea; 
Dt. 18.vi.2017.

Distribution: India (West Bengal, Odisha, Bihar, Uttar 
Pradesh, Punjab, Jammu and Kashmir)

Remarks: This species was in close association with 
Oligonychus bihariensis on Gmelina arborea and feeding 
upon its immature stages.

Euseius coccineae Gupta

Collection data: 2 females; India: West Bengal, Dist. 
South 24 Paragana, Sagar Island on Justicia adhatoda; Dt. 
18.vi.2017

Distribution: India (Arunachal Pradesh, Meghalaya, 
Tripura, Gujrat, Odisha, West Bengal)

Remarks: This species was in close association with 
Brevipalpus californicus on Justicia adhatoda but both in field 
and laboratory examination its feeding was not noticed.

Euseius finlandicus Oudemans

Collection data: 1 male; India: West Bengal, Dist. South 
24 Paraganas, Jeliakhali on Heliotropium indicum; Dt. 
16.iv.2017.

Distribution: India (Karnataka, West Bengal, Bihar, 
Sikkim, Punjab, Jammu and Kashmir), Pakistan, Canada, 
Mexico, Russia, Europe, USA, Japan.

Remarks: This mite is known to be an important 
predator of tetranychids (Hoy 2011) but in the present 
study no such behavior was noticed.

Euseius ovalis (Evans)

Collection data: 2 females; India: West Bengal, Dist. South 
24 Paraganas, Gosaba on Murraya koenigii; Dt. 23.viii.2017.

Distribution: India (Arunachal Pradesh, Assam, Sik-
kim, Mizoram, West Bengal, Gujarat, Punjab, Tamil Nadu, 
Kerala, Andaman & Nicobar Islands), Philippines, Taiwan, 
Hawaii, Mexico, Malaysia, Japan, New Zealand, Australia.

Remarks: This species is known to be a very impor-
tant predator of a number of phytophagous mites (Gupta 
2003). In the present study the species was found feed-
ing upon the eggs of Schizotetranychus cajani on the leaf 
of Murraya koenigii. The infested leaf of Murraya koenigii 
infested with Schizotetranychus cajani when examined 
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under stereo-binocular microscope, the predator was 
found feeding upon eggs.

Euseius prasadi Gupta

Collection data: 2 females, 1 male; India: West Bengal, 
Dist. South 24 Paraganas, Jharkhali on Heritiera fomes; Dt. 
23.ix.2017. 1 male, 1 nymph; India: West Bengal, North 
24 Paraganas, Taki on Ocimum gratssiimum; Dt. 14.iv.2018.

Distribution: India (West Bengal, Arunachal Pradesh, 
Assam, Meghalaya, Sikkim, Tripura Mizoram, Punjab, 
Himachal Pradesh, Jammu & Kashmir).

Remarks: This is a very common phytoseiid mite, 
known to be occurring on wide range of plants but its 
economic importance has not been observed in the field.

Euseius rhododendronis (Gupta)

Collection data:1 male, 1 female; India-West Bengal, Dist. 
South 24 Paraganas, Balikhal on Acacia auriculiformis; 
Dt. 23.x.2017.

Distribution: India (West Bengal, Tripura, Sikkim, 
Tamil Nadu, Karnataka), Thailand.

Remarks: This species has no known economic im-
portance.

Genus Neoseiulus Hughes

Neoseiulus Hughes (1948) Min Agr Fish Lond, p. 141.

Neoseiulus longispinosus (Evans)

Collection data: 1 female; India: West Bengal, Dist. South 
24 Paraganas, Jeliakhali on Mangifera indica; Dt. 16.iv.2017.

Distribution: India (West Bengal, Odisha, Bihar, Sik-
kim, Uttar Pradesh, Karnataka, Andaman and Nicobar 
Islands), Taiwan, Indonesia, Japan, Pakistan, Australia, 
Malaysia, Jamaica.

Remarks: This is one of the well-known and estab-
lished predatory mites feeding upon phytophagous mites 
in India, and it is known to feed upon several tetranychid 
mites on a wide range of host plants. In the present study, 
this species was seen actively feeding upon Oligonychus 
mangiferus on mango.

Genus Paraphytoseius Swirski and Schechter

Paraphytoseius Swiriski and Schechter (1961) Israel J Agric 
Res 11:113.

Key to the species of genus Paraphytoseius:
1. Setae z2 and z4 serrate .........................................................  
...........................................................Paraphytoseius scleroticus

- Setae z2 and z4 smooth .........................................................  
...................................................Paraphytoseius bhdrakaliensis

Paraphytoseius scleroticus Gupta and Ray

Collection data: 1 female; India: West Bengal, Dist. South 
24 Paraganas, Jeliakhali on Vitex negundo; Dt. 16.iv.2017.

Distribution: India (West Bengal)
Remarks: This was earlier described from hilly area 

of North East India (Gupta and Ray 1981) and its pres-
ence in Gangetic plain of West Bengal in very interesting. 
Predatory behavior was not noticed.

Paraphytoseius bhadrakaliensis (Gupta)

Collection data: 1 male 2 female; India: West Bengal, 
Dist. South 24 Paragana, Gosaba on Ficus racemose; Dt. 
26.iii.2017.

Distribution: India (West Bengal)
Remarks: This species was found associated with Eo-

tetranychus hirsti on Ficus racemosa. It was seen attacking 
the immature stages of fig mite when the infested leaves 
were examined under stereo binocular microscope.

Tribe Typhlodromipsini

Genus Scapulaseius Karg and Oomen-Kalsbeck

Amblyseius (Scapulaseius) Karg and Oomen- Kalsbeck (1987) 
Zool Jahr Syst 114(1):131-140. 

Scapulaseius suknaensis (Gupta)

Collection data: 4 females, 1 male; India: West Bengal, 
Dist. South 24 Paraganas, Kakdwip on Uraria picta; Dt. 
14.i.2018.

Distribution: India (Arunachal Pradesh, Assam, Sik-
kim, Mizoram, Meghalaya, West Bengal, Odisha).

Remarks: The species is well distributed in various 
states of India and more so in the eastern and north eastern 
part of India. It has been recorded on a large number of 
plants often in association with phytophagous mite. In 
the present study, its feeding was observed on immature 
stages of Tetranychus neocaledonicus infesting Rauvolfia 
sarpentina and Solanum melongena. This appears to be a 
potential predator of phytophagous mites.

Subfamily Phytoseiinae

Genus Phytoseius Ribaga

Phytoseius Ribaga (1904) Gamasidi Planticoli Rivista 
Patalogia Vegetale, Italy 10:175-178.
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Key to the species of subfamily Phytoseiinae
1. Setae R1 present ................................. Phytoseius minutus
- Setae R1 absent .....................................Phytoseius swirskii

Phytoseius minutus Narayanan, Kaur and Ghai

Collection data: 1 male; India: West Bengal, Dist. South 
24 Paraganas, Jharkhali on Derris indica; Dt. 24.ix.2017.

Distribution: India (Delhi, Punjab, Himachal Pradesh, 
Uttar Pradesh)

Remarks: Predatory importance not known.

Phytoseius swirskii Gupta

Collection data: 3 females; India: West Bengal, Dist. 
North 24 Paraganas, Hasnabad on Ocimum gratssiimum; 
Dt. 5.xi.2017.

Distribution: India (West Bengal, Karnataka).
Remarks: In present study this species was closely 

associated with larval stages of Brevipalpus mitrofanovi 
occurring on Ocimum gratssiimum.

Subfamily Typhlodrominae

Genus Typhlodromus Scheuten

Typhlodromus Scheuten (1857) Arch Nutur, Germany 
23:104-112.

Typhlodromus fleshneri (Chant)

Collection data: 2 females; India: West Bengal, Dist. 
South 24 Paraganas, Sarberia on Justicia adhatoda; 3 fe-
males; Jharkhali, Sardar More on Holarrhena pubescens; 
Dt. 23.vii.2017.

Distribution: India (Assam, Meghalaya, West Bengal, 
Karnataka, Bihar).

Remarks: This species is well distributed in the eastern, 
north eastern and southern part of India associated with 
phytophagous mites. However, its predatory behavior 
was not reported neither in the present study nor in 
former studies.

Superorder: Acariformes

Order: Trombidiformes

Suborder: Prostigmata

Key to the families of sub order Prostigmata
1. Without a palpal thumb-claw complex  ........................2
- With a palpal thumb-claw complex  ................................5

2. Rod-like solenidion on tarsus usually lying flush with 

tarsus in a specialized membranous depression; anteriorly 
the propodosoma with a tubercle, bearing 1 pair of setae  
.....................................................................................Eupodidae
- Rod like solinidion on tarsus erect arising from a small 
circular membranous base  ...................................................3

3. Cheliceral bases fused or if not fused, not capable of 
lateral scissors-like motion over gnathosoma   Iolinidae
- Chelicerae free attached at base and free to move scissors-
like laterally across gnathosoma .........................................4

4. With two pairs of genital suckers, the relatively long 
palpi curved inwards, distal segment usually claw-like, 
free living .................................................................Cunaxidae
- With 3 pairs of genital suckers, the relatively long palpi 
elbow like with distal setae, free living  ............Bdellidae

5. Body dorsally densely covered with setae, larvae het-
eromorphic  ........................................................Erythraeidae
- Body setae relatively few, arranged in transverse row, 
larvae heteromorphic  .............................................................6

6. Chelicera formed a stylophore, coxae II and III contigu-
ous  .................................................................. Raphignathidae
- Chelicera generally independently movable but may be 
adnate or stylophore-like, in a few genera, coxae II and 
III not contiguous; leg I and II directed anteriorly and leg 
III and IV directed posteriorly  ..................... Stigmaeidae

Family Bdellidae

Key to the subfamilies of Bdellidae
1. Venter of hypostome with 6-7 pairs of strong setae and 
2 pairs of small adornal setae, without well-developed 
genital tracheae  ........................................................................2
- Venter of hypostome with 2 pairs of strong setae and 2 
pairs of small adornal setae with well-developed genital 
tracheae  ........................................................... Spinibdellinae
............................................................................. Genus Biscirus
.....................................................................................Biscirus sp.

2. Trichoboth absent on tibia II, palpaltibio-tarsus ex-
panded distally  ........................................................ Bdellinae
........................................................................Genus Hexabdella
..............................................................Hexabdella unusoculata
- Trichoboth present on tibia II, palpaltibio-tarsus cylin-
drical or elongated  ...................................  Odontoscrirnae
........................................................................... Genus Bdellodes
...................................................................................Bdellodes sp.
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Genus Biscirus Thor

Biscirus Thor (1913) Zool Anzeig 42:28-30.

Biscirus sp.

Biscirus sp. Gupta (1992) In Contributions to Acarological 
Researchers in India, p.440.

Collection data: 1 male; India: West Bengal, Dist. South 
24 Paraganas, Sarberia on Cocos nucifera; Dt. 14.xii.2017.

Distribution: India (Arunachal Pradesh, West Bengal)
Remarks: A damaged specimen was collected on Cocos 

nucifera.

Genus Bdellodes

Bdellodes Oudemans (1937) Kritsch Historisch Overz-
itchtder Acarologic 3(C):12-17.

Bdellodes sp.

Collection data: 1 female; India: West Bengal, Dist. North 
24 Paraganas, Taki Mini Sundarban on Justicia adhatoda; 
Dt. 5.xi.2017.

Distribution: India (West Bengal, Haryana)
Remarks: An undetermined species of this genus was 

collected but species identification could not be ascer-
tained due to the for damaged condition of the specimen.

Genus Hexabdella

Hexabdella van Den Schyff, Theron & Uckermann (2004) 
Afr Plant Protect 9(1):19-22.

Hexabdella unuscoluta van Der Schyff

Collection data: 1 female; India: West Bengal, Dist. South 
24 Paraganas, Dhamakhali on Vitex negundo; Dt. 15.iv.2017.

Distribution: South Africa, India (new record)
Remarks: Originally this species was described from 

Natal in South Africa from soil habitat and the occur-
rence of this species on Vitex negundo in Sundarban area 
is quite interesting providing a new distributional data.

Family Cunaxidae

Key to the genera and species of family Cunaxidae:
1. Palpal genu apically without elongate apophysis, tarsai 
I-IV long, slender and attenuate, without conspiqous 
lateral bilobed flanges terminally  ..................... Cunaxa, 2

- Palpal genu apically with elongate apophysis, tarsus I-IV 
long, stout and terminating in conspiqous bilobed lateral 
flanges  .................................................. Genus Dactyloseiurus
..........................................................................Dactyloseiurus sp.

2. Propodosomal and hysterosomal shields smooth  .... 3
- Propodosomal shield reticulate, smooth or striated and 
hysterosoma striated or with reticulate shield  .................  
.....................................................................Cunaxa currasavica
3. Palpal telofemur inner surface without flange or apophy-
sis  .........................................................................Cunaxa evansi
- Palpal telofemur inner surface with flange orapophysis 
........................................................................................................ 4

4. Palpal telofemur inner surface with an uncinate or 
truncate apophysis  ....................................Cunaxa capriolus
- Palpal telofemur inner surface with a distally rounded 
or sharply pointed apophysis or a rod like blunt finger 
like apophysis  ................................................ Cunaxa terrula

Genus Cunaxa von Heyden

Cunaxa von Heyden 1826, ISIS of Oken 18(6):609.

Cunaxa capreolus Berlese

Collection data: 2 females, India-West Bengal, Dist-South 
24 Paraganas, Jharkhali on Justicia adhatoda, Dt.14.i.2018.

Distribution: India (Arunachal Pradesh, Meghalaya), 
cosmopolitan.

Remarks: Although it is a good predator of phytopha-
gous mite (Smiley 1992) but in the present study its oc-
currence was scanty and therefore its predatory character 
was not observed.

Cunaxa currasavica Gupta

Collection data: 1 female; India: West Bengal, Dist. South 
24 Paragana, Tangrakhali (Hasnabad) on Abelmoschus 
esculentus; Dt. 19.xi.2017.

Distribution: India (Arunachal Pradesh)
Remarks: This predator mite was described from 

north-east India. In this present case, its occurrence 
was casual.

Cunaxa evansi Smiley

Collection data:1 female; India: West Bengal, Dist. South 24 
Paragana, Sagar Island on Occimum sanctum; Dt. 25.ii.2017.

Distribution: Mexico, Texas, India (new record)
Remarks: This species was earlier described from 

Mexico (Smiley 1992). It has been unknown from India. 
Its occurrence was casual on the undersurface of leaves. 
No predatory behavior was noticed.
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Cunaxa terrula Den Heyer

Collection data: 1 male; India: West Bengal, Dist. South 24 
Paraganas, Sagar Island on Murraya koenigii; Dt. 26.ii.2017

Distribution: South Africa, India (new record)
Remarks: This species has not been reported from 

India and hence the present is a new record.

Genus Dactyloscirus Berlese

Scirus (Dactyloscirus) Berlese, Redia 12(1):131.
Dactyloscirus Smiley (1975) Ann Ent Soc Amer 68(2):230.

Dactyloscirus sp.

Collection data: 1 male; India: West Bengal, Dist. South 
24 Paraganas, Gosaba on Ricinus communis; Dt. 26.iii.2017.

Remarks: From India only 3 species of this genus is 
known. The chaetotaxy of palp and relative length of setae 
on dorsal surface did not match with any of the species 
from India or abroad. This is likely to be a new species 
and further studies are being made for confirmation.

Family Erythraeidae

Key to the subfamilies of Erythraeidae:
1. Two eyes on each side  ................................Erythraeinae
........................................................................ Genus Erythraeus
.................................................................... Erythraeus orientalis
- One eye on each side  ....................................... Balustiinae
..........................................................................Genus Balustium
........................................................................Balustium putmani

Genus Balustium

Balustium von Heyden (1826) K.H.O.A 111P:309.

Balustium putmani Smiley

Collection data: 1 female; India: West Bengal, Dist. South 
24 Paraganas, Jeliakhali on Mangifera indica; Dt. 16.iv.2017.

Distribution: Europe, USA, India (new record).
Remarks: This is a well-known predator of phy-

tophagous mite. It was found feeding on immatures of 
Oligonychus mangiferus. The infested leaf when examined 
under stereo-binocular microscope revealed this. This 
mite has not earlier been reported from India.

Genus Erythraeus

Erythraeus orientalis (Khot)

Collection data: 1 female; India: West Bengal, Dist. South 

24 Paragana, Jeliakhali on Oxalis corniculate; Dt. 16.iv.2017.
Distribution: India (Maharashtra, West Bengal, new 

record)
Remarks: This species was reported casually, and its 

predatory importance has not been noticed in the field.

Family Eupodidae

Genus Eupodes

Eupodes Koch (1842) Heft 1-40.

Eupodes sigmoidensis Strandmann & Goff

Collection data: 1 female; India: West Bengal, Dist. South 
24 Paraganas, Jeliakhali on Bixa orellana; Dt. 15.iv.2017.

Distribution: India (West Bengal, Mizoram, Lakshad-
weep Island, Sikkim)

Remarks: This mite is frequently encountered on dif-
ferent plants in India and has been observed in the field 
to jump as soon as disturbed. Its feeding habits could not 
be ascertained in the present study.

Family Iolinidae

Genus Pronematus

Pronematus Canestrini (1886), Att. 1st Veneto Ser. 6, 4:698.

Pronematus sextoni Baker

Collection data: 1 female; India: West Bengal, Dist. South 
24 Paragana, Jharkhali, Datura metel; Dt. 14.i.2018.

Distribution: India (West Bengal, Delhi, Uttar Pradesh, 
Karnataka), Africa.

Remarks: This species was reported from various 
states of India (Gupta 1992) but it was not recorded on 
the plant found in the present study. During laboratory 
examination it was found that the species actively fed on 
eggs on of P. latus occurring on infested Datura leaves.

Family Raphignathidae

Genus Raphignathus

Raphignathus Duges (1834) Ann Sci Nat 29:1-46.

Raphignathus sp.

Collection data: 1 female; India: West Bengal, Dist. 
South 24 Paragana, Jeliakhali on Acacia auriculifomes; 
Dt. 16.iv.2017.

Remarks: The non-availability of concerned literature 
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made it unable to determine the identity of this specimen 
up to species level.

Family Stigmaeidae

Key to the genera of Stigmaeidae:
1. Dorsal setae la on median plate proper; this plate also 
carries setae a, b, c and lm  ......................Genus Agistemus
.....................................................................Agistemus fleschneri
- Setae la distributed on small independent plates, median 
plate carries 4 pairs of setae or five pairs if intercalary 
plates are integrated with it.*
*13 pairs of dorsal setae, suranals included individuals of 
pair lm always brone on small independent plates. Three 
or more pairs of paragenital setae  ........Genus Stigmaeus
................................................................................. Stigmaeus sp.

Genus Agistemus

Agistemus Summers (1960) Proc Ent Soc Wash 62:234.

Agistemus fleschneri Summers

Collection data: 2 females, 1 male; India: West Bengal, 
Dist. South 24 Paraganas, Jharkhali on Carica papaya, 
Solanum melangona; Dt. 23.ix.2017.

Distribution: India (Arunachal Pradesh, Assam, 
Meghalaya, Sikkim, Tripura, West Bengal, Delhi, Pun-
jab), USA, Chile, Mexico.

Remarks: This is a well-known predator of several 
phytophagous mites. In the present study this was found 
associated with eggplant infested with Tetranychus urticae 
as well as Euyetranychus orientalis on Carica papaya. How-
ever, field observations did not indicate any feeding on 
the respective phytophagous mites.

Genus Stigmaeus

Stigmaeus sp.

Collection data: 1 female; India: West Bengal, Dist. South 
24 Paraganas, Jharkhali on Citrus limon; Dt. 20.vii.2017.

Distribution: India.
Remarks: This undetermined species of Stigmaeus was 

recorded on lemon tree for the first time. Due to damaged 
condition its specific identity could not be ascertained.

DISCUSSION

A very few attempts have been made earlier to document 

predatory mite fauna in Sunderban Biosphere Reserve. 
Gupta et al. (2004) provided a preliminary faunistic data 
on predatory mite fauna in some region of Sunderban. 
They found 28 species of predatory mites from Mangrove 
vegetation and agri-horticultural crops. Another study 
made by Kar and Karmakar (2021) reported 3 new spe-
cies of phytoseiid mite from Sundarban. The present 
study on the predatory mites occurring on MAPs from 
Sundarban Biosphere Reserve revealed the occurrence 
of 41 species from 19 genera, 7 families and 2 orders. 
The diversity of predatory mites found in this study was 
high and this may be possible that such high diversity is 
a function of considerable diversity of plants sampled. 
A great diversity of plants leads to the great diversity of 
microhabitats that in turn allow a high number of mite 
species (Walter and O'Dowd 1995). The results of this 
study also suggest that the Sunderban Biosphere Reserve 
is an important reservoir of predatory mites, some of 
which may be helpful in controlling pest mites in differ-
ent agro-ecosystem of Sunderbans. The occurrence of 7 
species, 2, 3, 1 and 1, from Cunaxa, Amblyseius, Balustium, 
and Hexabdella, respectively, is new for India. This study 
also enlightens 25 plants that are acted as new habitats 
for some mites identified in this study (Table 1). Out of 
the 41 species, the occurrence of 12 species from West 
Bengal was hitherto unknown. Among these predatory 
mites Amblyseius largoensis, Amblyseius herbicolus and Eu-
seius ovalis were active feeders of different stages of spider 
mites (Tetranychidae). The occurrence of other predatory 
mites was of causal nature. Some members of the genus 
Stigmaeus, Dactyloscirus, Bdella, and Raphignathus appear 
to be undescribed species and their taxonomic identities 
will be ascertained by further study. The data pertaining 
to the occurrence of predatory mites from Sundarban 
on MAPs is still fragmentary and thus, present paper 
will enrich the detailed taxonomic account of predatory 
mites from medicinal and aromatic plants of Sunderban 
Biosphere Reserve.
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Introduction

The attachment of monosaccharide residues is one of the 
most complicated co- or post translational modifications 
that proteins can undergo, resulting in an abundant, 
diverse, and highly regulated repertoire of cellular glycans. 
Two major classes of oligosaccharides are defined accord-
ing to the nature of the linkage between the carbohydrate 
chain and the polypeptide region. An O-glycan (O-linked 
oligosaccharide) is usually bound to the polypeptide 
via N-acetylgalactosamine (GalNAc) to a serine (Ser) 
or threonine (Thr) residue and can be extended into a 
variety of different structural core classes. An N-glycan 
(N-linked oligosaccharide) is a sugar chain covalently 
linked to an asparagine (Asn) residue of a polypeptide 
chain within the consensus peptide sequence: Asn-X-Ser/
Thr (Brockhausen and Stanley 2017; Stanley et al. 2017).

One of the most fascinating building units of the 
oligosaccharide constructions are the sialic acids. They 
represent a family of over 40 modifications of the N-
acetylneuraminic acid (Neu5Ac). The sialic acids typically 

occupy the terminal position of the glycoconjugate sugar 
chains, usually via α-2,3-, α-2,6-, or α -2,8- glycosidic bond 
(Varki 1992; Harduin-Lepers et al. 2001; Schauer 2004). 
The glycosidic bonds are generated by highly specific 
enzymes that belong to four sialyltransferase families. 
The members of the families, beta-galactoside alpha-2,3-
sialyltransferase (ST3Gal), beta-galactoside alpha-2,6-
sialyltransferase (ST6Gal) and N-acetylgalactosaminide 
alpha-2,6-sialyltransferase (ST6GalNAc) are widely spread 
in different tissues, while the enzymes from the alpha-
N-acetyl-neuraminide alpha-2,8-sialyltransferase family 
(ST8SiA) are mostly expressed in the brain (Harduin-
Lepers et al. 2005). The sialylation of glycoproteins or 
glycolipids always occurs into the Golgi, and afterwards 
they are transported to the cell membrane. Because of 
their terminal position on the oligosaccharide chains, 
the sialic acids participate in almost all types of recogni-
tion phenomena and adhesion mechanisms (Varki 2007; 
Schauer 2009). 

In skeletal muscles the sialic acids are very important 
for the functional maintenance of glycoproteins involved 
in fibre structure and neuromuscular junctions, develop-
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ment and regeneration, muscle excitability and exercise 
performance (McDearmon et al. 2003; Combs and Ervasti 
2005; Broccolini et al. 2008; Johnson et al. 2004; Schwetz 
et al. 2011; Hanish et al. 2013). 

Even if the sialylation is not as much abundant as in 
other tissues, the muscles are very sensitive to sialic acid 
deficiency due to mutations, which results in a variety of 
diseases with a severe and progressive loss of motility as 
a common feature (Tajima et al. 2005; Broccolini et al. 
2009). Histological expressions of sialylated glycoproteins 
in adult human skeletal muscles were already described 
in detail (Marini et al. 2014). By now, however, the only 
identified sialylated glycoprotein in skeletal muscles is the 
α-dystroglycan, a member of the dystrophin-associated 
glycoprotein complex (Barresi and Campbell 2006). Com-
prehensive information about the expression of enzymes 
from the sialyltransferase families is also missing in the 
available literature.

The aim of this work was to investigate the sialylation 
in mouse skeletal muscle tissue and C2C12 mouse myo-
tubes in the aspect of localization of α-2,3- and α-2,6-
sialylated glycoproteins, relative quantification of sialyl-
transferase expressions and comparison of the α-2,3- and 
α-2,6-sialylated glycoprotein profiles.

Material and methods

Ethical procedures
All animal experiments were performed in compliance of 
Regulation No 20/01.11.2012 on the minimum require-
ments for protection and welfare of experimental animals 
and the requirements for the sites for their use, breeding 
and/or delivery, issued by the Ministry of Agriculture 
and Food of Republic of Bulgaria.

Mouse tissue samples collection
Five male white laboratory mice, 6-8 weeks old, were hu-
manely euthanized. Tissue specimens were excised from 
the femoral and gluteal muscles and fixed with freshly 
prepared modified methacarn fixative (Cox et al. 2006) 
or stored at -80 °C for further studies. Specimens from 
lungs, spleen, brain, liver, intestine, colon, and kidneys 
were archived in low temperatures, too. After processing, 
the fixed specimens were embedded in paraffin.

Cell cultures
C2C12 mouse myoblast cell line (ATCC® CRL-1772™) 
was purchased from LGC Standards USA (Manchester, 
NH, USA). The cells were cultured for 48 h in Dulbecco's 
Modified Eagle's Medium (DMEM, Sigma-Aldrich, St. 
Louis, MO, USA) with a high glucose content of 4.0 g/L 
supplemented with 10% fetal bovine serum (FBS, Gibco-

Thermo Fisher Scientific, Waltham, MA, USA), penicillin 
100 IU/ml and streptomycin 100 μg/ml, (AppliChem, 
Darmstadt, Germany) into plastic tissue culture flasks 
(Orange Scientific, Braine-l`Alleu, Belgium) or onto 12 
mm oval glass cover slips (Glaswarenfabrik Karl Hecht, 
Sondheim, Germany), until 90% confluence of the mono-
layer was achieved. Further differentiation into myotubes 
was induced by changing the growth medium to differen-
tiation medium – Dulbecco's Modified Eagle's Medium, 
supplemented with 2% horse serum (Sigma-Aldrich, 
Merck, Darmstadt, Germany). After a routine estimation 
of the fusion index, the mature myotubes were dissoci-
ated by 0.05% solution of trypsin (Gibco, Thermo Fisher 
Scientific) with 0.025% ethylenediaminetetraacetic acid 
(AppliChem, Darmstadt, Germany) and counted with an 
automatic cell counter (CountessTM, InvitrogenTM, Thermo 
Fisher Scientific). Samples with approximate concentra-
tion of 5 x 106 cells/ml were stored at -80 °C for further 
molecular and proteomic studies. The myotube layers onto 
the cover slips (Glaswarenfabrik Karl Hecht, Sondheim, 
Germany) were submitted for lectin cytochemistry.

Lectin histo- and cytochemistry
Cover slips with myotube cultures and skeletal muscle 
tissue sections were treated with biotinylated lectins – 
Maackia amurensis lectin-II (MAL-II, Vector Laboratories, 
Burlingame, CA, USA), specific for α-2,3-sialic acids 
(Knibbs et al. 1991) and Sambucus nigra agglutinin (SNA, 
Vector Laboratories), specific for α-2,6-bound sialic acids 
(Kaku et al 2007). The tissue sections were first rehy-
drated, and the myotubes were treated with 0.3% Triton 
in buffer. The further steps were performed in dark. All 
samples were incubated for 30 min with 1 µg/mL metha-
nol solution of 4′,6-diamidino-2-phenylindole (DAPI, 
AppliChem), then with SNA or MAL-II (1 µg/mL) for 60 
min, and finally with Streptavidin-FITC (1:100, Sigma-
Aldrich) for 30 min. Control samples were treated with 
buffer instead of lectins. The samples were mounted in 
Vectashield mounting medium (Vector Laboratories) and 
observed with light microscope Leica DM 5000B (Leica 
Camera AG, Wetzlar, Germany) under UV, blue, green 
and UV/violet fluorescent filters. The obtained parallel 
images of each sample were merged using ImageJ (ver-
sion 1.48h3; developed at the U.S. National Institutes of 
Health (Bethesda, MD, USA) by W. Rasband, and available 
at https://imagej.net/Downloads; Schneider et al., 2012).

Gene expression analyses
The experiments described in this section were designed 
to evaluate the expression of mRNA of mouse sialyltrans-
ferases St3gal1, 2, 3, 4 and 6, St6gal1 and 2, and St6galnac1, 
2, 3 and 4 in mouse skeletal muscle tissue samples and 
mouse C2C12 myotubes. The levels of expressions were 
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estimated via normalization versus the expressions of 
peptidyl prolyl isomerase A (Ppia) and glyceraldehyde 
3-phosphate dehydrogenase (Gapdh) as reference genes. 
All primers were designed using the NCBI Blast Tool (Ye 
et al. 2012) in a way to span at least one intron sequence. 
The full names of investigated genes, the primer sequences 
and the size of the amplified products are available in 
Table 1, as a supplementary file. The oligonucleotides 
were purchased from HVD Biotech Vertriebs (Vienna, 
Austria). The substrate specificities of all sialyltransferases, 
analyzed in this study, are shown in Table 2.

Five skeletal muscle tissue samples with approxi-
mate weight of 30 mg each and five aliquots of C2C12 
cell cultures from different passages with approximate 
concentration of 5 x 106 cells/ml were homogenized 
using TissueRuptur II homogenizer (Qiagen, Hilden, 
Germany) on ice. Total RNA was isolated and purified 

by GeneMatrix Universal RNA Purification Kit (EurX®, 
Gdansk, Poland), strictly following the corresponding 
protocols recommended by the producer. The yield and 
purity of the collected RNA were measured using S-300 
spectrophotometer (Boeco, Hamburg, Germany). 

Approximately 2 µg total RNA from each sample 
were used for first strand cDNA synthesis. The reverse 
transcription reaction mixture contained 5 x reaction 
buffer, 20 U RiboLock Rnase Inhibitor, 1 mM dNTPs, 100 
pmol random hexamer primers, 200 U RevertAid Reverse 
Transcriptase (all of them Fermentas; Thermo Fisher 
Scientific, Waltham, MA, USA) and diethylpyrocarbon-
ate (DEPC)-treated water (Sigma-Aldrich). The reaction 
mixture was first incubated at room temperature for 10 
min, then at 42 °C for 1 h, and the reaction was terminated 
at 70 °C for 10 min. The generated cDNA was quantified, 
and the samples were stored at -80 °C.

Gene Abbreviation Accession number Primers sequences (5`-3`) Product size (bp)

Peptidylprolyl isomerase A Ppia NM_008907.1 TTCGAGCTCTGAGCACTGG – F
CCAGTGCCATTATGGCGT – R

115

Glyceraldehyde 3-phosphate dehydrogenase Gapdh NM_001289726
transcript variant 1

TCCTCGTCCCGTAGACAAAATG – F
AATCTCCACTTTGCCACTGC – R

103

ST3 beta-galactoside alpha-2,3-sialyltransferase 
1

St3gal1 NM_009177.4 ACCATCACTCACACCTATGTCC – F
CCTGAAGCCAGTTGTCAAAGAC – R

112

ST3 beta-galactoside alpha-2,3-sialyltransferase 
2

St3gal2 NM_009179 TCCTTCCTTCGAGTGGACAAAG – F
ACCAGCATTCCTGTGGAAGG – R

116

ST3 beta-galactoside alpha-2,3-sialyltransferase 
3

St3gal3 NM_001161774.2
transcript variant 2

AACTTTTCCGAGGGAGCTTG – F
TAGCCCACTTGCGAAAGGAG – R

118

ST3 beta-galactoside alpha-2,3-sialyltransferase 
4

St3gal4 NM_009178.4 TGGGTAAAGACGCCATCCAC – F
TCGAGGCTCTTTATGCTCTCAG – R

119

ST3 beta-galactoside alpha-2,3-sialyltransferase 
6

St3gal6 NM_018784.2 TCCCAGCTGAAGAAATGAGGAC – F
TCAGCTCTGCACAGAAATGG – R

112

ST6 beta-galactoside alpha-2,6-sialyltransferase 
1

St6gal1 NM_145933.3 GCCGTCGTGTCTTCTGCAGGAT – F
TGGAAGTTGTCTGTAGGTGCCCC – R

107

ST6 beta-galactoside alpha-2,6-sialyltransferase 
2

St6gal2 NM_172829.2 CTGCGCAGTTGTCATGTCTG – F
TTTCTCATAGCCACGTGTAGGG – R

115

ST6 (alpha-N-acetyl-neuraminyl-2,3-beta-ga-
lactosyl-1,3)1-acetogalactosaminide alpha-2,6-
sialyltransferase 1

St6galnac1 NM_011371.2 TCCTGCTTCTGACTGTGTTGGCA – F
TCTCCTGGGCACTTGCGTCA –R

117

ST6 (alpha-N-acetyl-neuraminyl-2,3-beta-ga-
lactosyl-1,3)1-acetogalactosaminide alpha-2,6-
sialyltransferase 2

St6galnac2 NM_009180.3 CCCACGAGCATTCTTTGACCCCA – F
TCAAACAGGCTGCGGAAGCGA – R

117

ST6 (alpha-N-acetyl-neuraminyl-2,3-beta-ga-
lactosyl-1,3)1-acetogalactosaminide alpha-2,6-
sialyltransferase 3

St6galnac3 NM_011372.2 CAGGCAGCCTCTTCGAACTCACT – F
ACCTTCTGCCCGACCATTTGACC – R

117

ST6 (alpha-N-acetyl-neuraminyl-2,3-beta-ga-
lactosyl-1,3)1-acetogalactosaminide alpha-2,6-
sialyltransferase 4

St6galnac4 NM_011373.3
transcript variant 1

TTCACTGAACGCATGATGGC – F
AGGGCCAGAATCATGGTGAAC – R

116

Table 1. The full names of the investigated genes and their primers sequences used in this study.
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Real-time PCR was designed on approximately 700 ng 
cDNA as a template in 20 µl total volume of reaction us-
ing SG qPCR Master Mix (2x), 0.25 U uracyl-N-glycolase 
(UNG), nuclease free water (all from EurX) and 0.2 µM 
R- and F-primers specific for amplification of fragments 
of Gapdh, Ppia, St3gal1, 2, 3, 4 and 6, St6gal 1 and 2, and 
St6galnac1, 2, 3 and 4. Three real-time PCR reactions/
sample in duplicate were performed for amplification of 
each fragment of interest using RotorGene™ 6000 Real-
time Analyzer (Corbett Life Science-Qiagen). 

The data were analysed using Rotor Gene Q Series 
Software (Qiagen) and the relative quantification of the 
sialyltransferase expressions was calculated by the ΔΔCt 
method (Zhang et al. 2014) versus Ppia and Gapdh as refer-
ence genes. After each run, a High-Resolution Melting 
Curve Analysis (HRM) was performed to verify the speci-
ficity of the amplified products, which were visualized on 
2.5% agarose gel supplemented with Simply Safe nucleic 
acid stain (EurX) versus 100-1000 bp DNA Ladder (EurX) 
and the gels were photographed with a gel documentation 
system Vision (Scie-Plas Ltd, Cambridge, UK).

Statistical analysis of the gene expression quantifica-
tion

Statistical analysis of the data was performed using Graph-
Pad Prism 5.03 software (San Diego, CA, USA). One Way 
Anova analysis with test of Bonferroni was computed to 
detect statistically significant differences between the 
Ct values of the qPCR products, and the results were 
interpreted as follows: P < 0.001 = highly significant; P 

< 0.01 = very significant; P < 0.05 = significant.

SDS-PAGE, lectin- and western blotting
Skeletal muscle tissue samples with an approximate weight 
of 30 mg each and aliquots of C2C12 myotubes from dif-
ferent passages with an approximate concentration of 5 
x 106 cells/ml were homogenized in 0.6 M Tris buffer, 
containing 150 mM NaCl, 5 mM EDTA and 1% CHAPS 
(all purchased from Sigma-Aldrich), supplemented with 
Proteinase inhibitor cocktail, set 3 (Sigma-Aldrich), using 
TissueRuptur II homogenizer (Qiagen) on ice, and then 
centrifuged at 21 000 g, for 1 h at 4 °C. The supernatants 
were used for methanol/chloroform protein precipita-
tion, as described by Fic et al. (2010). The protein pellet 
was reconstituted in 6 M urea buffer, containing 1.5 M 
thiourea, 3% CHAPS, and 66 mM DTT (all purchased 
from Sigma-Aldrich), and stored at -20 °C. The protein 
content was measured by the method of Bradford (1976) 
on spectrophotometer S-300 (Boeco).

Approximately 30 µg from each sample were mixed 
with 4 x Loading buffer (EurX), samples were heated at 
98 °C for 10 min and were then loaded on 10% polyacryl-
amide gel. SDS-PAGE was performed under reducing 
conditions as described by Laemmli (1970).

Gels were then stained with colloidal Coomassie 
Brilliant Blue ( Jahn et al. 2013) or were forwarded to 
western blotting on 0.45 µm nitrocellulose membranes 
(Sigma-Aldrich), as described by Towbin et al. (1979). The 
membranes designated for lectin-affino blots were blocked 
with 5% non-fat dry milk (Sigma-Aldrich) for 1 h, then 

β-Galactoside-α-2,3-sialyltransferase family (ST3Gal)

ST3Gal1 Gal-β-1,3-GalNAc

ST3Gal2 Gal-β-1,3-GalNAc

ST3Gal3 Gal-β-1,3-GlcNAc > Gal- β-1,4-GlcNAc > Gal-β-1,3-GalNAc

ST3Gal4 Gal-β-1,3-GalNAc > Gal- β-1,4-GlcNAc > Gal-β-1,3-GlcNAc

ST3Gal6 Gal- β-1,4-GlcNAc > Gal-β-1,3-GlcNAc

β-Galactoside-α-2,6-sialyltransferase family (ST6Gal)

ST6Gal1 Gal- β-1,4-GlcNAc

ST6Gal2 Gal- β-1,4-GlcNAc

GalNAc α-2,6-sialyltransferase family (ST6GalNAc)

ST6GalNAc1 GalNAc-α-1-Ser/Thr (Tn Ag) > Gal-β-1,3-GalNAc-α-1-Ser/Thr (T Ag)

SiA-α-2,3-Gal-β-1,3-GalNAc-α-1-Ser/Thr (sialyl-T Ag)

ST6GalNAc2 Gal-β-1,3-GalNAc-α-1-Ser/Thr > GalNAc-α-1-Ser/Thr

SiA-α-2,3-Gal-β-1,3-GalNAc-α-1-Ser/Thr

ST6GalNAc3 SiA-α-2,3-Gal-β-1,3-GalNAc-

ST6GalNAc4 SiA-α-2,3-Gal-β-1,3-GalNAc-

Table 2. Substrate specificity of the sialyltransferases, operating on glycoproteins (Markos et al. 2004; Takashima 2008), investigated in this 
study. The monosaccharides in bold indicate a residue onto which a sialic acid is transferred via α-2,3- or α-2,6-glycosidic linkage. Gal – galactose, 
GalNAc – N-acetyl-D-galactosamine, GlcNAc – N-acetyl-D-glucosamine, SiA – sialic acid, Ser – serine, Thr – threonine.
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incubated with biotinylated SNA (Vector Laboratories) or 
MAL-II (Vector Laboratories) (1 µg/mL) for 1 h, and finally 
treated with streptavidin horseradish peroxidase (HRP, 
Vector Laboratories) for 30 min at room temperature. 
The membranes designated for western blots were treated 
with goat blocking serum (Vector Laboratories) for 1 h, 
then incubated with polyclonal rabbit antibodies against 
GAPDH (1:2000, Thermo Fisher Scientific), ST3Gal VI 
(1 µl/mL) and ST6GalNAc III (2 µl/mL) (Sigma-Aldrich) 
for 2 h, and finally treated with WestVision Peroxidase 
Polymer Anti-Rabbit IgG (Vector Laboratories) for 30 
min at room temperature. The colour reaction on all 
membranes was developed after exposure to DAB Per-
oxidase Substrate solution (Vector Laboratories). The 
approximate molecular weight of the detected protein 
bands was estimated versus Perfect™ Tricolor Protein 
Ladder (EurX), ranging from 11 to 245 kDa.

Results 

Localization and protein profiles of α-2,3- and α-2,6-
sialylated glycoproteins 

The lectin histochemistry and cytochemistry in our study 
demonstrated the membrane localization of α-2,3- and 
α-2,6-sialylated glycoproteins in mouse skeletal muscle 
samples and the C2C12 cell line (Fig. 1). The cell line 
samples were much more reactive towards MAL-II in 
comparison with SNA. Both experimental groups showed 

similar protein profiles with a slight difference between 
the patterns of the α-2,3-sialylated glycoproteins, dem-
onstrated by MAL-II affino-blot. The C2C12 cell culture 
samples showed a higher number of α-2,6-sialylated gly-
coproteins, as demonstrated by the SNA affino-blot. In 
both experimental groups, the lectin affino-blots revealed 

Figure 1. Sialylated glycorpoteins in mouse skeletal muscle tissue and mouse C2C12 myotubes. Skeletal muscle tissue sections and C2C12 
myocyte cultures were stained with lectins MAL-II and SNA specifically recognizing α-2,3- and α-2,6-sialylated glycoproteins located on the cell 
membranes (arrows). Streptavidin-FITC, DAPI. Scale bar: 20 µm.

Figure 2. SDS-PAGE, MAL-II and SNA lectin affino-blot of mouse 
skeletal muscle tissue (M) and C2C12 myotube samples (MT), loaded 
on 10% gels versus Perfect™ Tricolor Protein Ladder (EurX) ranging 
from 11 to 245 kDa (line L), showing different patterns of sialylation. 
Streptavidin-HRP, DAB.
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sialylated glycoproteins with an approximate molecular 
weight between 120 and 15 kDa (Fig. 2).

Expression of sialyltransferases
Our study was designed to analyse the expressions of 

members from the β-galactoside α-2,3-sialyltransferase 
(St3gal), β-galactoside α-2,6-sialyltransferase (St6Gal) 
and GalNAc α-2,6-sialyltransferase (St6galnac) families, 
operating on glycoproteins (Takashima 2008), which 
substrate preferences were described in Table 2. 

The mRNAs of St6gal2 and St6galnac1 didn’t show 
products of amplification in the skeletal muscle samples 
and in the C2C12 cell line (Fig. 3). Expressions of mRNAs 
for all the rest of the sialyltransferases were detected in 
mouse skeletal muscle samples (Fig. 4A). Expressions 
of mRNA for the genes St3gal6 and St6galnac3 were not 
detected in the C2C12 muscle cell samples (Fig. 4B) and 
this was confirmed also by protein western blot (Fig. 4C). 

According to the percent distribution analysis of the 
expressions of investigated sialyltransferases in both 
experimental groups (Fig. 5), mRNAs of the St3gal fam-
ily prevailed over the mRNA expressions of the ST6gal 
and St6galnac families. The profiles of sialyltransferase 

Figure 3. Absence of amplifi cation products specifi c for mouse St6gal2 
and St6galnac1 sialyltransferases in mouse skeletal muscles and C2C12 
myotubes. Mouse brain and lungs were used as positive expression 
controls. Lanes: M – 100 bp fragment of DNA Ladder, 1 and 2 – Gapdh 
(103 bp) and St6gal2 (115 bp) expressions in brain, 3 and 4 – Gapdh and 
St6galnac1 (117 bp) expressions in mouse lungs, 5, 6 and 7 – Gapdh, 
St6gal2 and St6galnac1 expressions in mouse skeletal muscles, 8, 9  and 
10 – Gapdh, St6gal2 and St6galnac1 expressions in C2C12 myotubes.

Figure 4. Expressions of mouse sialyltransferases analyzed by real time RT-PCR in skeletal muscle tissue (a) and C2C12 myotube cultures (b), 
and by western blot (c). Panels a and b – The photographs show amplifi cation products specifi c for mouse sialyltransferases on 2.5% agarose 
gel: M – 100 bp fragment of DNA Ladder, 1 – Ppia (115 bp), 2 – Gapdh (103 bp), 3 – St3gal1 (112 bp), 4 – St3gal2 (116 bp), 5 – St3gal3 (118 bp), 
6 – St3gal4 (119 bp), 7 – St3gal6 (112 bp), 8 – St6gal1 (107 bp), 9 – St6galnac2 (117 bp), 10 – St6galnac3 (117 bp), 11 – St6galnac4 (116 bp). The 
charts represent a relative quantifi cation of sialyltransferase expressions calculated by the ΔΔCt method versus Ppia (left) and Gapdh (right) 
as reference genes from six individual samples in triplicate. The bars show the standard deviation. The stars indicate statistically signifi cant 
diff erence between sialyltransferase expressions in each family: *** P < 0.001, ** P< 0.01, * P< 0.05. Panel c – Western blots of mouse skeletal 
muscle tissue (M) and C2C12 myotube samples (MT), with polyclonal rabbit antibodies against GAPDH Thermo Fisher Scientifi c), ST3Gal VI and 
ST6GalNAc III (Sigma-Aldrich) sialyltransferases, loaded on 10% gels versus Perfect™ Tricolor Protein Ladder (EurX) ranging from 11 to 245 kDa 
(line L), showing absence of expression of both enzymes by the C2C12 myotubes. ImPress™ HRP Anti-Rabbit IgG, DAB.
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expressions were different between skeletal muscle tissue 
samples and C2C12 cell cultures, illustrated by the missing 
expressions of the mRNA for the St3gal6 and St6galnac3 
genes in the C2C12 cell samples and by the different 
shares of the genes Stgal3 and Stgal4 in both experimental 
groups.  Among the members of the St6galnac family, the 
expression of St6galnac4 gene prevailed strongly in both 
experimental groups. The expression of the St6galnac2 
sialyltransferase was also significantly lower in the C2C12 
myotubes. Both experimental groups showed expression 
of only St6gal1 but not St6gal2 (data not shown).

Discussion

Apart from the broad knowledge about the extracellular 
proteoglycan components and their role in the muscle 
growth and development (Velleman 2002), most of the in-
formation concerning glycosylation of the skeletal muscle 
tissue is related to inherited disease states (Grewal and 
Hewitt 2003; Martin-Rendon and Blake 2003) and actu-
ally very little is known about its normal glycoproteome. 

As already mentioned, the only sialylated glycoprotein 
discovered in the skeletal muscle tissue by now, was the 
α-dystroglycan bearing α-2,3-linked sialic acid residues 
(Barresi and Campbell 2006). Our results showed however 
the presence of at least several α-2,3- and α-2,6-sialylated 
glycoproteins, still not identified. 

A very important aspect in this scientific topic is the 
expression of sialyltransferases in muscles. The great 
variety of the oligosaccharide constructions used as accep-
tors by the sialyltransferases predetermines the diversity 
of these enzymes, which were grouped into four families 
according to the glycosidic linkages they synthesize. From 
amino acid sequence similarities, substrate specificities 
and gene structures, the members of each sialyltransferase 
family were classified into subfamilies (Harduin-Lepers 
et al. 2005).

In mice and humans, ST6Gal II is one of the two 
members of the ST6Gal family. Both members utilize 
the Gal-β-1,4-GlcNAc structure on glycoproteins and 
oligosaccharides as acceptor substrates. The St6gal1 gene 
has a wide range of tissue expression; however, the St6gal2 
gene is expressed in a stage-specific (embryonic stage) and 
a tissue-specific (adult brain) manner (Takashima et al. 
2003), as confirmed also by our results.

The enzymes ST6GalNac I and ST6GalNAc II were 
classified into a common subfamily of the ST6GalNAc 
family. Both enzymes exhibit similar substrate specificity, 
utilizing GalNAc- (Tn antigen), Gal-β-1,3-GalNAc- (T 
antigen) and SiA-α-2,3-Gal-β-1,3-GalNAc- (sialyl-T anti-
gen) structures on O-glycans of glycoproteins as acceptor 
substrates (Kono et al. 2000). However, ST6GalNAc I 

was reported as a major sialyl-Tn synthase, whereas the 
ST6GalNAc II acts preferentially on T antigen (Markos 
et al. 2004). In our study, we observed a positive signal 
of amplification of St6galnac1 specific product in mouse 
lung tissue, but not in our experimental muscle and 
myotube samples. 

ST3Gal VI is a member of the ST3Gal family and 
utilizes preferentially the Gal-β-1,4-GlcNAc structure 
on glycoproteins and glycolipids as an acceptor sub-
strate (Okajima et al. 1999). ST6GalNAc III together with 
ST6GalNAc IV was classified into a common subfamily 
from the corresponding sialyltransferase family. These 
two enzymes utilize the SiA-α2,3-Gal-β-1,3-GalNAc 
(sialyl-T antigen) structure on glycoproteins as an ac-
ceptor substrate (Lee et al. 1999). Our results definitively 
showed absence of expression of St3gal6 and St6galnac3 

Figure 5. Percent distribution of the gene expressions of the enzymes 
sialyltransferases from the St3gal and St6galnac families in mouse 
skeletal muscle and mouse C2C12 myotubes. Normalization shown 
versus Ppia as a reference gene.
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and their encoded proteins in C2C12 myotubes, a find-
ing that is in agreement with similar results predicted 
by Janot et al. (2009). 

Another intriguing difference between the muscle 
tissue and the cell culture was the different expression 
levels of the genes St3gal3 and St3gal4, which belong to 
the same subfamily of α-2,3-sialyltransferases. Both 
enzymes utilize the same oligosaccharide structures as 
substrate acceptors, but with quite opposite preferences 
(Takashima 2008). 

The development of new technologies in life sci-
ences opened in the late 1980s a new division of mo-
lecular biology named ‘’glycobiology’’. Since then, huge 
knowledge was accumulated concerning the chemistry 
of carbohydrates, the enzymology of glycan biosynthesis 
and degradation, the structure of glycoconjugates, the 
recognition of glycans by specific proteins and the roles 
that the glycans occupy in complex biological systems. In 
this rapidly growing field in the natural sciences, how-
ever, the skeletal muscles remained somehow not quite 
well explored object of investigation. The results from 
our work could be a useful addendum to the knowledge 
concerning the glycosylation of this tissue. In addition, 
this report would be helpful and informative for any 
research in future where the C2C12 cell cultures will 
take a place as an experimental model.
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Introduction

An increase in ammonia (concentration) can generate 
reactive oxygen and nitrogen species in tissues. It is an 
already established fact that ammonia accumulation in 
the brain due to dysfunction in the liver can contribute 
to the pathogenesis of liver encephalopathy (Bobermin 
et al. 2015; Skowronska and Albrecht 2013). Ammonia, 
which is mainly produced from the deamination of amino 
acids is a toxic component in blood and tissues. It can 
significantly reduce cell viability and induce apoptosis in 
the cells (Wang et al. 2018). Ammonia is produced dur-
ing protein catabolism and is an essential component for 
nucleic acid and protein biosynthesis. Inadequate ammonia 
detoxification can have adverse effects on muscle size 
and strength in mammals. On the other hand, ammonia 
can be utilized for muscle growth in avian species (Stern 
and Mozdziak 2019). 

Among the teleosts, catfishes can tolerate stress to a 
great extent like thermal stress, salinity stress, heat stress, 
bacterial exposure, environmental and abiotic stressors 
like hypoxia (Burleson and Silva 2011; Meritha et al. 2018; 

Nepal and Fabrizio 2019; Saha et al. 2011; Sarma et al. 
2012; Tan et al. 2019; Zhou et al. 2018). The walking catfish 
(Clarias batrachus) can survive in very high ambient am-
monia concentration (25 mM) during certain seasons of 
the year in the natural habitat (Banerjee et al. 2019). They 
are predominantly ammoniotelic but can totally turn into 
ureotelism when exposed to higher ambient ammonia. 
This can be significantly evident from the increase of 
some of the key urea cycle enzymes from hepatic and 
non-hepatic tissues (Banerjee et al. 2020). That is why it 
is considered as a potential ureogenic teleost because of 
its significantly functional ornithine urea cycle (Saha et 
al. 2003; Saha and Das 1999). There are various other fish 
species that can tolerate ammonia stress. Detoxification of 
ammonia to urea has also been observed in elasmobranchs 
(Randall and Tsui 2002).

It is evident that a rise in the expression of inducible 
nitric oxide takes place in catfishes when exposed to 
ambient ammonia which is considered to be a potential 
strategy to enhance the adaptive capacity and survivability 
of catfish under various adverse environmental conditions 
in nature (Ajani 2008; Kumari et al. 2018; Zhang et al. 
2018). Fish like Clarias magur and Clarias batrachus show a 
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differential expression of multiple glutamine synthetase 
genes and carbamoyl phosphate synthetase III gene during 
excess ambient ammonia condition (Banerjee et al. 2018). 
Studies have reported that ammonia toxicity can induce 
glutamine accumulation in catfishes (Li et al. 2016; Saha 
et al. 2007). Catfishes like H. fossilis and C. batrachus have 
immense capacity and physiological adaptive strategies 
related to amino acid metabolism along with the presence 
of functional and regulatory urea cycle when exposed to 
very high ambient ammonia in the air, water or in the 
mud in their habitat (Saha and Ratha 1998; Saha et al. 
2000; Saha et al. 2002).

However, a strong metabolic support is necessary for 
acquiring necessary energy pool to appropriately response 
such behaviours of catfish. The metabolic backup is fur-
ther required to augment growth in catfish under stressed 
ammonia ambiance. In this context, deficiency of SIRT5 
is reported to suppress mitochondrial NADH oxidation 
as well as inhibition of ATP synthase activity resulting 
in reduced formation of ATP and subsequently activates 
AMPK in cultured cells and mouse hearts (Zhang et al. 
2019). Understanding SIRT 5 is important because it has 
a strong control over mitochondrial energy metabolism 
and its level regulated by PGC1 α and AMPK (Buler et 
al. 2014). This information are hardly available in fish, 
although energy supplement is shown as vital criteria 
in fish group. Understanding these kinds of adaptations 
to withstand adverse situation by catfish may further 
enlighten possibility of other similar strategy of fish 
growth in aquaculture practice. 

With this background, we attempted to detect the 
oxidative stress in ambient ammonia in Heteropneustes 
fossilis, accordingly, and change in expression of mam-
malian SIRT5. To understand the growth under ammonia 
ambiance, expression of growth factors like epidermal 
growth factor (EGF) in skeletal muscle tissue and few 
of its downstream proteins AKT (Protein kinase B) and 
mTOR (Mechanistic target of rapamycin) of a specific 
pathway in H. fossilis exposed to ammonia ambiance 
were also analyzed. The amino acids like glutamate and 
glutamine are also measured in skeletal muscle tissue in 
ammonia exposed H. fossilis.

Materials and Methods

Animals
Live samples of H. fossilis (50 ± 10 g body mass) were 
purchased from commercial sources and acclimatized 
in the laboratory approximately for 15 days at 28 ± 2 °C 
with 12 h:12h light dark photoperiod before experiments. 
Minced pork liver and rice bran (5% of body wt) were 
given as food, and the water was changed on alternate 

days. Food was withdrawn 24 h prior to the experiment.

Experimental protocol
A set of fish (n = 15) of similar sizes (Length = 25 ± 5 cm, 
Weight = 50 ± 10 g) was weighed and placed in aquarium 
containing 1 L of 25 mM NH4CL solution prepared in 
fresh water (pH 6.82 ± 0.11). Another set of fish (n = 15) 
were kept in aquarium containing 1 L of fresh water (pH 
7.04 ± 0.10) that served as controls. Both NH4CL solution 
and the fresh water from each aquarium (treated and 
control) were replaced with a fresh medium every day at 
a fixed time. On first, third and seventh day, 5-5 fish (n 
= 5) from each treatment were removed and sacrificed. 
No mortality of fish was observed during the period of 
experiment. Before tissue collection, fishes were narco-
tized using MS222. The overall experiment was repeated 
three times. Liver and skeletal muscle tissues were dis-
sected out from all the treated as well as control fish and 
tissue samples were stored at -20 °C. All the assays were 
completed within 2 weeks of collecting the tissue.

Tissue collection and processing
Tissues (skeletal muscle, and liver) were collected from 
H. fossilis and processed for further analysis. The skeletal 
muscle tissues were collected from head region (HM), 
trunk region (TRM) and tail region (TLM) for estimat-
ing the total protein in these regions separately. Before 
every analysis, the pooled tissues (100 mg) kept in lysis 
buffer (0.1M phosphate buffer, pH 7.2) were homogenized 
(10% homogenate) using micro tissue homogenizer. The 
tissues homogenized were then centrifuged in 10000 g 
for 15 min. The supernatant of the 10% homogenate was 
collected and used for all biochemical assessments (MDA, 
SOD, glutamate and glutamine). For western blot analysis, 
tissue proteins of 100 µg from the lysate were used.  

Biochemical assays
The biochemical assessment was performed for estimating 
total skeletal muscle protein, MDA (malondialdehyde), 
antioxidant enzyme SOD (superoxide dismutase), gluta-
mate and glutamine. The total skeletal muscle protein was 
estimated using Lowry’s (1951) method of protein estima-
tion. MDA assay was performed according to the method 
of Aust (1985). MDA is a product of lipid peroxidation and 
reacts with TBA (thiobarbituric acid) to give a red species 
named TBARS (thiobarbituric acid reactive substance). 
The antioxidant enzyme SOD assay was performed fol-
lowing the method of Ewing and Janero (1995) while 
glutamate assay together with glutamine quantification 
were performed using assay kit (CCK037-100).

Electrophoresis and immunoblotting
The desired quantity of tissue protein (100 µg) was used in 
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10% SDS-PAGE and was transferred to PVDF membranes 
through transfer buffer (25 mM Tris, 193 mM glycine, 
20% methanol, pH 8.5) for 1.5 h. Western blot analysis was 
performed for the proteins like SIRT5, EGF, AKT, mTOR 
using specific antibodies (Table 1). Membrane bound 
primary antibodies were visualized using correspond-
ing secondary antibodies at 1:1000 dilutions, which was 
tagged with alkaline phosphatase and developed with 
corresponding substrates, 5-bromo-3-chloro-3-indolyl 
phosphate/ nitrobluetetrazolium (BCIP/NBT). Band 
intensities were quantified by utilizing Image J software 
(NIH, Bethesda, MD).

Statistical analysis
Homogeneity of variances of data sets was tested using 
Levene’s statistics. The Kruskal-Wallis H test was com-
puted where Levene’s statistics did not comply to p > 0.05. 

In case of all statistical analyses, α level was fixed at 0.05. 
SPSS 16.0 was used for all statistical analyses.

Results

The present study observed some effects in H. fossilis on 
exposure to ammonia (25 mM/L) for three different time 
intervals. On exposure for 7 days to ammonia, the total 
muscle protein level in the skeletal muscle showed an 
increase in concentration of protein. When analysed in 
head, trunk, and tail regions, from the skeletal muscles 
of H. fossilis, the treatments showed overall significant 
increase of protein concentration compared to the con-
trol (Kruskal-Wallis H Test, χ2 = 113.96, p = 0.00; Fig. 
1). However, skeletal muscle from tail region, showed 
comparatively high level of protein concentration than 
the skeletal muscle of head and trunk regions. It was also 
observed that the fish was under oxidative stress during 
ammonia exposure, indicated, in terms of increase in 
MDA and antioxidant enzyme SOD in liver and skeletal 
muscle tissue (Fig. 2). In liver tissue, the MDA level was 
maximum and significantly increased at 24 h of ammonia 
exposure as compared to the control (One-way ANOVA, 
F = 131.093; 3, 36; p < 0.05; Fig. 2). Another significant 
increase of MDA was observed after 7 days of ammonia 
exposure giving a minor hint of chronic oxidative stress 
in the fish. The antioxidant enzyme SOD was found to 
increase prominently after 7 days of ammonia exposure 
in liver tissue (Kruskal-Wallis H Test, χ2 = 36.585, p = 
0.00; Fig. 2). In skeletal muscle, significant increase of 
MDA was observed after 72 h of ammonia exposure as 
compared to the control which confirms that the fish was 
under oxidative stress, until it falls sharply after 7 days 
of ammonia exposure (One-way ANOVA, F = 114.503; 
3, 36; p < 0.05; Fig. 2). In liver the results of antioxidant 
enzyme SOD showed a similar pattern in skeletal muscle 
signifying a constant stress at 7 days of ammonia expo-
sure (Kruskal-Wallis H Test, χ2 = 36.585, p = 0.00; Fig 
2). A more or less similar pattern of expression of SOD 
was also observed in skeletal muscle of the fish (Fig. 2).

In both liver and skeletal muscle tissues, increase in 
expression of SIRT 5 after 24 h of ammonia exposure 

Primary antibody Company Art No. Secondary antisera for immunoblotting Company Art No.

SIRT5 Elabscience E-AB-15844 Anti-rabbit antibody Sigma Aldrich A3687

EGF Abclonal A2720

AKT Abclonal A5523

mTOR Abclonal A2445

α-tubulin Affi  nity Biosciences AF7010

Table 1. Antibodies used for immunoblotting of tissues from H. fossilis.

Figure 1. Determination of total protein concentration (µg/µl) in skel-
etal muscle of H. fossilis under three diff erent time intervals of 25 mM 
ammonia exposed conditions compared with control: Control, 24 h, 
72 h and 7 days. Data are shown as Mean ± SE. Comparison of mean 
are performed following Kruskal-Wallis non-parametric test. Bars with 
diff erent lower-case letters (a, b, c) show statistically signifi cant diff er-
ence at p < 0.05. HM: Head Region Muscle; TRM: Trunk Region Muscle; 
TLM: Tail Region Muscle.
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was prominent. Similar to MDA, the expression of SIRT 
5 was peaked again after 7 days of ammonia exposure 
(One-way ANOVA, F = 36.191; 3, 20; p < 0.05 for SIRT5 
in liver tissue; One-way ANOVA, F= 195.803; 3, 20; p < 
0.05 for SIRT5 in skeletal muscle tissue; Fig. 3). On the 
other hand, proteins which are involved in the pathway 
of cell proliferation and growth (EGF, AKT, mTOR) were 
examined after exposure to ammonia at 24 h, 72 h and 
7 days and found to exhibit time dependent significant 
upregulation in their expression (Kruskal-Wallis H Test, 
χ2 = 19.547, p = 0.00 for EGF in skeletal muscle; One-way 
ANOVA, F = 28.035; 3, 20; p < 0.05 for AKT in skeletal 
muscle tissue and One-way ANOVA, F = 76.588; 3, 20; 
p < 0.05 for mTOR in skeletal muscle tissue; Fig. 4). Si-
multaneously, the levels of glutamate and glutamine also 
showed gradual increase from 24 h to 7 days of ammonia 
exposure (Kruskal-Wallis H Test, χ2 = 9.974, p = 0.019 
for glutamate in skeletal muscle tissue; Kruskal-Wallis 
H Test, χ2 = 10.385, p = 0.016 for glutamine in skeletal 
muscle tissue; Fig. 5).

Discussion

It is obvious from the results that H. fossilis experiences 
oxidative stress when exposed to 25 mM of ambient am-
monia. Oxidative indicators like MDA and SOD showed 
clear indication, both in skeletal muscle and liver that on 
7th day of ammonia exposure, the fish underwent oxida-
tive stress. Both MDA and SOD are already considered as 
efficient stress marker for animals. However, the results 
also depict that under ammonia exposure the total protein 
of the skeletal muscle increase significantly, which mark-
edly visible from the tail region. How the augmentation of 
such increase in total protein under ammonia ambiance 
in catfish happens needs a clarification. 

It led us to investigate the expression of a mammalian 
protein called SIRT5, one of the seven members of the 
nicotinamide adenine dinucleotide (NAD+)-dependent 
sirtuin family of lysine deacetylases in mammals. SIRT5 
is localized in the mitochondrial matrix and removes suc-
cinyl, malonyl, and glutaryl groups from protein targets in 
the mitochondrial matrix and other subcellular compart-
ments (Bringman-Rodenbarger et al. 2018; Nakagawa et 
al. 2009). SIRT5 interacts with carbamoyl phosphate syn-

Figure 2. Determination of SOD (U/mg protein) and MDA (nmol/mg protein) in liver and skeletal muscle of H. fossilis under three different time 
intervals of 25 mM ammonia exposed conditions compared with control: Control, 24 h, 72 h and 7 days. Data are shown as Mean ± SE. Compari-
son of mean are performed following Kruskal-Wallis non-parametric test for SOD and Comparison of mean are performed following One-way 
ANOVA parametric test for MDA. Bars with different lower-case letters (a, b, c) show statistically significant difference at p < 0.05.
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thetase 1 (CPS1), an enzyme that catalyzes the initial step 
of the urea cycle for ammonia detoxification and disposal 
(Saha and Ratha 1998). SIRT5 mainly deacetylates CPS1 
(carbamoyl phosphate synthetase I) and upregulates its 
activity and plays a major role in ammonia detoxification 
and disposal by activating CPS1 (Nakagawa et al. 2009). 
There are studies which has reported the fact that cat-
fishes under ammonia ambience upregulates SIRT5 and 
triggers the urea cycle for ammonia detoxification (Li et 
al. 2016). Increase of SIRT5 also is reported to be linked 
to ROS detoxification (Kumar and Lombard 2018). In the 
present study, it was found that SIRT5 expression was 
significantly upregulated in the liver and skeletal muscle 
of fish exposed to ammonia ambiance. The expression 
of SIRT5 was hiked twice with an intermittent gap at 
72 h. The gap, at 72 h between these two hikes. i.e., at 
24 h and 7 days of SIRT5 upregulation is significant, as 
the MDA during this period also remained high in both 
skeletal muscle and liver tissues. In a study, Liu et al. 
(2013) has showed that SIRT5 regulates oxidative stress 
induced apoptosis in cardiomyocytes. A similar function 
of SIRT5 may also be advocated here. As already men-
tioned in the introduction, the SIRT5 is mainly involved 
in activating the detoxification process through CPS1. It 
was necessary to examine the fate of glutamate and glu-
tamine, being the substrate of the enzyme CPS1 through 
which it initiates detoxification cycle. It is possible that, 
as soon as the exposure of fish to ammonia toxicity, the 

SIRT5 gets upregulated in defence of the skeletal muscle 
cells, resulting in an increase in almost all the measured 
parameters. However, a chronic exposure may always 
induce a secondary defensive mechanism, which is visible 
from the occurrence of second spike of SIRT5. For first 
instance, safeguarding against the oxidative stress would 
be the best appropriate and possible explanation in the 
skeletal muscle cell. Consequently, the second instance 
may direct towards an alternative pathway of detoxifica-
tion through protein metabolism.

This led us to measure the levels of glutamate and 
glutamine in the skeletal muscle of the fish. Both gluta-
mate and glutamine are known to play important roles 
in metabolism. From the result, it is clear that, both 
glutamate and glutamine levels were increased from the 
first day with a significantly high level on 7th day in fish 
exposure to ammonia. It indicates that, these two by-
products, advocates an alternative defence mechanism 
might be contributing to protein metabolism. Thus, under 
chronic ammonia exposure, the levels of glutamate and 
glutamine increased indicating that the excess ammonia 
not directed towards detoxification might be routed to-
wards synthesis of glutamate and glutamine. This helps 
to maintain proteostasis under stress condition. If this is 
the case, there is possibility, that major growth proteins 
would be upregulated during this period.

Of the numerous protein synthesis and cell prolifera-
tion pathways, a significant pathway is the EGF-AKT-

Figure 3. Immunoblot of SIRT5 in liver and skeletal muscle of H. fossilis under three different time intervals of 25 mM ammonia exposed condi-
tions compared with control and its densitometry analysis: control, 24 h, 72 h and 7 days. Data are shown as Mean ± SE. Comparison of mean 
are performed following One-way ANOVA parametric test. Bars with different lower-case letters (a, b, c, d) show statistically significant difference 
at p < 0.05. M: molecular weight marker; Con: Control.
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mTOR pathway. In mammals, this pathway has been 
shown to play crucial role in cell differentiation, muscle 
development, environmental adaptation, cell growth, 
proliferation, apoptosis and promotes insulin-stimulated 
glucose uptake and storage which establishes a link be-
tween growth and development with metabolism (Xu et 
al. 2020). This study of the pathway also elucidates the 
pathogenesis of cerebrovascular diseases, neurodegen-
erative diseases, diabetes mellitus and other malignant 
tumours. It is a vital signalling pathway for growth that 
provides new molecular targets for diagnosis and treat-
ments of various human diseases like ovarian cancer, 
haematologic malignancy, colorectal cancer, endometrial 
cancer, and lung tumorigenesis (Dobbin and Landen 
2013; Kawauchi et al. 2009; Memmott and Dennis 2009; 
Slomovitz and Coleman 2012; Xu et al. 2020). In our 
study, it was observed that proteins in this pathway were 
upregulated on 7th day compared to control, reflecting a 
recovery of skeletal muscle growth compensating the loss 

during the exposure at 72 h. We could say that there is a 
time dependent increase in expression of these proteins. 
Thus, through the contributors like glutamate and gluta-
mine, protein syntheses might get accelerated in H. fossilis 
under ammonia ambiance. Glutamine can even directly 
upregulate mTOR for cell growth and proliferation (Csibi 
et al. 2013; Zhu et al. 2020). So, from these outcomes, a 
relation of the increased levels of glutamate and glutamine 
under ammonia ambience indirectly initiated by SIRT5 
may be established. With the increase in the levels of these 
amino acids, help us to explain the possible mechanism 
of growth and survival of stinging catfish in ammonia 
rich environment.

Figure 5. Determination of glutamate and glutamine (µM/g wet weight) 
in skeletal muscle of H. fossilis under three different time intervals of 
25 mM ammonia exposed conditions compared with control: control, 
24 h, 72 h and 7 days. Data are shown as Mean ± SE. Comparison of 
mean are performed following Kruskal-Wallis non-parametric test. Bars 
with different lower-case letters (a, b, c, d) show statistically significant 
difference at p < 0.05. Con: control.

Figure 4. Immunoblot of EGF, AKT and mTOR in skeletal muscle of H. 
fossilis under three different time intervals of 25 mM ammonia exposed 
conditions compared with control and its densitometry analyses: con-
trol, 24 h, 72 h and 7 days. Data are shown as Mean ± SE. Comparison 
of mean are performed following Kruskal-Wallis non-parametric test 
for EGF. Comparison of mean are performed following One-way ANOVA 
parametric test for AKT and mTOR. Bars with different lower-case let-
ters (a, b, c, d) show statistically significant difference at p < 0.05. M: 
molecular weight marker; Con: control.
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Conclusion

From the results it may be said that under chronic expo-
sure to ammonia for 7 days the fish experiences oxidative 
stress, but the excess ammonia in the body of the fish is 
not directed towards detoxification, rather is used in 
synthesis of glutamate and glutamine which indirectly 
regulated by expression of SIRT5 and in turn, promotes 
protein synthesis and thereby cell growth and prolifera-
tion. From this, it may be said that even under chronic 
exposure to ammonia for 7 days, the catfish, H. fossilis 
has the potential to bypass the excess ammonia from the 
detoxification pathway by utilizing it in inducing protein 
synthesis and upregulating the pathway of cell growth 
and proliferation. 
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 INTRODUCTION

Rheumatoid arthritis (RA) is a chronic autoimmune-
inflammatory disorder that affects joints mostly in women 
and older subjects (Tobón et al. 2010; Agarwal 2011). RA is 
associated with systemic complications, progressive dis-
ability, socioeconomic costs, and even early death (Fires-
tein 2003; Choy 2012). RA patients suffer from chronic 
inflammation, swollen and painful joints, stiffness follow-
ing prolonged inactivity, fatigue, burning sensations, and 
loss of motor control (Alamanos and Drosos 2005; Stack 
et al. 2014). The etiology of RA remains ambiguous but 
is attributed to a package of genetic and environmental 
factors (Vickers 2017). Many parameters were measured 
and examined for their potential applicability as a factor 
of diagnosis, prognosis, or RA disease follow-up. Among 
those parameters, scientists have measured adipokines 

(Ali et al. 2020), trace elements (Al-Hakeim et al. 2019), 
various pro- and anti-inflammatory cytokines (Mateen 
et al. 2016; Wu et al. 2021). Because RA is characterized 
by inflammation of the synovial membrane that leads to 
the pulverization and destruction of the joints (Ananda-
rajah 2011), estimation of different inflammation-related 
cytokines is still an interesting field of study. Due to the 
increasing production of free radicals in the inflamed 
joints, inflammation and tissue damage have also been in-
volved in RA's pathogenesis (Mateen et al. 2016; Quiñonez-
Flores et al. 2016). Multiple cellular elements, adhesion 
molecules, soluble mediators, and autoantibodies lead 
to inflammation of the joints and internal organs and 
structural changes (McInnes and Schett 2017; Giannini 
et al. 2020). However, the results of most parameters are 
not completely decisive and conclusive. Among these 
measured cytokines in RA is a colony-stimulating factor 
(CSF2), stromelysin-1 (MMP3), tumor necrosis factor-α 
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(TNFα), osteopontin (OPN), vascular endothelial growth 
factor-A (VEGF) and interferon-γ (INFγ). TNFα is secreted 
by monocytes, B cells, and multiple T cell subsets (Zhang 
et al. 2019). TNFα is bounteously present in RA patients' 
serum and joint synovium as an essential and significant 
cytokine upsetting the controlled harmony between pro-
inflammatory and anti-inflammatory cytokines (Brennan 
and McInnes 2008). In one study, TNFα secreted from 
B-cells, among multiple osteoblasts' inhibitors, can inhibit 
bone formation in RA's animal model (Sun et al. 2018).

It is known that MMP3 is expressed in the synovium 
of RA patients (Kanbe et al. 2011; Chen et al. 2014) and 
represents a potential indicator of early diagnosis and the 
activity of the disease (Chen et al. 2014; Lerner et al. 2018). 
During tissue remodeling in RA, MMP3 participates in 
the breakdown of extracellular matrix proteins (Page-
McCaw et al. 2007). Serum levels of MMP3 reflect the 
activity of RA disease, bone and joint injury and predict 
drug responsiveness and disease outcome (Vistoli et al. 
2013; Lerner et al. 2018; Liu et al. 2018). These findings 
encouraged some researchers to suggest MMP3 monitor-
ing in the routine assessment to accompany therapeutic 
modalities in RA management (Lerner et al. 2018). 

CSF2 is a cytokine that can rise to high levels in 
response to immune stimuli (Borriello et al. 2019) to 
regulate inflammatory responses (Wicks and Roberts 
2016). CSF2 is essential for developing inflammatory and 
arthritic pain in RA models (Cook et al. 2013). It is also 
increased locally in inflammation sites such as asthmatic 
patients' lungs and allergic patients' skin (Hamilton 2020). 
CSF2 has also been detected significantly in the arthritic 
synovial fluid, where it is expected to destroy bone and 
joint (Cook et al. 2013).

The binding of vascular endothelial growth factor 
(VEGF) to its receptor activates a series of signal trans-
duction events that ultimately lead to the secretion of 
various inflammatory and growth factors that stimulate 
the proliferation and migration of the endothelial cells 
to produce new blood vessels (Hicklin and Ellis 2005). 
VEGF is widely expressed in RA patients' serum and 
synovial fluid (Lee and Bae 2018; Xu et al. 2019), where it 
is responsible for vascular growth and blood vessel inva-
sion of the synovial lining membrane in RA (Malemud 
2007). VEGF is considered a critical angiogenic factor that 
causes a synovitis continuous reaction and mainly results 
in tissue hypoxia (Zimna and Kurpisz 2015). Inflamma-
tion in synovium and hypoxia enhances the production 
of pro-inflammatory cytokines such as IL-1β and TNFα, 
activating VEGF production (Cho et al. 2006). 

The bone matrix contains OPN that connects os-
teoclasts and hydroxyapatite to bolster bone resorption 
(Horton et al. 1995). This fact was supported by experi-
ments on OPN‐null mice that showed a resistance to the 

inflammatory joint destruction in collagen‐induced ar-
thritis (Yumoto et al. 2002). In a previous study, a manifest 
elevation of OPN concentration in RA patients' synovial 
fluid was found, which is suggested to play a significant 
role in the pathogenesis of RA (Ohshima et al. 2002). 
Furthermore, plasma OPN was considered an inflam-
matory bone damage biomarker in RA patients (Iwadate 
et al. 2014). The presence of the anti-OPN antibodies has 
been associated with the severity of RA.

In the immune system, IFNγ plays a role in producing 
cytokine, antigen presentation, cellular differentiation, 
metabolic pathways, macrophage activation, and cell 
growth and survival (Lees 2015). The activated T cells and 
natural killer (NK) cells are the primary cells that secrete 
IFNγ in plasma (Billiau 1996; Billiau and Matthys 2009), 
while the dominant source of IFNγ in RA synovium is 
CD8+ T cells (Zhang et al. 2019). INFγ enhances antigen 
presentation, mediates antiviral and antibacterial im-
munity, orchestrate the activation of the innate immune 
system, regulates Th1/Th2 balance, promotes macrophage 
activation, and controls cellular proliferation and apop-
tosis (Billiau 1996; Billiau and Matthys 2009). A previous 
attempt to use recombinant IFNγ to treat RA without 
any benefit (Veys et al. 1997). Therefore, the exact effect 
of these parameters on the RA is not fully understood by 
studying every parameter alone. In the present study, we 
built two biomarkers composite from bone biomarkers 
from MMP3, OPN, and VEGF, reflecting the bone status 
(B-composite). The second composite (I-composite) was 
built from TNFα, INFγ, and CSF2, reflecting immune 
activation. The current study aims to examine the diag-
nostic role of the above biomarkers and their composites 
in the RA patients and study the factors affecting their 
level in the sera of RA patients.

MATERIAL AND METHODS

Participants
The present case-control study was performed in Fal-
lujah General Hospital in Anbar, Iraq, from October 
2019 till December 2020. The study included 102 males 
with RA patients and 58 healthy control subjects. The 
criteria of the “American College of Rheumatology” and 
the “European League against Rheumatism” were used 
for RA diagnosis (Aletaha et al. 2010). Every patient 
achieved a score higher than six from the results of the 
four domains: the number and site of the painful joints, 
positive serologic results (rheumatoid factor (RF), and 
anti-citrullinated protein antibodies (ACPA)), elevations 
of inflammatory markers (C-reactive protein (CRP) and/
or erythrocyte sedimentation rate (ESR)), and the dura-
tion of RA symptoms. The clinical characteristics of the 
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RA disease and socio-demographic information were 
recorded from all patients. Disease Activity Score was 
calculated by using (DAS28-ESR) calculator available 
online at https://www.mdcalc.com/disease-activity-score-
28-rheumatoid-arthritis-esr-das28-esr. The Clinical 
Disease Activity Index (CDAI) of all patients' RA disease 
activity was more than 10, indicating moderate to high 
disease activity. Body mass index (BMI) was calculated by 
dividing body weight (kilograms) by the squared length 
of subjects (squared meter). The study was approved by 
the ethical approval committee (IRB) of the University of 
Anbar, Iraq (Document number 103/2019), which complies 
with the “International Guideline for Human Research” 
standards as mandatory by the Declaration of Helsinki.

A complete medical history evaluated all subjects 
to exclude any systemic diseases that might influence 
the measured parameters' results, particularly liver and 
renal disease, infection, diabetes, cardiovascular events. 
The smoking subjects were also excluded from the study.

Measurements
After overnight fasting, five millilitres of venous blood 

were collected from all subjects without a tourniquet and, 
after complete clotting at 37 °C, centrifuged at 3000 rpm 
for 15 min. Sera were isolated and stored at -80 °C until 
analysis. Serum CRP and RF were measured by semi-
quantitative kits (Spinreact®, Girona, Spain) based on the 
latex agglutination principle. A semi-quantitative ACPA 
test was carried out by kits provided by Hotgen Biotech 
(Beijing, China). Serum CSF2, INFγ, MMP3, OPN, TNFα, 
and VEGF were determined by sandwich ELISA assay 
kits (Mybiosource®, CA, USA). Serum albumin, total 
protein, calcium, urea, creatinine, and uric acid were 
measured spectrophotometrically using ready-to-use 
kits (Spinreact®, Girona, Spain). Ionized calcium (I.Ca) in 
serum was calculated from the following equation “I.Ca 
= 0.813 × T.Ca0.5 - 0.006 × Albumin0.75 + 0.079” (Mateu-de 
Antonio 2016), which give the best approximate result. 
The sensitivities of the ELISA kits were: CSF2 < 1 pg/ml, 
INFγ < 4 pg/ml, MMP3 < 0.068 ng/ml, OPN < 0.1 pg/ml, 
TNFα < 1 pg/ml, and VEGF < 1 pg/ml. The intra-assay 
coefficients of variance of all kits were less than 10%.

Variables HC (n = 58) RA (n = 112) F/χ2 df p

Age (years) 47.128 ± 6.017 48.222 ± 5.941 1.139 1/158 0.289

BMI (kg/m2) 24.923 ± 2.623 25.917 ± 2.348 2.325 1/158 0.082

DAS28 - 7.406 ± 1.374 - - -

Duration of disease (years) - 9.275 ± 4.788 - - -

ACPA (+ve/-ve) 0/58 87/15 59.626 1 <0.001

CRP (+ve/-ve) 0/58 82/20 52.111 1 <0.001

RF (+ve/-ve) 0/58 88/14 61.747 1 <0.001

Urea (mg/dl) 34.258 ± 5.192 35.357 ± 6.028 2.135 1/158 0.272

Creatinine (mg/dl) 0.820 ± 0.201 0.890 ± 0.194 3.164 1/158 0.247

Uric acid (mg/dl) 5.258 ± 1.237 5.891 ± 1.138 3.874 1/158 0.041

T.Protein (g/dl) 7.222 ± 0.949 7.305 ± 0.817 1.127 1/158 0.297

Albumin (g/dl) 4.552 ± 0.610 4.666 ± 0.624 0.817 1/158 0.304

T.Ca (mM) 2.160 ± 0.191 2.168 ± 0.210 0.035 1/158 0.853

I.Ca (mM) 1.254 ± 0.053 1.255 ± 0.058 0.016 1/158 0.901

MMP3 (ng/ml) 16.054 ± 6.557 22.827 ± 9.112 27.305 1/158 <0.001

TNFα (pg/ml) 31.123 ± 8.528 43.471 ± 16.235 14.058 1/158 <0.001

VEGF (pg/ml) 155.258 ± 37.124 159.068 ± 36.848 0.127 1/158 0.685

OPN (ng/ml) 4.777 ± 2.185 5.025 ± 2.681 2.024 1/158 0.122

IFNγ (pg/ml) 58.588 ± 23.582 104.309 ± 31.253 46.951 1/158 <0.001

CSF2 (pg/ml) 66.852 ± 22.136 91.265 ± 38.302 11.027 1/158 0.001

B-Composite -0.248 ± 1.783 0.238 ± 1.609 1.806 1/158 0.183

I-Composite 0.407 ± 1.847 0.158 ± 1.948 0.380 1/158 0.539

Table 1. Clinical and demographic characteristics rheumatoid arthritis patients (RA) and healthy controls (HC).

BMI: Body mass index; DAS28: Disease activity score-28; T.Ca: Total calcium; I.Ca: Ionized calcium; CSF2: Colony-stimulating factor; MMP3 (Stromelysin-1): 
Matrix metalloproteinase-3; TNFα: Tumor necrosis factor-alpha; OPN: Osteopontin; INFγ: Interferon gamma; VEGF: Vascular endothelial growth factor; 
z: z-score; ln: natural logarithm; B-Composite: Bone cytokines composite = zlnMMP3+zlnVEGF+zlnOPN; I-Composite: Inflammatory cytokines composite 
= zlnTNFα+zlnINFγ+zlnCSF2.

Inflammatory and bone biomarkers/composites

273



Statistical analysis
The distribution of all biomarkers results was found 
normal, as examined by the Kolmogorov-Smirnov test. 
Therefore, all results were presented as mean ± standard 
deviation. Chi-square test (χ2-test) was used to estimate the 
associations between categorical variables, and analysis 
of variance (ANOVA) test was used for checking the dif-
ferences in scale variables between groups. Correlations 
among biomarkers and between biomarkers and clinical 
and demographic parameters were assessed using Pear-
son's product-moment correlation analysis. Associations 
between RA diagnosis and the measured biomarkers 
were examined using the multivariate general linear 
model (GLM) analysis while directing for age and BMI 
as confounding variables. Accordingly, tests for between-
subject effects were performed to explain the associations 
between diagnosis and every biomarker. The effect size 
of the analysis was expressed as partial eta-squared (η2). 
Various z-unit weighted composite scores were calculated 
based on the levels of the biomarkers. Firstly, we computed 
the sum of z values of three normalized inflammatory 
biomarkers values (zlnTNFα) + zlnINFγ + zlnCSF2) re-
flecting immune activation (I-composite). Secondly, we 
computed the sum of z values of three normalized bone-
related biomarkers (zlnMMP3) + zlnVEGF + zlnOPN) 
reflecting bone tissue status (B-composite).

The multiple regression analysis was employed to 
assess the most significant biomarkers that predict some 
measured biomarkers. Receiver Operating Curve (ROC) 
was used to study the measured biomarkers' diagnostic 
ability for RA. We estimated the best cut-off value of the 
parameters that produce the best sensitivity and specific-
ity. A two-tailed test was used, and a p-value <0.05 would 

be considered as a statistical significance. The IBM SPSS 
package for windows-10, version 25, was used for per-
forming all analyses.

RESULTS

Demographic, clinical and blood parameters character-
istics

The demographic data of RA patients in comparison with 
the healthy controls are shown in Table 1. No significant 
differences in BMI and age between the groups. Table 1 
also shows no significant difference in the levels of urea, 
creatinine, total protein, albumin, T.Ca and I.Ca between 
groups. Serum uric acid showed a slight significant in-
crease (p = 0.041) in the RA group compared with the 
control group. Serum MMP3, TNFα, IFNγ, and CSF2 
were significantly increased in RA patients than in the 
control group. While the serum level of VEGF and OPN 
showed no significant difference between groups. The 
weighted composites of bone tissue (B-composite) and 
inflammatory state (I-composite) showed no significant 
difference in the RA group than the control group. Co-
varying for the drug state did not alter the results.

GLM analysis
The multivariate GLM analysis results, in Table 2, did not 
show any significant effect of age (F = 1.248, df = 8/149, 
p = 0.411), and BMI (F = 1.244, df = 8/149, p = 0.307) on 
the eight biomarkers. The presence of RA (diagnosis) has 
a highly significant effect (F = 14.112, df = 8/149, p<0.001) 
on the levels of the biomarkers with a high effect size 

Tests Dependent variables Explanatory variables F df p Partial η2

Multivariate All 8 biomarkers Diagnosis 14.112 8/149 <0.001 0.415

Sex 1.124 8/149 0.352 0.102

BMI 1.224 8/149 0.307 0.911

Age 1.248 8/149 0.411 0.090

Between-subject effects T.Ca Diagnosis 1.714 1 0.194 0.021

I.Ca Diagnosis 1.695 1 0.197 0.020

MMP3 Diagnosis 13.173 1 <0.001 0.141

TNFγ Diagnosis 1.687 1 0.207 0.023

VEGF Diagnosis 0.988 1 0.294 0.032

OPN Diagnosis 0.214 1 0.516 0.017

IFNγ Diagnosis 23.777 1 <0.001 0.227

CSF2 Diagnosis 2.945 1 0.078 0.049

Table 2. Multivariate GLM analysis examining the differences in biomarkers between rheumatoid arthritis patients and normal controls.

All results of multivariate GLM analysis with the biomarkers as dependent variables and diagnosis as an explanatory variable while adjusting for extraneous 
variables. Diagnosis: RA versus healthy controls; BMI: Body mass index; DAS28: Disease Activity Score-28; T.Ca: Total calcium; I.Ca: Ionized calcium; CSF2: 
Colony-stimulating factor; MMP3 (Stromelysin-1): Matrix metalloproteinase-3; TNFα: Tumor necrosis factor-alpha; OPN: Osteopontin; INFγ: Interferon-
gamma; VEGF: Vascular endothelial growth factor.
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(partial η2 = 0.415). Tests for between-subject showed that 
the diagnosis has the major effects on the levels of IFNγ 
(F = 23.777, df = 1, p<0.001, partial η2 = 0.227), followed 
by MMP3 (F = 13.173, df = 1, p < 0.001, partial η2 = 0.141). 
Other biomarkers parameters showed lower effects by 
diagnosis with low-size effects.

Intercorrelation matrix
Table 3. shows the intercorrelation matrix of the mea-
sured parameters in 170 subjects. There were significant 
negative associations between the zlnMMP3 and T.Ca (r 
= -0.261, p<0.01) and I.Ca (r = -0.210, p<0.05) across the 

entire study group. I-composite is significantly correlated 
with age (r = 0.256, p<0.01).

In the RA patients group only, the zlnMMP3 was cor-
related with ACPA (r = 0.379, p<0.01), while negatively 
associated with T.Ca (r = -0.311, p<0.01) and I.Ca (r = 
-0.318, p<0.01). Duration of disease is significantly associ-
ated with zlnVEGF (r = 0.325, p<0.01), zlnOPN (r = 0.383, 
p<0.001), and B-composite (r = -0.433, p<0.001). While 
zlnTNFα is negatively and significantly associated with 
the duration of disease (r = -0.303, p<0.01), and zlnTNFα 
(r = -0.281, p<0.05). CRP is significantly associated with 
B-composite (r = -0.375, p<0.01) and zlnVEGF (r = -0.357, 

Parameter zlnMMP3 zlnTNFα zlnVEGF zlnOPN zlnINFγ zlnCSF2 B-Composite I-Composite

Age -0.094 -0.152 -0.055 -0.168 -0.151 -0.156 -0.191 0.256*

BMI -0.110 -0.025 0.048 -0.003 -0.148 -0.089 -0.035 -0.146

T. Ca -0.261* -0.053 -0.121 -0.129 -0.027 -0.150 -0.308** -0.131

I. Ca -0.210* -0.100 -0.150 -0.141 -0.082 -0.151 -0.304** -0.187

S. Uric acid -0.122 -0.029 0.085 -0.024 -0.061 -0.098 -0.030 -0.106

zlnMMP3 1 -0.061 -0.166 0.093 0.174 0.124 0.531** 0.134

zlnTNFα -0.061 1 0.013 -0.002 0.075 -0.075 -0.028 0.541**

zlnVEGF -0.166 0.013 1 -0.078 -0.052 -0.103 0.504** -0.082

zlnOPN 0.093 -0.002 -0.078 1 0.100 0.154 0.606** 0.144

zlnINFγ 0.174 0.075 -0.052 0.100 1 0.111 0.128 0.649**

zlnCSF2 0.124 -0.075 -0.103 0.154 0.111 1 0.098 0.604**

B-Composite 0.531** -0.028 0.504** 0.606** 0.128 0.098 1 0.112

I-Composite 0.134 0.541** -0.082 0.144 0.649** 0.604** 0.112 1

Table 3. Correlation matrix of the measured biomarkers with the demographic and among other biomarkers in all the study subjects.

*: Significant correlation (p<0.01); **: Significant correlation (p<0.001); BMI: Body mass index; DAS28: Disease Activity Score-28; T.Ca: Total calcium; I.Ca: 
Ionized calcium; CSF2: Colony-stimulating factor; MMP3 (Stromelysin-1): Matrix metalloproteinase-3; TNFα: Tumor necrosis factor-alpha; OPN: Osteopontin; 
INFγ: Interferon gamma; VEGF: Vascular endothelial growth factor; z: z-score; ln: natural logarithm; B-Composite: Bone cytokines composite expressed as 
zlnMMP3+zlnVEGF+zlnOPN; I-Composite: Inflammatory cytokines composite expressed as zlnTNFα+zlnINFγ+zlnCSF2.

Regression Explanatory variables β t p Fmodel p R2

#1. DAS28 Model 5.235 0.012 0.127

zlnINFγ 0.313 -2.208 0.015

#2. Duration of disease Model 7.323 <0.001 0.259

zlnMMP3 -0.234 -3.0021 <0.001

Sex 0.244 2.877 <0.001

#3. CRP Model 5.912 0.006 0.218

zlnOPN -0.106 2.168 0.027

#4. RF Model 6.432 0.001 0.311

GM-CSF 1.848 2.025 <0.001

#5. ACPA Model 7.927 <0.001 0.501

zlnMMP3 0.281 3.077 0.002

Table 4. Results of multiple regression analysis with the routinely measured parameters in rheumatoid arthritis patients in addition to DAS28 
and the duration of disease as dependent variables.

DAS28: Disease Activity Score-28; CSF2: Colony-stimulating factor; MMP3 (Stromelysin-1): Matrix metalloproteinase-3; OPN: Osteopontin; INFγ: Interferon 
gamma; CRP: C-reactive protein; RF: Rheumatoid factor; ACPA: anti-citrullinated protein antibodies; z: z-score (standard score); ln: natural logarithm.
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p<0.01). DAS28 is associated with the zlnINFγ. ACPA is 
significantly and negatively associated with I-composite 
(r = -0.336, p<0.01).

Table 4. presents the results of different automatic 
multiple regression analyses with the routine measured 
parameters (ACPA, CRP, and RF) in addition to DAS28 
and the duration of disease as dependent variables. Re-
gression #1 explained that 12.7% of the variance in the 
DAS28 score on zlnINFγ. Regression #2 shows that the 
regression can explicate 25.9% of the variance in disease 
duration on B-composite (positively associated) and zl-
nMMP3 (inversely associated). Regression #3 shows that 
21.8% of the CRP variance was explicated by zlnOPN 
(inversely associated) and B-composite (positively associ-
ated). Regression #4 shows that 31.1% of the RF variance 
was explained by zlnCSF2 (positively associated). More 
than half (50.1%) of the variation in ACPA level can be 
explained by the regression on serum calcium, MMP3, 
and I-composite in Regression #5.

Effects of background variables
We also examined the effects of drugs taken on the se-
rum levels of the measured parameters in RA patients 
by using univariate-GLM analysis. The analysis shows 
no significant effects of taking sulfasalazine (F = 2.981, 
df = 1/100, p=0.071) and methotrexate (F = 2.110, df = 
1/100, p=0.971) on the serum level of the eight measured 
biomarkers. There was a slight significant effect of pred-
nisolone on TNFα (p = 0.032; partial η2 = 0.048) and 
INFγ (p = 0.047, partial η2 = 0.066), naproxen on CSF2 
(p = 0.039, partial η2 = 0.072), and tofacitinib on TNFα 
(p = 0.0292 partial η2 = 0.061). The other administered 
drugs have no remarkable effect. The drug administra-

tion's overall effects on the measured parameters were 
only minimum (partial η2< 0.059).

Predictive value of the measured biomarkers
Table 5. shows the ROC parameters of the measured bio-
markers for the diagnosis of rheumatoid arthritis. Only 
the biomarkers that showed a significant efficacy was 
cited in Table 5. Figure 1. shows only the top 3 sensitive 
biomarkers (p<0.001) for RA's diagnosis in a suspected 
subject. The serum concentration of 62.7 pg/ml represents 
the cut-off value that when the suspected subjects have 
higher serum INFγ than it, may refer to the presence of 
RA with sensitivity = 86.4% and specificity = 84.1%. The 
cut-off value of MMP3 was 17.7 ng/ml with sensitivity 
= 70.5% and specificity = 79.5%. While TNFα have sen-
sitivity = 65.6% and specificity = 68.2% at cut-off value 
of 36.2 pg/ml. While the other biomarkers (CSF2, OPN, 
and VEGF) showed lower sensitivities and specificities 
than the top 3 biomarkers.

DISCUSSION

The initial stage in ensuring the quality of the research 
was to enroll subjects who were not suffering from renal 
issues with normal urea and creatinine levels as seen in 
Table 1. The most important finding of the current study 
is the increased serum MMP3, TNFα, IFNγ, and CSF2 in 
RA patients compared with the HC group. The elevation 
in these biomarkers values suggested a more inflammatory 
state in RA group. Tissue damage is thought to be con-
trolled by cytokines (Alstergren and Kopp 2006). TNFα is 
commonly acknowledged as a pro-inflammatory cytokine 
involved in RA pathophysiology (Vervoordeldonk and Tak 
2002; Yamanaka 2015; Guo et al. 2019). The outcome of 
other previous research showed higher levels of TNFα in 
RA patients (Thilagar et al. 2018). As a result of elevated 
TNFα, osteoclast precursor cells are stimulated, caus-
ing bone resorption (Bartold et al. 2005). TNFα triggers 
an infection or inflammatory immunological response. 
However, it promotes an increase in osteoclast precursors 
and osteoclast development, causing bone resorption (Ces-
sak et al. 2014). A comprehensive evaluation confirmed 
the advantages of anti-TNF medication for RA patients' 
rheumatic joints (Zamri and de Vries 2020).

The rise in IFNγ levels in the patients' group is attribut-
able to the inflammatory character of RA, as several cell 
types, including T-cells, B-cells, NK cells, and monocytes/
macrophages, produce IFN (Lees 2015). CD8+ T lympho-
cytes in the RA synovium are the primary source of IFNγ. 
T cells, on the other hand, are required for the genera-
tion of tissue-degrading enzymes and proinflammatory 
cytokines, and CD4 T cells are an important regulator of 

Figure 1. ROC analysis curve for the biomarkers (IFNγ, MMP3, and 
TNFα) that have the highest area under the curve as predictors for 
rheumatoid arthritis compared with the reference line.
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these processes (Klimiuk et al. 1999, Petrasca et al. 2020). 
IFNγ signaling can regulate many genes (Rusinova et al. 
2013) that may affect the inflammatory process and the 
destruction or degeneration of synovial membranes. The 
presence of IFNγ receptors is associated with RA symp-
toms, and an increase in IFNγ-induced inflammation is 
a sign of therapy success and RA remission (Page et al. 
2010; Lee et al. 2017).

MMP3 levels were found to be elevated in our RA 
patients' group, which was previously reported (Czec-
zuga and Zajkowska 2008; Mamehara et al. 2010; Ma et 
al. 2015; Tuncer et al. 2019). However, one study showed 
no significant difference in MMP3 in RA and control 
groups (Abd-Allah et al. 2012). When it comes to bone 
damage detection, the serum level of MMP3 is a good 
predictor, and suppressing MMP3 levels may be an es-
sential treatment approach for individuals with early RA 
(Fiedorczyk et al. 2006; Houseman et al. 2012; Tokai et al. 
2018). According to a recent research, serum MMP3 levels 
are better at predicting clinical remission of RA disease 
than CRP levels (Hattori et al. 2019). It is possible that 
serum MMP3 will serve as a biomarker for histological 
synovitis and the diagnosis of RA (Ma et al. 2014), joint 
erosions in the early stages of the disease, and monitoring 
disease activity (Tuncer et al. 2019).

As seen previously, RA patients have a higher serum 
level of CSF2 than the control group (Fiehn et al. 1992; 
Nakamura et al. 2000). CSF2 is expressed in the synovial 
membrane and is higher in the synovial fluid of patients 
with RA (Field and Clinton 1993; Bell et al. 1995). CSF2 
receptors are also upregulated by RA subjects in synovial 
tissue and circulating mononuclear cells (Field and Clinton 
1993; Berenbaum et al. 1994). Populations of synovial tis-
sue macrophages are associated with articular damage, and 
a drop in macrophage numbers is a responsive biomarker 
for treatment response in RA patients (Haringman et al. 
2005). Since CSF2 plays a central role in macrophages' 
differentiation, activation, and survival, inhibiting CSF2 
activity may affect the function of macrophages and pro-
vide RA with clinical benefit. In RA pathogenesis, CSF2 

contributes to the differentiation and pathogenicity of 
Th17 cells (Wijbrandts et al. 2007; Codarri et al. 2011; 
El-Behi et al. 2011). 

According to the results of Table 2, multivariate GLM 
analysis showed no significant effects of the cofounders 
(age and BMI) on the levels of the measured biomarkers. 
The biomarkers' levels are significantly affected only by 
RA disease in the subject with a big effect size (partial 
η2 = 0.415). Tests for between-subject effects revealed 
that 22.7% of the variance in the IFNγ level. At the same 
time, 14.1% of the variance in the MMP3 level was due to 
the RA disease. This analysis excluded any effect of the 
cofounders on the levels of the measured parameters. A 
multivariate general linear model (GLM) analysis was 
used to delineate the relationships between diagnosis and 
biomarkers while controlling for confounding variables 
(age and BMI). As a result, to establish the relationship 
between diagnosis and each biomarker, we conducted an 
inter-subject effect analysis. This analysis revealed the 
importance of activating monocytes/macrophages in RA 
because IFNγ activates monocytes/macrophages activated 
in RA and contributes to the progression and advancement 
of the disease (Udalova et al. 2016). Furthermore, IFNγ 
deficiency or defects in the IFNγ-receptors may have an 
important effect on the activity and the serum level of 
IFNγ in RA disease (Lee et al. 2017; Sharma et al. 2018). 

MMP3 enzyme can degrade collagen molecules, lam-
inin, proteoglycans, elastin, and fibronectin (Verma and 
Hansch 2007), which are components of the connective 
tissues’ matrix joints, bones, tendons, and their reduc-
tion causes destruction in the joints and exaggerate 
the RA state. The increase in MMp3 from the synovial 
fibroblasts or B cells is well-known as a producer of 
MMP3 (Tetlow et al. 1993). Since MMP3 has a major 
role in connective tissue remodeling, it may affect their 
calcium contents and even serum calcium level, as seen in 
Table 3. However, previously, serum MMP3 is correlated 
with systemic inflammation and not an independent 
joint damage marker (So et al. 1999). In previous work, 
plasma OPN levels were strongly associated with MMP3 

Variable Cut-off concentration Sensitivity % Specificity % Youden’s J statistics AUC 95% CI of AUC p-value

IFNγ 62.7 pg/ml 86.4 84.1 0.67 0.863 0.784-0.942 <0.001

MMP3 17.7 ng/ml 70.5 79.5 0.46 0.804 0.713-0.896 <0.001

TNFα 36.2 pg/ml 65.6 68.2 0.40 0.718 0.609-0.828 <0.001

CSF2 69.2 pg/ml 53.6 52.4 0.31 0.668 0.556-0.780 0.017

OPN 4.65 ng/ml 44.4 47.4 0.27 0.624 0.505-0.743 0.038

VEGF 167.2 pg/ml 42.3 49.8 0.24 0.480 0.357-0.602 0.042

Table 5. Receiver operating characteristic-area under curve analysis of the measured biomarkers for the diagnosis of rheumatoid arthritis.

AUC: area under curve; CI: Confidence interval; CSF2: Colony-stimulating factor; MMP3 (Stromelysin-1): Matrix metalloproteinase-3; TNFα: Tumor necrosis 
factor-alpha; OPN: Osteopontin; INFγ: Interferon-gamma; VEGF: Vascular endothelial growth factor.
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levels, and after treatment, the responders' plasma OPN 
levels decreased dramatically (Iwadate et al. 2014). Also, 
B-composite showed a significant negative correlation 
with serum calcium. As B-composite represents the 
bone biomarkers, it is important to notice that bone 
biomarkers' elevation, as a composite, is more indicative 
than each biomarker alone. Previous work showed that 
circulating pro-inflammatory molecules are inversely 
correlated with the calcium status parameters and se-
rum calcium level (Poddar et al. 2016). The increase in 
the inflammatory composite (I-composite) with age is 
due to each component's cumulative effects. Therefore, 
I-composite is better than each parameter separately as 
a tool for studying inflammatory effects. The TNFα level 
presented a positive correlation with age (Milan-Mattos et 
al. 2019). Because age is considered a major risk factor for 
many chronic inflammatory diseases (Larbi et al. 2008; 
Ferrucci and Fabbri 2018), immune aging contributes to 
many autoimmune diseases.

The results of Table 4. indicated the direct effect of 
INFγ on the severity of disease expressed as DAS28. This 
result indicated the importance of pro-inflammatory 
biomarkers INFγ on disease progression (Meyer et al. 
2010). Duration of the disease depends on the magnitude 
of the MMP3 and B-composite. As the disease extends, 
the bone composite increases with time. In one study, 
MMP3 level was not correlated to the age, disease dura-
tion, and the DAS28 scores. However, MMP3 is signifi-
cantly correlated to CRP and ESR, which are markers 
of inflammation (Sun et al. 2014). MMP3 was associated 
with age (Kodama et al. 2018). Furthermore, CRP was 
explained by B-composite. These results indicated the 
dependence of the level of bone-related cytokines on the 
inflammation state biomarkers. However, other research-
ers showed that raised serum biomarkers might not act 
as a risk factor for low bone mineral density (Sponholtz 
et al. 2014). A significant fraction of the RF level can be 
explained by CSF2. The same explanations can be used, 
i.e. the inflammation state in RA is the major cause of 
the biomarker’s changes. ACPA level is affected by serum 
calcium, MMP3, and I-composite levels, as seen in Re-
gression #5 of Table 4. Previously, ACPA had the highest 
predictive value for RA development (van de Stadt et al. 
2011; van Heemst et al. 2015). However, the concomitant 
existence of RF could increase the risk of RA production. 
(Rantapää-Dahlqvist et al. 2003; Kokkonen et al. 2011). A 
significant correlation between ACPA-positivity status 
and arthritis progression has also been confirmed in 
multiple patients that have subsequently developed RA. 
(van Gaalen et al. 2004; Rakieh et al. 2015).

Figure 1. and Table 5. showed a good predictive value 
of the serum INFγ, MMP3, and TNFα for the presence 
of RA in a suspected subject. MMP3 is a biomarker for 

connective tissues, while INF and TNF are inflammatory 
parameters. Thus, RA is a result of a cascade of inflamma-
tory processes in the joints and bone tissues. However, the 
diagnostic cut-off value is rather high. MMP3 expression 
is a good indicator for disease activity in patients with 
RA (Ma et al. 2015). MMP3 levels elevated as the stage 
and type of RA progressed and eventually reduced after 
effective therapy (Uemura et al. 2015). MMP3 levels in 
the serum were favorably linked with serum CRP or RF 
levels or with joint destruction (Li et al. 2013). However, a 
statistically significant correlation was observed between 
MMP3 and CRP and ESR (So et al. 1999; Hattori et al. 
2019). Elevation of serum MMP3 in RA patients is a sign 
of inflammation (Mamehara et al. 2010) and serves as an 
early marker of developing joint destruction and a good 
prognostic indicator of active rheumatoid arthritis illness 
(Ma et al. 2014; Ma et al. 2015; Galil et al. 2016). Joint 
injury may be detected with the use of a blood test for 
serum MMP3, which is linked to systemic inflammation  
(Mamehara et al. 2010). 

Different immune cells, such as neutrophils, release 
pro-inflammatory indicators, such as prostaglandins, 
cytokines, and reactive oxygen intermediates, which 
contribute to synovitis (Cascao et al. 2010). Mast cells in 
the synovium also release large quantities of cytokines, 
chemokines, proteases, and vasoactive amines, all of 
which are harmful to the joint tissues (Nigrovic and Lee 
2007; Hueber et al. 2010). ACPA has been widely accepted 
as a biomarker for RA activity and types (Schuerwegh 
et al. 2010). ACPA has been widely used to diagnose 
RA with specificity (Hill et al. 2008). ACPA endorsed 
inflammatory cytokines production in RA patients and 
accumulated at the citrulline site, causing bone damage 
(Umeda et al. 2017).

CONCLUSION

The top 3 sensitive predictors for RA are INFγ, MMP3, 
followed by TNFα. A significant part of CRP variance was 
explained by zlnOPN and B-composite, while CSF2 can 
explain a significant RF variance. Duration of the disease 
can be explained and B-composite (positively associated). 
About half (50.1%) of the variation in ACPA level can be 
explained by the regression on serum calcium, MMP3, and 
I-composite. B-composite is associated with the duration 
of disease and CRP. I-composite is negatively associated 
with the ACPA level. The overall results indicated the 
importance of composite from the biomarkers with 
common properties as a new biomarker for estimating 
disease characteristics.

Concerning the limitations of the study, the first 
drawback is the small scale of the research sample. Test 
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experiments with a larger sample size will be needed to 
ensure sufficient generalization of the analysis’ results. 
The second limitation is that the study recruited only male 
subjects, and we excluded women to eliminate the effect 
of the estrogens on the measured parameters. The third 
limitation is the relatively significant inter-assay CV% 
of the ELISA kits, which were less than 10% for all kits.
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