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Abstract
Mycorrhizae association is reported to enhance the survivability of the host plant under adverse environmental conditions. 
The present study aims to explore the mycorrhizal association in the roots of different ecotypes of a threatened medicinal 
plant, Clerodendrum indicum (L.) O. Kuntze (Verbenaceae), collected from W.B., India, which correlates the degree of 
root colonization to the nutritional status of the native soil. Ten ecotypes of C. indicum having diverse morphological vari-
ations were collected. The mycorrhizae were characterized by both morphological and molecular methods. The nutritional 
status of the native soils was estimated. The study revealed that all the ecotypes have an association with mycorrhizal forms 
like hyphae, arbuscules, and vesicles. The molecular analysis showed Glomus intraradices and Rhizophagus irregularis as 
the associated arbuscular mycorrhizal fungi (AMF). A significant variation in arbuscule and vesicle formation was found 
growing in the varied nutritional statuses concerning soil parameters. The arbuscule was found negatively correlated with 
pH, conductivity, and potassium and positively correlated with organic carbon, nitrogen, and phosphorus. The vesicle was 
found positively correlated with pH, organic carbon, and potassium and negatively correlated with conductivity, nitrogen, 
and phosphorus. The interaction between conductivity: nitrogen, conductivity: phosphorus, organic-carbon: nitrogen, and 
pH: conductivity was significant in influencing vesicle formation. However, none of the interactions between parameters 
was found significant in influencing arbuscule formation. Thus, the study concludes that G. intraradices and R. irregularis 
are the principle mycorrhizae forming the symbiotic association with the threatened medicinal plant, C. indicum. They form 
vesicles and arbuscules based on their soil nutritive factors. Therefore, a large-scale propagation through a selective AMF 
association would help in the conservation of this threatened species from extinction.

Keywords Arbuscular mycorrhizal fungi · Glomus intraradices · Rhizophagus irregularis · Soil nutritional content

Introduction

Clerodendrum indicum (L.) O. Kuntze (Verbenaceae) (syno-
nym: C. siphonanthus R. Br.; C. indicum f. semiserratum 
(Wall.) Moldenke; http:// www. thepl antli st. org/) is a highly 
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valued woody perennial threatened medicinal plant native 
to India, commonly known as Bamanhati [1; https:// india 
biodi versi ty. org/ speci es/ show/ 229224]. In India, it grows in 
Arunachal Pradesh, Assam, Bihar, Karnataka, Kerala, Mad-
hya Pradesh, Maharashtra, Manipur, Odisha, Sikkim, Tamil 
Nadu, Tripura, Uttar Pradesh, and West Bengal [2; https:// 
india biodi versi ty. org/ speci es/ show/ 229224]. It is also found 
in East-Asian countries such as Southern Bangladesh, Cam-
bodia, China, Indonesia, Laos, Malaysia, Myanmar, Nepal, 
Sri Lanka, Thailand, and Vietnam [3, 4].

The medicinal attributes of the plant are well known in 
different ethnic groups of India [2]. According to Ayurveda, 
it is an excellent anti-inflammatory agent and helps heal 
wounds [2, 5]. It improves the circulation of blood in the 
body [2]. The plant is used in fever, atrophy, consumption, 
cough, bronchitis, and blindness [2, 5]. North-East India 
traditionally uses aqueous leaf extract to alleviate diabetes, 
obesity, and hypertension symptoms [5–7]. The dried leaves 
are smoked like cigarettes to relieve asthma [5–7]. The juice 
of the tender parts of the plant is used as an external applica-
tion for skin complaints [2]. The pounded root, combined 
with ginger, is considered helpful in treating asthma, coughs, 
and other pulmonary complaints and scrofulous affec-
tions [2]. A resin extracted from the plant is used to treat 
syphilitic rheumatism [2]. Extensive studies were carried 
out regarding the phytochemistry and medicinal uses of C. 
indicum [8–12]. The plant contains clerodendrone, cleroin-
dicins, cleroindicin-α-hispidulin, clerodendrol, scutellarein, 
scutellarein-7-O-β-D-glucuronide-3, 4-dihydroxy phenyl 
ethanol, hispidulin 7-O-glucuronide, roseoside, eupafolin, 
lariciresinol, l9-O-beta-D-glucoside, 17-hydroxyteuvin-
cenone G, and 17-hydroxyteuvincen-5(6)-enone G [8–12]. 
Different authors reported the antinociceptive, antidiarrheal, 
antimicrobial [6], and cytotoxic activities active against can-
cer cell lines with  IC50 values of 1.66–20.49 μmol/L of dif-
ferent parts, mainly leaf extracts of C. indicum [10, 13–16].

Moreover, Ghosh and Pal [17, 18] explored the unique 
features in seedling flowering, stigma movement, plant phe-
nology, and germination of C. indicum. They reported the 
plant as threatened in West Bengal, India, due to critical, 
unusual epigeal–cryptocotylar type of seedling and deceit 
pollination. Apart from that, the other causes are loss of hab-
itat, massive exploitation of its medicinal values, and insect 
pest attack [19; https:// india biodi versi ty. org/ speci es/ show/ 
229224]. Clerodendrum species are listed by the Interna-
tional Union of Conservation of Nature (IUCN 2015; https:// 
www. iucnr edlist. org/), and several of these are either endan-
gered, critically endangered, or vulnerable status [https:// 
india biodi versi ty. org/ speci es/ show/ 229224].

The plant–microbe interactions in the rhizosphere are 
primary determinants for plant colonization and success-
ful land acquisition in several abundant soil types [20, 
21]. Among these, arbuscular mycorrhizas are the most 

important microbial symbioses that benefit the plants under 
various environmental conditions [22]. They form mutualis-
tic associations with the plants in most terrestrial ecosystems 
[21, 23]. Through this association, plants facilitate nutri-
ent uptake from the soil via an extensive AMF extraradical 
mycelium [24]. They contribute significantly to increase 
plant productivity by improving phosphorus (P) uptake [25], 
improving soil structure [26], enhancing pathogen resistance 
[27], and resisting toxic stresses [22, 28, 29]. Because of 
their importance in terrestrial ecosystems, AMF communi-
ties have been extensively studied both in natural [24–26] 
and in agricultural settings [27–29]. The studies by Fuchs 
and Haselwandter [30], Bothe et al. [31], and Radhika and 
Rodrigues [32], reported that the AM fungal diversity var-
ies from the different localities of medicinal plants with a 
variation in the per cent colonization and spore density. They 
emphasized that medicinal plants could be restored from 
extinction by selective colonizing potential AM fungi and 
re-planting them into native sites. However, the mycorrhizal 
association on the Clerodendrum spp. host has not been well 
documented. For example, Gupta and Das [33] from Orissa 
State, India, observed 90% colonisation of mycorrhizae on 
C. inerme, while C. thomsonae had 40–60% root coloniza-
tion. Kalita et al. [34] from Assam State, India, reported that 
Glomus is the most abundant vesicular arbuscular mycor-
rhizae (VAM) fungi in the rhizosphere of Clerodendron sp. 
Ghanta et al. [35] from West Bengal State, India, reported 
that in C. indicum the arbuscular frequency (0.1 to 31.7) and 
vesicular frequency (31.83 to 40.2) were the lowest as com-
pared to the other medicinal plants tested. They also reported 
that the associated AM fungi belong to the species of Glo-
mus. Therefore, these studies reflect that the assessment of 
mycorrhizal association in the Clerodendrum species is very 
random and no focus has been given to the determining fac-
tors that influence such variations. Thus, this study aims to 
assess the AM association in the different ecotypes of C. 
indicum grown in their native soil and to determine the soil 
parameters influencing the AM association.

Materials and methods

Sample collection

A total of 30 samples were collected from 10 different loca-
tions throughout West Bengal, India (Fig. S1). Three plant 
samples, root samples, and corresponding rhizospheric 
soil samples were collected. Soil samples were collected 
using a core sampler. Live plant samples were collected in 
plastic bags for further maintenance in the laboratory. Root 
samples were collected and immediately transferred to the 
icebox and then stored at −20 °C within 6 h for subsequent 
staining and DNA extraction. Sampling was done between 
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February and April 2019. The ecotypes were maintained 
as the live culture at the Department of Botany, University 
of Gour Banga, West Bengal, India. The leaf morphology, 
phyllotaxy, and stem anatomy of the ecotypes were studied 
under dissecting (Magnus, Model Mag Star EM-200, Olym-
pus Opto Systems India Pvt. Ltd, India) equipped with an 
Olympus camera (DX-500, 5MP) and phase-contrast micro-
scope (Leica DM750, fitted with Leica ICC50W camera and 
LAS-EZ software, Germany) to distinguish the morphologi-
cal peculiarities of the ecotypes. The geographical details of 
the locations of all the ecotypes are given in Table S1.

Assessment of mycorrhizal association in roots

For studying mycorrhizal association in roots, samples were 
prepared according to Sharma et al. [36], and AMF coloni-
zation was studied. Briefly, approximately 2-cm-length root 
samples from the root’s tip were taken and washed with 
double-distilled water to remove adhering particles from 
the root surface. The samples were macerated in 10% KOH 
(w/v) at 100 °C for 20 min, stained with 0.05% trypan blue 
in lactophenol (w/v) [37]. The association was observed 
under a phase-contrast microscope (DM750 Leica fitted with 
Leica ICC50W camera and software LAS-EZ, Germany). 
The degree of association, stages of association, and relative 
abundance correlated with the soil parameters according to 
the standard protocol [36, 38].

Determination of molecular diversity of mycorrhizae 
in roots

DNA extraction and gel electrophoresis

For molecular identification of AMF, all the root samples 
(~ 500 mg) were pooled in a 1.5-ml Eppendorf tube with a 
small number of glass beads (Sigma, USA) homogenized 
with a micro pestle. After that, 200 μl of extraction buffer 
{comprising 0.2 g (w/v) hexadecyltrimethylammonium 
bromide (CTAB, Sigma, USA), 1.0 ml of 100 mM Tris 
(pH 8.0) buffer (v/v), 0.1 ml of 20 mM EDTA (v/v), 0.82 g 
(w/v) NaCl, 0.4 g polyvinylpyrrolidone (PVP) (w/v), 0.01 g 
ascorbic acid (w/v), 0.007 ml of 10 mM β-mercaptoethanol 
(BME) (v/v), 0.1 g sodium dodecyl sulphate (SDS, w/v), 
and the volume was made to 10.0 ml by distilled water} was 
added and again homogenized [39]. After homogenization, 
200 μl extraction buffer was added. The hard tissues were 
completely lysed with additional 1% sodium dodecyl sulfate 
(SDS, w/v) in the modified extraction buffer. After that, 10 
μl lysozyme (10 mg/ml) was added and incubated at 65 °C 
for 1 h in a water bath. One microliter of proteinase K (10 
mg/ml) was then added, mixed gently, and incubated at 37 
°C for 1 h. An equal volume of phenol–chloroform (1:1; 
v/v) was added and mixed well by gentle inversion. The 

preparation was kept for 5 min. The tube was centrifuged 
at 12,851×g for 15 min, and the aqueous phase was taken 
into an Eppendorf tube. This step was repeated once if the 
aqueous phase was too much pigmented. After depigmenta-
tion, 0.6 volume of isopropanol was added to the aqueous 
portion and inverted twice and incubated for 20 min at 4 
°C. The mixture was then centrifuged at 12,851×g for 15 
min, and the supernatant was discarded. The pellet was then 
washed with chilled absolute ethanol and was centrifuged 
at 12,851×g for 5 min. After that, the supernatant was dis-
carded, and the pellet (DNA) was suspended in 50 μl deion-
ized water and incubated with 1 μl RNase (20 mg/ml) for 
30 min at 37 °C to remove the RNAs. The DNA was kept 
at −20 °C for further use. The isolated genomic DNA was 
observed in 1% agarose gel electrophoresis [40].

PCR amplification, DNA sequencing, and phylogenetic 
analysis

The PCR amplification of AMF-specific short ribosomal 
subunit (SSU) regions was done using forward primer NS1 
(5′ GTA GTC ATA TGC TTG TCT C3′) and reverse primer 
NS4 (5′ CTT CCG TCA ATT CCT TTAAG3′) (Sigma, 
USA) [41–43]. The total volume of the PCR mixture was 
51 μl comprising of 46 μl 1× PCR master mix (Invitrogen, 
USA), 2 μl of 10 μmol primer pair each, 0.5 μl bovine serum 
albumin (BSA, 30 μg/ml), and 1 μl template DNA. The PCR 
reaction was performed in a thermal cycler (Applied Biosys-
tems, USA) using initial denaturation at 95 °C for 3 min fol-
lowed by 40 cycles of denaturation at 95 °C for 45 s, anneal-
ing at 44.5 °C for 30 s, extension at 72 °C for 1 min and a 
final extension of 72 °C for 4 min. The primary PCR product 
was re-amplified by different AMF genus-specific primers 
such as Acaulospora, Archeospora, Gigaspora, and Glomus 
(Table 1). The PCR initial denaturation was set at 95 °C for 
3 min followed by 40 cycles of denaturation at 95 °C for 30 
s, extension at 72 °C for 4 min, and a final extension of 72 
°C for 1 min with primer-specific annealing temperatures. 
The amplicons were sequenced through Sanger’s method, 
and sequences were submitted to GenBank (https:// www. 
ncbi. nlm. nih. gov/ genba nk/). BLAST was performed through 
the NCBI database. The phylogenetic tree was constructed 
based on the maximum likelihood method [44]. The nucleo-
tide sequences were aligned in MEGA 6 software using the 
ClustalW parameter [45]. A maximum likelihood phyloge-
netic tree was constructed based on the best model selection 
for the provided nucleotide sequences, i.e., the Jukes-Cantor 
model with a gamma distribution pattern [46].

Assessment of soil nutritional elements

Rhizospheric soil parameters, viz. pH, electrical conductiv-
ity, organic carbon, nitrogen, phosphorus, and potassium 
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contents were measured according to the standard protocol 
[47, 48]. Briefly, pH and electric conductivity were meas-
ured by pH (Eutech, Germany) and electric conductivity 
(HPG, India) meter. Organic carbon was measured by the 
titration method where the soil sample was ground with 
potassium dichromate and ferrous ammonium sulphate 
solution used as the titer. Total nitrogen determination 
was done by the modified Kjeldahl method. The total con-
tent of the elemental phosphorus in soils was extracted 
and determined by perchloric acid digestion followed by 
spectrophotometric determination and total potassium in 
soils or minerals was best determined by decomposition 
of the sample employing hydrogen fluoride, followed by 
flame photometric determination. Measurements were car-
ried out three times, and the average value was taken for 
further analysis.

Statistical analysis

An exploratory analysis [49] was done to get an overview 
of the data. The normality of the data was checked by 
the Shapiro–Wilk test, and Kruskal–Wallis rank-sum test 
was used for finding the variation significance in the data. 
Spearman’s rank correlation coefficient test was conducted 
for assessing the correlation between parameters. Principal 
component analysis (PCA) was conducted to deduce the 
overall correlation between all parameters [50]. Response 

surface methodology (RSM) was used for assessing inter-
action effects. A total of 12 RSM models were made with 
first-order, second-order, and two-way interaction terms. 
Arbuscule % was the response variable for six models, and 
Vesicle % was the response variable for another 6. The same 
permutation combination of predictor variables (soil param-
eters) was used for both the response variables; models (one 
for each response variable) with the lowest lack-of-fit value 
were selected for subsequent analysis and plotting [51]. All 
the analysis was done, and plots were made in R 3.6.3 soft-
ware (www.r- proje ct. org), and the analyses were run in the 
software environment RStudio 1.2.5042 (http:// www. rstud 
io. com). Shapiro–Wilk test, Kruskal–Wallis rank-sum test, 
Spearman’s rank correlation coefficient test, and PCA base 
functions of R were used. For making RSM models, the 
“rsm” package was used. For plotting “ggplot2,” “ggpubr,” 
“factoextra,” “ggrepel,” “corrplot,” and base plotting func-
tions were used.

Results

Morphology of the C. indicum ecotypes

The ecotypes (Fig. S2) possessed distinguishable varia-
tions in the leaf morphology, phyllotaxy, and stem anat-
omy (Fig. S3). Variation and their combination in leaf 

Table 1  Primer used for the amplification of AMF

Sl no. Name and sequences of primers Targeted genus Annealing 
temperatures 
(°C)

References

1. NS1 (5′ GTA GTC ATA TGC TTG TCT C-3′) Short ribosomal 
subunit (SSU)

44.0 Redecker [41]; Lee et al. [42]; Goswami et al. [43]
NS4 (5′ CTT CCG TCA ATT CCT TTA AG-3′)

2. GLOM 1310F (5′AGC TAG GYC TAA CAT 
TGT TA)

Glomus sp. 43.5

GLOM 5.8R (5′ TCC GTT GTT GAA AGT 
GAT C)

3. GIGA5.8R (5′ ACT GAC CCT CAA GCA 
KGTG)

Gigaspora sp. 52.0

ITS1F (5′ CTT GGT CAT TTA GAG GAA GTA 
A)

4. ARCH1311F (5′ TGC TAA ATA GCC AGC 
CTG Y)

Archaeospora sp. 53.0

ITS4R (5′ CAG ACT T(G/A)TA(C/T)ATG GTC 
CAG)

5. ACAU1660F (5′ TGA GAC TCG GAT CGG) Acaulospora sp. 51.5
ITS4R (5′ CAG ACT T(G/A)TA(C/T)ATG GTC 

CAG)
6. LETC1670F (5′ GAT CGG CGA TCG GTG 

AGT)
Glomeromycota 53.0

ITS4R (5′ CAG ACT T(G/A)TA(C/T)ATG GTC 
CAG)
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shape found were acute (Fig. S3, b1 to b6), apiculate 
(Fig. S3, b5, b7), cuneate (b1), elliptic (b2), lanceolate 
(Fig. S3, b4, and b6), linear (Fig. S3, b7, and b8), and 
oblanceolate (Fig. S3, b1, b3, and b7). In the leaf edge, 
all were found with an entire (Fig. S3, b1, b2, b3, b5, b6, 
b7, and b8) edge, except one which was found with a ser-
rate (b4) edge. Leaves were arranged in whorls of two to 
six leaves (Fig. S3, a to d, f, g, a1 to a4). The stem has 
ridges and furrows, and the number corresponds to the 
number of leaves in the whorl. The mature stem was hol-
low throughout (Fig. S3, f, g, a1 to a4); the hollow core 
was narrow at the node and wide at the internode (Fig. S3, 
a1 to a4). Near the node, a thin layer of tissue was found 
that separates two internode sections (Fig. S3, a1 to a4). 
The young stem was not hollow and was filled with tissue 
(Fig. S3, a to e). A summarized morphological description 
of ecotypes is given in Table S2.

Microscopic assessment of mycorrhizal association 
in roots

The examination of mycorrhizal association in the roots 
of different ecotypes of C. indicum (Fig. S4) showed that 
all the ecotypes have mycorrhizal associations with differ-
ent forms/stages like hyphae, arbuscules, and vesicles in 
the roots (Fig. S4). According to INVAM (INVAM, 2017, 
http:// Fungi. Invam. Wvu. Edu/ the- Fungi/ Speci es- Descr iptio 
ns. html) and TERI (http:// mycor rhizae. org. in/ cmcc/) (TERI, 
2018, https:// www. teriin. org/ artic le/ fungi- centr al- mycor 
rhiza- haven), morphological descriptions of the infested 
AMF were found morphologically similar to Glomus sp. 
Mycelial associations were found both in the apoplastic 
and symplastic regions of the cortex of young roots [52]. 
Microscopic assessment of root length AMF colonization 
data of ecotypes (Amrut, Garumara, Gour-01, Gour-2, 
Hooghly, Malda, Mayapur, NBU-01, Ranipur, and Sabang) 
showed that there is a significant difference in the forma-
tion of arbuscules (p = 0.00093) and vesicles (p = 0.0053) 
between ecotypes (Fig. 1a, b).

Molecular diversity assessment of AMF

The molecular identification of AM fungi through ITS 
and NS1 and NS4, genus-specific primer sequences, and 
the phylogenetic tree show that the amplicon sequences of 
the AMF were closely related to R. irregularis (GenBank 
Ac. MN134340) and G. intraradices (GenBank Ac. No. 
MN134341 and MN134343) (Fig. 2).

Analysis of VAM and soil parameters

From the Kruskal–Wallis test, a significant variation of soil 
parameters pH (df = 9, p-value = 0.03183), conductivity (df 

= 9, p-value = 0.02033), organic carbon (df = 9, p-value = 
0.001301), nitrogen (df = 9, p-value = 0.0008128), phos-
phorus (df = 9, p-value = 0.0007833), and potassium (df = 
9, p-value = 0.0007644) was found between the ecotypes 
(Fig. 1c–h). The correlation matrix (Fig. 3) created with 
Spearman’s rank correlation coefficient test indicated that 
arbuscule and vesicles are negatively correlated, and the cor-
relation was found significant (R = −0.41, p = 0.025). The 
arbuscule and pH are negatively correlated, and the rela-
tion was found highly significant (R = −0.66, p = 6.6e−05); 
arbuscule and conductivity were found more or less nega-
tively correlated, but the relation was not found significant 
(R = −0.11, p = 0.57).

From the principal component analysis (PCA), the scree 
plot (Fig. 4a) showed that components 1 and 2 explained 
more than 50% variation in the data. It was observed from 
the biplots that arbuscule percentage, organic carbon, and 
nitrogen content contributed most to data variation, and con-
ductivity contributed the least (Fig. 4b). Overall, two groups 
of the parameters could be made, in which parameters are 
positively correlated within the group and negatively cor-
related between the groups. Group 1 comprises arbuscule, 
organic carbon, nitrogen, phosphorus, and electric conduc-
tivity, and group 2 comprises vesicle, pH, and potassium 
(Fig. 4c). For a better symbiotic impact on the host, the 
organic carbon and nitrogen content in soil could promote 
more arbuscule formation, while the factors influencing the 
soil conductivity have the least influence on host coloniza-
tion and arbuscule formation, which indicates that the plant 
could survive in moderate to high salt-containing soils mak-
ing it more adaptive in barren lands.

From the response surface models, the selected model for 
assessing the interaction effects of the parameters on arbuscule 
formation (R2: 0.9673, adjusted R2: 0.8946, DF = 9, p-value: 
0.000197) showed none of the interactions between param-
eters found significant, though significant direct correlations 
were evident (Fig. 5 a1 to a4). The selected model for assess-
ing the interaction effects of parameters on vesicle formation 
(R2: 0.9631, adjusted R2: 0.8812, DF = 9, p-value: 0.0003283) 
showed that an interaction between conductivity: nitrogen (p 
= 0.0138952), conductivity: phosphorus (p = 0.0004532), 
organic-carbon: nitrogen (p = 0.0296641), pH: conductivity 
(p = 0.0122054) was significant (Fig. 5 b1 to b4). From the 
surface plots, it was observed that when the nitrogen content 
was low, conductivity had a great effect on vesicle formation, 
but at a higher concentration of nitrogen the effect of conduc-
tivity on vesicle formation was not high, while low nitrogen 
and high conductivity increased vesicle formation; however, 
high nitrogen and high conductivity reduced vesicle forma-
tion (Fig. 5 b1). When the nitrogen content was low, organic 
carbon greatly affected vesicle formation, but a higher concen-
tration of nitrogen effect of organic carbon on vesicle forma-
tion was quite different from the previous; low nitrogen and 
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high organic carbon increased vesicle formation. However, 
low nitrogen and low organic carbon reduced vesicle forma-
tion (Fig. 5 b2). Low pH and high conductivity greatly influ-
enced vesicle formation. However, low pH–low conductivity 
greatly reduced vesicle formation; at lower conductivity, pH 
did not affect vesicle formation, but at higher conductiv-
ity, pH had great effects on vesicle formation (Fig. 5 b3). 
A higher concentration of phosphorus and lower conductiv-
ity greatly affected the vesicle formation, and also at higher 
conductivity, phosphorus greatly affected vesicle formation. 
High phosphorus and high conductivity greatly increased 
vesicle formation, and high phosphorus content with low 
conductivity greatly reduced vesicle formation (Fig. 5 b4). 
Hence, the RSM model also supports the results of the PCA 
analysis. This also emphasizes the observation of the percent 
arbuscule and vesicle formation in the varied soil nutritional 
parameters.

Discussions

Mycorrhizal symbioses between plant roots and soil fungi 
are ancient, having evolved with the earliest plants to colo-
nize Earth’s land surfaces >400 Mya [53]. They provide 
essential nutritional constituents, phosphorus, and zinc to 
the associating plants [54]. However, due to human activi-
ties, with depletion of natural resources, land degradation, 
drop-in soil nutritional contents, and the changing climate 
have become a great concern for the naturally growing 
plants around us [55]. These extensive thrusts lead to many 
valuable medicinal plants to get extinct [55]. C. indicum 
is among them which has a multitude of life-supporting 
medicinal constituents in all its parts [56] and has obtained 
a threatened status due to these reasons [https:// india biodi 
versi ty. org/ speci es/ show/ 229224]. Therefore, a thorough 
investigation of the habit and habitat conditions and soil 

Fig. 1  Box plots showing data distribution and variation in Arbuscule % (a), Vesicle % (b), pH (c), electrical conductivity (d), Organic carbon % 
(e), nitrogen (f), potassium (g), and phosphorus (h) of the host ecotypes
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Fig. 2  Phylogenetic tree was 
prepared by the maximum 
likelihood method. Amplicon 
sequences of this study are 
marked with the GenBank Ac. 
No. MN134340, MN134341, 
MN134343.

Fig. 3  Correlation matrix show-
ing the correlation between all 
the parameters, the scale indi-
cate positive (+1) and negative 
(−1) correlations, significance 
of the correlation between 
parameters is indicated by stars 
(“*”) mark (***p < 0.001, **p 
< 0.01, *p < 0.05)
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parameters is of the utmost need for their eco-restoration 
[57, 58]. The present study deciphered that the host C. 
indicum harbours R. irregularis and G. intraradices as the 
associated AMF grown in different eco-geographical loca-
tions. However, the degree of association varied based on 
soil nutritional conditions. Song et al. [59] and Schalamuk 
et al. [60] reported that the AMF Glomus sp. and Acaulo-
spora sp. were associated with the species C. colebrooki-
anum and C. buchananii, respectively. This indicates that 
the AMF species association varies from species to spe-
cies and also the eco-geographical variation of the host. A 
study by Jansa et al. [61] reported that plants could harbor 
more than one AMF species at a time, and this simultane-
ous root colonization by different AMF provides more P 
than a selective species. Thus, a thorough investigation is 
required from the different species of Clerodendrum from 
the same locality to establish the strict or relaxed biasness 
of the AMF association among the Clerodendrum spp.

Nouri et al. [62] previously reported that the mycorrhizal 
association does not directly depend on soil organic carbon 
or available potassium content. However, in this study, it 
was found that arbuscule and organic carbon are positively 
correlated (Figs. 3, 4, and 5) and the relation was found 
significant (R = 0.53, p = 0.0023). This is similar to the 
observations of Hodge and Storer [63] where they reported 
that the organic carbon accumulation in the host is due to 
a higher AM association in the root and soil environment 
[63]. While arbuscule and potassium were found negatively 
correlated, the relation was not found significant (R = −0.28, 
p = 0.14). Nitrogen and arbuscule were found positively cor-
related, and the relation was found significant (R = 0.55, p 
= 0.0018), probably because arbuscular mycorrhizae (AM) 
enhance nitrogen uptake [63]. Arbuscule and phosphorus 
were found positively correlated but not significant (R = 
0.16, p = 0.38). The vesicle and nitrogen were found nega-
tively correlated, but the relation was not found significant 

Fig. 4  Scree plot (a) showing the percentage of explained variables by the principal components. Variable-PCA-biplot (b) showing the contribu-
tion of variables in data variation. Individual-PCA-biplot (c) showing the overall correlation of the parameters (grouped by the ecotypes)
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(R = −0.03, p = 0.84); vesicle and phosphorus were found 
negatively correlated, but the relation was not found sig-
nificant (R = −0.34, p = 0.063); and vesicle and potassium 
were found positively correlated, but the relation was not 
found significant (R = 0.072, p = 0.71). Vesicle and pH 
were found to have a very minute positive correlation, but 
the relationship was not significant (R = 0.043, p = 0.82); 
vesicle and conductivity were found to be negatively cor-
related. The relation was not found significant (R = 0.097, 
p = 0.61); vesicle and organic carbon were found positively 
correlated; however, the relation was not significant (R = 
0.05, p = 0.79). Thus, the study revealed that the physiologi-
cal function of mycorrhizas and mycorrhiza-like symbioses 
is dependent upon several abiotic and biotic factors [19, 28, 
29]. The result of soil analysis reveals that the rhizospheric 
soils deficient in nutrients might be suitable for mycorrhi-
zal symbiosis with plants [64, 65]. It was also found that 
soils with higher amounts of sodium had reduced AM fungi 
and with higher calcium and organic matter had greater AM 
fungi with Glomerospore abundance [66].

It was also observed that among the species of AMF, 
the genera Glomus showed dominance in the plant root and 
rhizospheric soil of most medicinal plants and have wider 
host preferences to provide a greater allocation of nutri-
ents [20, 22–28, 30–35]. Therefore, the successful restora-
tion of native infective AMF can potentially improve the 

eco-restoration success of C. indicum in both arable and 
degraded lands. A better AMF inoculation with consortia 
of a few or single species could also result in species sur-
vival [61, 67, 68].

Conclusions

The study concludes that the ecotypes of C. indicum possess 
a distinguishable variation in the leaf morphology, phyllo-
taxy, and stem anatomy. The host species forms an asso-
ciation with R. irregularis and G. intraradices in different 
ecological conditions. However, the degree of AMF asso-
ciation with the hosts shows variations, like hyphae, arbus-
cules, and vesicles greatly depending on the soil parameters. 
Thus, through the selective mycorrhizae species association, 
a large-scale propagation could be undertaken for the con-
servation of this threatened medicinal plant and to protect 
it from extinction.
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