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Abstract 1 

We investigated the role of plant host and soil variables in determining arbuscular mycorrhizal 2 

fungi (AMF) community composition in plant roots of two spatially separated mangrove 3 

estuaries on the rivers Aghanashini (14°30′30″N–74°22′44″E) and Gangavali (14°35′26″N–4 

74°17′51″E) on the west coast of India. Both mangrove estuaries had similar plant species 5 

composition but differed in soil chemistries.   6 

We amplified a 550 bp portion of 18S small subunit (SSU) rDNA from mangrove plant roots and 7 

analysed it by restriction fragment length polymorphism (RFLP). Clones representing unique 8 

RFLP patterns were sequenced. A total of 736 clones were obtained from roots of seven and five 9 

plant species sampled at Aghnashini and Gangavali, respectively.  AMF phylotype numbers in 10 

plant roots at Aghanashini (12) were higher than at Gangavali (9) indicating quantitative 11 

differences in the AMF community composition in plant roots at the two mangrove estuaries. 12 

Because both estuaries had similar plant species composition, the quantitative difference in AMF 13 

communities between the estuaries could be an attribute of the differences in rhizospheric 14 

chemistry between the two sites.  15 

Non-metric multidimensional scaling (NMDS) revealed overlap in the AMF communities of the 16 

two sites. Three and two AMF phylotypes had significant indicator value indices with specific 17 

hosts at Aghanashini and Gangavali respectively. Environmental vector fitting to NMDS 18 

ordination did not reveal a significant effect of any soil variable on AMF composition at the two 19 

sites. However, significant effects of both plant hosts and sites were observed on rhizospheric P. 20 

Our results indicate that root AMF community composition may be an outcome of plant response 21 

to rhizospheric variables. This suggests that plant identity may have a primary role in shaping 22 

AMF communities in mangroves. 23 
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Introduction 24 

Global arbuscular mycorrhizal fungi (AMF) distribution patterns are influenced by dispersal and 25 

environmental factors (Öpik et al. 2006, 2010; Kivlin et al. 2011; Vieira et al. 2019).  On a local 26 

scale, abundance and identity of host plants are key determinants of AMF community 27 

composition and distribution in different ecosystems (Sýkorová et al. 2007; Hazard et al. 2013; 28 

Jansa et al. 2014; Torrecillas et al. 2014; Martinez-Garcıa et al. 2014; Davison et al. 2016; Vieira 29 

et al. 2019). Environmental variables such as soil pH, P, N, soil moisture and organic matter also 30 

influence AMF community composition (Bainard et al. 2014; Deepika and Kothamasi 2015; 31 

Wang et al. 2015a; Velázquez et al. 2018).  32 

AMF are ubiquitous in wetlands and aquatic habitats (Wilde et al. 2009; Wang et al. 2010, 2011; 33 

Fester 2013; Gaberščik et al. 2017; Xu et al. 2018). The abundance and diversity of AMF from 34 

wetlands is comparable to those of terrestrial habitats (Wang et al. 2011, 2015a, b, 2016; 35 

Ramirez-Viga et al. 2018; Xu et al. 2021). Around 101 AMF species affiliated to 19 genera and 9 36 

families with a majority (53%) belonging to Glomeraceae have been reported from aquatic 37 

ecosystems (Tuheteru and Wu 2017). Oxygen availability, seasonal changes, flooding intensity, 38 

type of vegetation and P availability influence AMF species richness and diversity in wetlands 39 

(Wang et al. 2011; Tuheteru and Wu 2017). 40 

Mangroves are salt-tolerant intertidal plant communities inhabiting interface habitats between 41 

land and sea. They account for 0.7% of the total tropical forests of the world and are subjected to 42 

inhospitable conditions such as high salinity, high temperature, tidal inundation and anaerobic 43 

soils (Giri et al. 2011).  Mangrove soils are deficient in P and N, and the concentration of these 44 

nutrients in mangrove soils can limit plant growth. (Lovelock et al. 2006; D’souza 2016). Due to 45 

https://www.frontiersin.org/articles/10.3389/fmicb.2017.00719/full#B76
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high salinity, plants and rhizosphere microflora are subject to physiological aridity in the 46 

mangrove habitat. Mangrove plants have evolved adaptive strategies such as aerial roots, salt 47 

tolerance and vivipary to survive in the harsh environment. AMF are aerobic organisms and the 48 

hypoxic environment of a mangrove stand may limit AMF survival and function (Kothamasi et 49 

al. 2006; Wang et al. 2010). Salinity also inhibits survival of AMF propagules in soil by 50 

affecting spore germination and root colonization. Salinity and hypoxia in mangroves may serve 51 

as environmental filters leading to selection of only salt and hypoxia tolerant AMF.  52 

Because AMF survival in the anaerobic mangrove soils may be dependent on O2 transfer from 53 

aerial roots (Miller and Sharitz 2000; Kothamasi et al. 2006) and plants have access to nutrients 54 

channelized by other microorganisms (Vazquez et al. 2000; Holguin et al. 2001; Kothamasi et al. 55 

2006); the balance of exchange and symbiont selection in plant-AMF symbiosis may shift in 56 

favour of the host. Consequently, AMF species composition in mangrove plant roots may be 57 

determined by plant hosts.  58 

In this study, we investigated root AMF community composition in mangrove plant species. 59 

Although, AMF are prevalent in mangrove ecosystems (Sengupta and Chaudhuri 2002; 60 

Kothamasi et al. 2006; Kumar and Ghose 2008; Wang et al. 2010), factors that determine AMF 61 

community composition in mangrove roots are not certain. Here, we analyse whether host 62 

identity or soil variables have a role in determining diversity and species composition of AMF 63 

communities associated with mangrove roots. Nutrient availability in mangrove soils is affected 64 

by spatial or temporal variations in flooding frequency, availability of fresh water, redox 65 

potential and pH (Bernini et al. 2010). In order to incorporate this variation into our analyses, we 66 

conducted this study in two spatially separated mangrove estuaries with similar plant species 67 

composition but with different soil chemistries. We addressed the following questions: (i) does 68 
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host identity have a role in determining root AMF species composition; and (ii) do rhizospheric 69 

variables such as available P, % soil organic matter, salinity and pH have any influence on AMF 70 

species composition in mangrove roots.  71 

Materials and Methods 72 

The study was carried out in middle estuary mangroves formed by the rivers Aghanashini 73 

(14°30′30″N–74°22′44″E) and Gangavali (14°35′26″N–74°17′51″E) on the west coast of India.  74 

Both sites are inundated twice in 24 hours during high tide for a total duration of approximately 75 

seven hours. 76 

Plant Community 77 

Plant species composition at the two sites was studied by laying three quadrats (10 × 10 m2) at 78 

random at each site. Quadrats were at least 20 m apart. Plant species present in each quadrat 79 

were counted and the diameters of stems at breast height were measured. Five plant species 80 

(Acanthus ilicifolius, Avicennia officinalis, Excoecaria agallocha, Rhizophora apiculata and 81 

Sonneratia alba) were present at both the study sites and two plant species (Aegiceras 82 

corniculatum and Kandelia candel) were found only at Aghanashini. The dominance of each 83 

plant species was estimated by computing its importance value index (IVI) following Curtis and 84 

McIntosh (1951).  85 

AMF Community analyses 86 

One individual of each plant species from each of the three randomly laid quadrats at both sites 87 

(21 and 15 individuals at Aghanashini and Gangavali, respectively) were selected, for a total of 88 

36 individuals. Roots and rhizosphere soil samples (~500 g) were collected from these 36 89 

Author
Do you remember how we came to this figure. Did we use the coordinates to calculate this? we have provided the coordinates. You take the final call if this line should stay
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randomly selected individuals at both sites and stored at –20°C until analyses. One individual of 90 

S. alba collected at Gangavali was lost during transit. Therefore, only 35 samples were processed 91 

for the final analyses.  AMF communities in mangrove plant roots were studied by amplifying 92 

the 18S small subunit (SSU) rDNA. Genomic DNA was extracted from 35 individual plant roots 93 

using the cetyltrimethylammonium bromide (CTAB) method (Ausubel et al. 1999) followed by 94 

an additional purification step with a Promega Wizard SV Gel PCR purification kit (Promega, 95 

USA). Partial 18S SSU rDNA was amplified from each individual sample using universal 96 

eukaryotic primer NS31 (Simon et al. 1992) and primer AM1 which amplifies AMF 18S rDNA 97 

(Helgason et al. 1998). A 30 µL PCR reaction mixture contained 0.2 mM of each 98 

deoxynucleotide triphosphate (dNTP), 10 pmol of each primer, 0.05% bovine serum albumin 99 

(BSA) (Fermentas, EU), 5% dimethyl sulphoxide (DMSO) (Sigma, USA) and 1.5 U Taq 100 

polymerase (Fermentas, EU) along with supplied reaction buffer. The PCR cycles were one 101 

cycle of 94°C for 3 min, 58°C for 1 min, and 72°C for 1.5 min, followed by 34 cycles of 94°C 102 

for 30 sec, 60°C for 1 min and 72°C for 1.5 min (Deepika and Kothamasi 2015). A final 103 

elongation at 72°C was run for 7 min. PCR products were cloned into TA cloning vector (Real 104 

Biotech Corporation, Taiwan) and transformed into Escherichia coli HIT competent cells from 105 

Real Biotech Corporation as per the manufacturer’s instructions. Thirty five clone libraries, that 106 

corresponded to 35 root samples belonging to 12 plant species sampled at the two estuaries, were 107 

constructed and around 20–24 positive clones from each library (60–72 clones per plant species 108 

and 736 clones in total) were selected and amplified using primer pair NS31–AM1 in a 29 cycle 109 

PCR regimen as above but without the addition of BSA and DMSO. Restriction fragment length 110 

polymorphism (RFLP) patterns of the PCR products were analysed using restriction enzymes 111 
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Hsp92II and/or HinfI (Chaiyasen et al. 2014; Deepika and Kothamasi 2015) as per the 112 

manufacturer’s instructions.  113 

Based on the similarities in RFLP profiles of the 736 clones obtained after digestion, we 114 

identified 25 unique RFLP profiles. One to nine clones per RFLP profile were selected as 115 

representatives for that particular RFLP profile on the basis of their relative abundances (some 116 

RFLP profiles were represented by only 1-2 clones at both the sites) and sequenced (resulting in 117 

a total of 73 sequences) using universal primer M13F (Macrogen sequencing service, Seoul, 118 

South Korea). Rarefaction analysis was performed to estimate if our clone sampling effort 119 

included a majority of the AMF phylotypes from the two study sites.  120 

Phylogenetic analysis  121 

Clone sequences were screened for chimeras using the Bellerophon chimera check (Huber et al. 122 

2004). No chimeras were found; therefore all 73 sequences were included in the final analysis 123 

and used for construction of phylogenetic trees. To find the closest matches, the 18S SSU AMF 124 

sequences obtained in this study were blasted using the Basic Local Alignment Search Tool 125 

(BLASTn) of the NCBI database. A phylogenetic analysis was carried out on the sequences 126 

obtained in this study and their closest matched sequences from the NCBI database. MAFFT 127 

version 7 (Katoh et al. 2019) was used to align the sequences. Phylogenetic trees were 128 

constructed based on Maximum Likelihood (ML) and Neighbour Joining (NJ) methods using 129 

MEGA version 7 (Kumar et al. 2015). The ML tree was made using the Tamura-Nei model and 130 

Nearest-Neighbour-Interchange (NNI) method. The NJ tree was obtained by using the Tamura-131 

Nei model and Neighbour-Joining method. Bootstrap analyses were done with 1000 replications 132 

for both the trees. AMF phylotypes were assigned on the basis of agreement between both the 133 
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ML and NJ trees. The 18S AMF SSU rDNA sequences from this study were deposited in the 134 

NCBI GenBank database (accession numbers KF870999 through KF871019, KF871022-48, 135 

KF871056-66, KF555258, KF555260-63, KF555265-70, KF555273 and KF555275-76). 136 

Soil analyses 137 

Rhizosphere samples collected as described above were extracted with 2.5% acetic acid for 138 

estimation of available P (PO4–P) (Allen 1974). PO4–P concentration was estimated using the 139 

molybdenum blue method (Chen et al. 1956). Percent soil organic matter was estimated 140 

following Walkley and Black (1934). Soil salinity was measured using a Eutech portable salinity 141 

meter (Germany). Rhizospheric pH was estimated by suspending soils in double deionized water 142 

in 1:5 ratio and shaking at 200 rpm for four hours. pH was measured using a Thermo Orion pH 143 

meter. 144 

Statistical analyses 145 

The normality and homoscedasticity of all the response variables was tested using R version 146 

4.0.4 and Minitab19, respectively. Variables which were not normally distributed were 147 

transformed with a log (x + 1)-transformation. All further statistical analyses were performed 148 

using AMF and soil data from only the five plant species that were present at both study sites (A. 149 

ilicifolius, Av. officinalis, E. agallocha, R. apiculata and S. alba).    150 

Rarefaction curves for AMF species were computed using R-package rich version 1.0.1 (Rossi 151 

2011). Bootstrap estimation for species richness and the number of clones was done using 1000 152 

randomizations. 153 



 
 

10 
 

 AMF community composition in the mangrove plant roots at the two sites was analysed by 154 

calculating Hill numbers (Chao et al. 2014). The first three Hill numbers representing species 155 

richness (H0, q = 0), the exponential of Shannon’s index (H1, q = 1) and the inverse of 156 

Simpson’s concentration index (H2, q = 2) were calculated using the R package vegan 2.5-6 157 

(Oksanen et al. 2019).  Host selection of AMF phylotypes was inferred by calculating indicator 158 

value indices (Dufrêne and Legendre 1997) to test the affinity of an AMF phylotype to a host 159 

plant species. Significance of indicator value indices was tested using R-package indicspecies 160 

version1.7.9 (Cáceres and Legendre 2009). Correlation analyses between the soil variables 161 

measured and Hill numbers (H0, H1 and H2) were carried out using R version 4.0.4 to calculate 162 

Pearson’s correlation coefficients.  163 

Rhizospheric PO4−P, % soil organic matter, salinity, pH and AMF Hill numbers of the five plant 164 

species  present both at Aghanashini and  Gangavali respectively were statistically compared 165 

between the two sites using a Nested analysis of variance (ANOVA) with plant species nested 166 

within site in Minitab 19.  167 

Concordance in AMF community composition at both estuaries was tested using non-metric 168 

multidimensional scaling (NMDS) based on Bray and Curtis dissimilarities with regard to 169 

relative abundance of AMF phylotypes in host roots. NMDS based on Euclidean distances was 170 

performed to test for variance in rhizospheric concentrations of PO4−P, % soil organic matter, 171 

salinity and pH respectively at both estuaries. Significance for differences in root AMF 172 

community composition and concentrations of the rhizospheric variables respectively was tested 173 

with a permutational multivariate analysis of variance (PERMANOVA) with 10000 174 

permutations. NMDS ordinations were performed using R-package vegan 2.5-6.  175 
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To determine effects of rhizospheric variables such as PO4−P, % soil organic matter, salinity and 176 

pH on AMF phylotype distributions we applied vector fitting to the NMDS ordination for AMF 177 

composition using the envfit function of vegan. Significance of effects of rhizospheric variables 178 

on root AMF composition were tested with 10000 permutations. 179 

Pairwise concordance between root AMF composition and rhizospheric concentrations of 180 

PO4−P, % soil organic matter, salinity and pH respectively of the five plant species present at 181 

both Aghanashini and Gangavali was tested by applying Procrustes rotation to NMDS 182 

ordinations using R package vegan. For each comparison, goodness of fit (m2 value) was 183 

assessed.  Significance was tested with 10000 permutations using the Protest function of vegan. 184 

Results 185 

Plant community composition and soil variables at Aghanashini and Gangavali 186 

The dominance diversity curves of plant communities were steep at both sites (Supplementary 187 

information S1). However, the curve was steeper with a longer tail at Aghanashini indicating 188 

lower evenness than at Gangavali. Host IVI and concentrations of rhizospheric variables (PO4–P, 189 

salinity, pH and % soil organic matter) of the seven and five host plant species at Aghnashini and 190 

Gangavali respectively are presented in Fig 1. A. ilicifolius and S. alba were the dominant plant 191 

species in the mangrove estuaries at both sites. In general, host rhizospheres at Gangavali had 192 

high PO4–P concentration, low salinity and % soil organic matter than at Aghanashini (Fig 1).  193 

Comparison of soil variables between the five plant hosts present at both sites with nested 194 

ANOVA revealed significant effects of sites F1, 20 = 5.881, p = 0.04) as well as plant hosts (F8, 20 195 

= 14.169, p < 0.001) on rhizospheric PO4–P concentrations. While site had a significant 196 

influence on rhizospheric salinity (F1, 20 = 12.359, p = 0.008), the effect of plant hosts was not 197 

Author
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significant (F8, 20 = 0.750, p = 0.648).  No significant effect of site or plant hosts was observed on 198 

% soil organic matter and rhizospheric pH (Table 1). No correlation was found between 199 

rhizospheric soil variables and AMF Hill numbers (H0, H1 and H2) at both sites.  200 

Phylogenetic analyses of AMF 201 

All 73 AMF sequences from the present study and their closest matched sequences from 202 

Genbank were used for phylogenetic analyses (Supplementary information S2). Phylogenetic 203 

trees produced using the neighbour-joining (NJ) and Maximum likelihood (ML) methods 204 

exhibited a similar basic topology. Therefore, only the NJ tree is presented (Fig 2). Phylogenetic 205 

analyses of the 736 clones revealed 18 phylotypes belonging to families Glomeraceae (GloP1–206 

GloP13), Acaulosporaceae (AcauloP1–AcauloP3 and EntroP1) and Paraglomeraceae (PgloP1). 207 

Members of family Glomeraceae were dominant (587 clones belonging to 13 phylotypes) 208 

compared to Acaulosporaceae with four phylotypes (3 phylotypes belonging to Acaulospora and 209 

a single phylotype belonging to Entrophospora) represented by 147 clones and Paraglomeraceae 210 

(3 clones belonging to a single phylotype). All sequences belonging to the same RFLP profile 211 

clustered together in the phylogenetic tree. 212 

BLAST results indicated a predominance of phylotypes showing strong affinities (97–99.83% 213 

sequence similarity) with published environmental Glomeromycotan sequences in the NCBI 214 

database except for phylotype GloP13 which exhibited highest percentage similarity of only 215 

95.45 to Glomus clone ACAM45rac 1-59 (Accession No. KU707425). None of the AMF 216 

phylotypes exhibited close similarity with any known AMF genera/species except for phylotype 217 

EntroP1 which exhibited 97.44 and 96.84% similarity to Entrophospora columbiana (Accession 218 

No. AB220170) and Entrophospora sp. WV 796 (Accession No. Z14011) respectively.  219 

Author
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Rarefaction curves of the number of obtained sequences started to level off after approximately 220 

380 and 270 sequences, with no further addition of OTUs (operational taxonomic units) from 221 

samples collected at Aghanashini and Gangavali respectively (Supplementary information S3). 222 

This indicated that our sequence sampling effort detected a large proportion of the diversity of 223 

AMF at these two estuaries.  224 

Eight AMF phylotypes, GloP4, GloP6, GloP9, GloP10, GloP11, GloP12, GloP13 and PgloP1 225 

were found only at Aghanashini (Table 2). Phylotype GloP1 was the most abundant phylotype at 226 

both sites and was found in five of seven plant species at Aghanashini, all five species sampled at 227 

Gangavali, and accounted for 39.26% of the total sequences obtained. Phylotype GloP7 was the 228 

rarest and accounted for just 0.14% of the total sequences obtained at both sites.  Among the four 229 

AMF phylotypes belonging to family Acaulosporaceae, approximately 50% of all phylotypes 230 

belonged to AcauloP3 at both sites. 231 

AMF Phylotype Entro P1 was represented by only a single clone isolated from a single 232 

individual. Therefore, it was included only in the phylogenetic tree and was excluded from all 233 

further statistical analyses involving AMF phylotypes.  234 

AMF community composition at Aghanashini and Gangavali  235 

Comparison of AMF phylotypes in roots of the five plant species present at both mangrove 236 

estuaries revealed that roots of E. agallocha had highest AMF phylotype richness (H0 = 5) and 237 

diversity (H1 = 4.13 and H2 = 3.66) in Aghanashini and lowest (H0 = 1.67, H1 = 1.58, H2 = 238 

1.54) at Gangavali. The highest AMF diversity (H1= 4.05, H2 = 3.91) at Gangavali was 239 

observed in roots of S. alba (Supplementary information S4). 240 

Author
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Two of the 17 phylotypes (Glo P1 and Glo P8) found in roots of mangrove species present at 241 

both sites were generalists and colonized a majority of plants (71.42% and 100% at Aghanashini 242 

and Gangavali, respectively) (Table 2). The remaining phylotypes were restricted to specific 243 

plant hosts at both sites (Table 3). Twelve and 9 AMF phylotypes were found in roots of plant 244 

species present at both Aghanashini and Gangavali respectively. Three (Glo P1, Glo P5 and Glo 245 

P9) of the 12 AMF phylotypes found at Aghanashini had significant indicator value indices with 246 

specific host plants (Table 3). On the other hand, except for Glo P3 and GloP7, AMF phylotype 247 

indicator value indices within host species were not significant at Gangavali (Table 3). None of 248 

the AMF phylotypes had significant indicator value indices with the same plant host at both the 249 

sites.  250 

Effects of host plants and soil variables on AMF communities 251 

NMDS ordination for root AMF composition did not find any divergence among plant species of 252 

Aghanashini and Gangavali (Stress 0.046; F1, 28 = 0.87; p = 0.46) indicating similarity in root 253 

AMF composition at both sites (Fig 3A). Vector fitting to NMDS ordination of root AMF 254 

composition revealed that rhizospheric variables PO4−P (R2 = 0.14, p = 0.11), % soil organic 255 

matter (R2 = 0.02, p = 0.71), salinity (R2 = 0.01, p = 0.81) and pH (R2 = 0.01, p = 0.77) did not 256 

affect AMF distribution in plant roots. NMDS ordination of rhizospheric concentrations of 257 

PO4−P, % soil organic matter, salinity and pH revealed significant divergence in rhizospheres of 258 

plant species in the two mangroves (Stress = 0.08; F1, 28 = 7.26, p < 0.001; Fig 3B). No 259 

concordance was found between AMF phylotype composition of the roots and rhizospheric 260 

concentrations of PO4−P, % soil organic matter, salinity and pH at both sites (Procrustes rotation: 261 

m2 = 0.94, R2 = 0.23, p = 0.31; Supplementary information S5) 262 

Author
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Discussion 263 

AMF community composition at Aghanashini and Gangavali 264 

The region between NS31 and AM1 primers provides most data of Glomeromycota (Lee et al. 265 

2008; Öpik et al. 2009; Yang et al. 2016) but the primer set either does not or poorly amplifies 266 

AMF clades of Paraglomeraceae and Archaeosporaceae (Schüßler et al. 2001; 267 

Vandenkoornhuyse et al. 2003; Shreiner and Mihara, 2009; Kohout at al. 2014). The majority 268 

(76%) of all sequences detected in our study belonged to the family Glomeraceae. The observed 269 

dominance of the family Glomeraceae is in accordance with results from previous studies by 270 

other researchers from both terrestrial (Hijri et al. 2006; Li et al. 2010; Soka and Ritchie, 2018; 271 

Haug et al. 2021) as well as wetland ecosystems (Wirsel SGR, 2004; Wilde et al. 2009; Guo and 272 

Gong 2014; Tuheteru and Wu, 2017; Yang et al. 2018; Zhu et al. 2021). Moreover, compared to 273 

Gigasporaceae, AMF belonging to Glomeraceae and Acaulosporaceae colonize roots 274 

aggressively (Hart and Reader, 2002). Therefore, the results presented in this study may have a 275 

bias towards AMF belonging to Glomeraceae and Acaulosporaceae. Indeed, no Gigasporaceae 276 

were detected in this study.  277 

Role of host plant identity in determining AMF community composition 278 

Mangrove plants are adapted to overcome physiological aridity and anoxic conditions prevalent 279 

in mangrove ecosystems. Previous studies on mangroves have suggested possible adaptation of 280 

some AMF species to the harsh conditions of mangrove ecosystems (Wang et al. 2011; 2015a). It 281 

has been suggested that AMF tolerate anoxic mangrove rhizospheres by restricting their growth 282 

to aerenchymatous tissue of host roots (Kothamasi et al. 2006). Environmental stress has been 283 

linked to evolution of host specificity in mutualistic interactions and co-evolution of mutualists is 284 
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believed to promote adaptation to environmental stresses (Thrall et al. 2007; Schechter and 285 

Bruns, 2013). 286 

NMDS ordinations of AMF communities at the two estuaries revealed concordance in root AMF 287 

phylotype composition in plant hosts at both estuaries (Fig 3A).   The concordance in root AMF 288 

composition at Aghanashini and Gangavali also was reflected in the AMF phylotype diversities 289 

(H1 and H2) at both estuaries (Supplementary information S4). With the exception of E. 290 

agallocha which harboured distinct AMF phylotypes, roots of the other plant species at both 291 

estuaries had 75 to 86.8% similarity in root AMF phylotype composition. (Table 2). Nested 292 

ANOVA did not reveal significant differences between root AMF phylotype diversity (H1 and 293 

H2) of Aghanashini and Gangavali (Table 1). AMF richness (H0) differed significantly among 294 

plant hosts at both sites but not between the two sites (Table 1). Moreover, 9 AMF phylotypes 295 

were found only at Aghanashini (Table 2). This indicates quantitative differences in AMF 296 

community composition in plant roots at the two mangrove estuaries. Because both mangrove 297 

sites had similar plant species composition, the quantitative difference in root AMF community 298 

composition in the two estuaries could be an outcome of variance in mycorrhizal dependencies 299 

of plant hosts (Smith and Read 2008; Sangabriel-Conde et al. 2014) caused by different 300 

rhizospheric chemistries of the two sites (Fig 1) particularly in concentrations of rhizospheric P 301 

and salinity levels (Table 1).  302 

Phylotypes Glo P1 and Glo P8 found at both sites were generalists and formed associations with 303 

all five mangrove species present at both sites except E. agallocha at Aghanashini (Table 2).  304 

However, Glo P1 association with plant hosts was significant only at Aghanashini despite 305 

colonizing roots of all five plant hosts at Gangavali (Table 3; Fig 1). The rare AMF phylotypes, 306 

Glo P4–6, Glo P9–13 and Pglo P1, found at Aghanshini were associated only with roots of E. 307 
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agallocha. At Aghanashini, indicator value indices of the rare AMF phylotypes Glo P5 and Glo 308 

P9 showed significant association with roots of E. agallocha. At Gangavali, indicator values 309 

indices of the rare phylotypes Glo P3 and Glo P7 were significant with R. apiculata only (Table 310 

3). The significant indicator value indices of Glo P5 and Glo P9 with E. agallocha at 311 

Aghanashini and Glo P3 and Glo P9 with R. apiculata at Gangavali respectively may indicate 312 

AMF preference for specific plant hosts. This finding is consistent with previous reports in 313 

terrestrial ecosystems (Lekberg et al. 2015) but is at divergence with observations in mangroves 314 

(Wang et al. 2011). On the contrary, there are several reports from different ecosystems, where 315 

no host-specificity was observed in plant-AMF associations (Torrecillas et al. 2012). However, a 316 

recent study by Wang et al. (2021) reported significant difference between AMF species 317 

composition of co-occurring mycotrophic and non-mycotrophic plants in wetlands.  318 

Effect of edaphic factors on AMF community composition 319 

AMF do not have strong host specificities and the perceived host-specificity in AMF 320 

associations is quantitative rather than qualitative (Vályi et al. 2016). However, there is evidence 321 

to suggest that host-specificity may not always be the case and abiotic factors such as soil 322 

properties may have a role in structuring AMF communities (Xu et al. 2017; Melo et al. 2019). 323 

For instance, soil moisture levels influence AMF community compositions in plant roots 324 

(Deepika and Kothamasi 2015). 325 

The relationship between AMF colonization and soil P in wetlands is bell-shaped (Wang et al. 326 

2010). P addition to soil can cause significant improvements in AMF colonization rates, 327 

mycelium density and sporulation (Zhang et al. 2017). In contrast, high salinity levels inhibit 328 

AMF colonization in wetlands (McHugh and Dighton 2004). Additionally, a positive correlation 329 
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between soil organic matter content and AMF colonization has been suggested (Wang et al. 330 

2010). However, we did not find any correlation between AMF Hill numbers (H0, H1 and H2) 331 

and soil variables at both sites.  332 

Although, no significant differences were found in % soil organic matter and rhizospheric pH 333 

among plant hosts and the two sites in nested ANOVAs, we observed significant effects of plant 334 

hosts and sites on rhizospheric P concentrations (Table 1). Rhizospheric salinity between the two 335 

sites also differed significantly (Table 1). Environmental vector fitting to NMDS ordination of 336 

root AMF composition did not reveal a significant effect of any soil variable on AMF 337 

composition in the five hosts present at Aghanashini and Gangavali (Fig 3B). Procrustes rotation 338 

between AMF phylotype composition in plant roots and soil variables corroborated the results 339 

obtained by NMDS ordination (Supplementary information S5). These results suggest that the 340 

assessed rhizospheric variables may not have a role in plant association with AMF in mangroves. 341 

However, we did find significant divergence in NMDS ordination of rhizospheric concentrations 342 

between the two sites (Fig 3B). 343 

Hydrology controls biotic and abiotic components in wetland ecosystems which in turn affects 344 

the soil chemistry and availability of oxygen. Edaphic variables along with salinity and other 345 

hydrological processes then determine the abundance and diversity of plants and microbes.  346 

However, the control is bidirectional as the plants and microbial communities also can exert their 347 

influence on rhizospheric chemistry through processes like rhizodeposition and rates of 348 

decomposition (D’Souza and Rodrigues 2013; Canarini et al. 2019). Local environmental factors 349 

shape the plant communities and their associated microbial partners (Li et al. 2019; Bernard et al. 350 

2021).   351 
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Community assembly of microbes is largely believed to be deterministic (Pholchan 2013). High 352 

salinity and hypoxic soils may lead to selection of plants and AMF that are tolerant to the 353 

prevailing environmental conditions (environmental filters) in mangroves. The filtered 354 

communities may undergo further biotic filtering which eventually determines the AMF 355 

composition in mangrove ecosystems. The biotic filters include AMF interactions with plant 356 

hosts and their interactions with other AMF species and microbes present in the soil.   357 

We did not find a conclusive role for any single variable on AMF composition in our study. 358 

Although, we did find quantitative differences in AMF composition and some level of host 359 

preference exhibited by specific AMF phytotypes at both sites. However, we found significant 360 

effects of plant hosts and sites on rhizospheric P but did not find any correlation between Hill 361 

numbers (H0, H1 and H2) and soil P.  362 

The highly dynamic and complex nature of mangroves makes it difficult to clearly decipher the 363 

role of any individual factor from field-based studies alone. Mangrove roots oxygenate the 364 

rhizosphere making it conducive for AMF colonization. Indeed, AMF propagules in mangrove 365 

soils are restricted to the rhizosphere (Huang et al. 2020). This indicates that in mangrove 366 

ecosystems the role of plant hosts in AMF selection may be more important than soil variables. 367 

The observations of our study corroborate this possibility. It must however, be noted that our 368 

inferences are based on observations from environmental AMF DNA sequences extracted from 369 

roots of plants collected from the wild where multiple variables are in operation. 370 

 371 

References 372 



 
 

20 
 

Allen SE, Grimshaw HM, Parkinson JA, Quaramby C (1974) Chemical analysis of ecological 373 

materials. Blackwell, Oxford  374 

Ausubel FM, Brent R, Kignston RE, Moore DD, Seidman JG et al. (1999) Short protocols in 375 

molecular biology. John Wiley and Sons, New York 376 

Bernard J, Wall CB, Costantini MS et al. (2021) Plant part and a steep environmental gradient 377 

predict plant microbial composition in a tropical watershed. ISME J 15:999–1009 378 

https://doi.org/10.1038/s41396-020-00826-5 379 

Bernini E, da Silva MAB, do Carmo TMS, Cuzzuol GRF (2010) Spatial and temporal variations 380 

of the nutrients in the sediment and leaves of two Brazilian mangrove species and their role in 381 

the retention of environmental heavy metals. Braz J Plant Physiol 22:177–187 382 

https://doi.org/10.1590/S1677-04202010000300005   383 

Cáceres MD, Legendere P (2009) Associations between species and groups of sites: indices and 384 

statistical inference. Ecology 90:3566–3574 385 

Canarini A, Kaiser C, Merchant A, Richter A, Wanek W (2019) Root Exudation of Primary 386 

Metabolites: Mechanisms and Their Roles in Plant Responses to Environmental Stimuli.  387 

Frontiers in Plant Science 10:157  388 

Chao A, Gotelli NJ, Hsieh TC, Sander EL, Ma KH, Colwell RK, Ellison AM (2014) Rarefaction 389 

and extrapolation with Hill numbers: a framework for sampling and estimation in species 390 

diversity studies. Ecological Monographs 84:45–67 391 

Chaiyasen A, Young JPW, Teaumroong N, Gavinlertvatana P, Lumyong S (2014) 392 

Characterization of Arbuscular Mycorrhizal Fungus Communities of Aquilaria crassna and 393 

https://doi.org/10.1038/s41396-020-00826-5
https://doi.org/10.1590/S1677-04202010000300005


 
 

21 
 

Tectona grandis Roots and Soils in Thailand Plantations. PLoS ONE 9(11): e112591. 394 

doi:10.1371/journal.pone.0112591  395 

Chen PS Jr, Toribara TY, Warner H (1956) Microdetermination of phosphorous. Anal Chem 396 

28:1756–1758 397 

Curtis JT, McIntosh RP (1951) An upland forest continuum in the prairie forest border region of 398 

Wisconsin. Ecology 32:476–496 399 

Davison JM, Moora M, Opik A, Adholeya A, Ainsaar L, Ba B, Burla S, Siedhiou AG, Hiiesalu I, 400 

Jairus T, Johnson NC, Kane A, Koorem K, Kochar M, Ndiaye C, Partel M, Reier U, Saks U, 401 

Singh R, Vasar M, Zobel M (2015) Global assessement of arbuscular mycorrhizal fungus 402 

diversity reveals very low endemism. Science 6251:970–973 403 

Deepika S, Kothamasi D (2015) Soil moisture–a regulator of arbuscular mycorrhizal fungal 404 

community assembly and symbiotic phosphorus uptake. Mycorrhiza 25:67–75  405 

D’Souza J (2016) Arbuscular Mycorrhizal Diversity from Mangroves: A Review. In Pagano M 406 

(eds) Recent Advances on Mycorrhizal Fungi. Fungal Biology Springer, Cham. 407 

D’Souza James and B. F. Rodrigues (2013) Seasonal Diversity of Arbuscular Mycorrhizal Fungi 408 

in Mangroves of Goa, India. International Journal of Biodiversity 1–7 Article ID 196527 409 

http://dx.doi.org/10.1155/2013/196527. 410 

Dufrène M, Legendre P (1997) Species assemblages and indicator species: the need for a flexible 411 

asymmetrical approach. Ecol Monograph 67:345–366 412 

http://dx.doi.org/10.1155/2013/196527


 
 

22 
 

Fester T (2013) Arbuscular mycorrhizal fungi in a wetland constructed for benzene-, methyl tert-413 

butyl ether- and ammonia-contaminated groundwater bioremediation. Microb Biotechnol 6:80-4. 414 

doi: 10.1111/j.1751-7915.2012.00357.x. 415 

Gaberscik A, Dolinar N, Sraj N, Regvar M (2017) What Have We Learnt from Studying 416 

Mycorrhizal Colonization of Wetland Plant Species? In: Varma A, Prasad R, Tuteja N (eds) 417 

Mycorrhiza – Funtion, Duversity, State of the Art. Springer, Cham. 418 

Giri  C, Ochieng E, Tieszen LL, Zhu Z, Singh A, Loveland T, Masek J, Duke N (2011) Status 419 

and distribution of mangrove forests of the world using earth observation satellite data. Global 420 

Ecol Biogeography 20:154–159 421 

Guo X, Gong J (2014) Differential effects of abiotic factors and host plant traits on diversity and 422 

community composition of root-colonizing arbuscular mycorrhizal fungi in a salt-stressed 423 

ecosystem. Mycorrhiza. 24:79–94. doi: 10.1007/s00572-013-0516-9.  424 

Hart MM, Reader R (2002) Taxonomic basis for variation in the colonization strategy of 425 

arbuscular mycorrhizal fungi. New Phytol 153:335–344 426 

Hazard, C, Gosling P, van der Gast CJ, Mitchell DT, Doohan FM, Bending GD (2013). The role 427 

of local environment and geographical distance in determining community composition of 428 

arbuscular mycorrhizal fungi at the landscape scale. ISME J. 7:498–508  429 

Helgason T, Daniell TJ, Husband R, Fitter AH, Young JPW (1998) Ploughing up the wood-wide 430 

web? Nature 394:431 431 



 
 

23 
 

Hijri I, Sykorova Z, Oehl F, Ineichen K, Mader P, et al. (2006) Communities of arbuscular 432 

mycorrhizal fungi in arable soils are not necessarily low in diversity. Mol Ecol 15:2277–2289 433 

Holguin G, Vazquez P, Bashan Y (2001) The role of sediment microorganisms in the 434 

productivity, conservation, and rehabilitation of mangrove ecosystems: an overview. Biol Fertil 435 

Soils 33:265–278  436 

Haug I, Setaro S, Suarez JP (2021) Global AM fungi are dominating mycorrhizal communities in 437 

a tropical premontane dry forest in Laipuna, South Ecuador. Mycol Progress 20:837–845 438 

Huang GM, Srivastava AK, Zou Y, Wu Q, Kuca K (2020) Exploring arbuscular mycorrhizal 439 

symbiosis in wetland plants with a focus on human impacts. Symbiosis 440 

https://doi.org/10.1007/s13199-021-00770-8 441 

Huber T, Faulkner G, Hugenholtz P (2004) Bellerophon: a program to detect chimeric sequences 442 

in multiple sequence alignments. Bioinformatics 20:2317–2319 443 

Jansa J, Erb A, Oberholzer, HR, Smilauer, P, Egli S (2014) Soil and geography are more 444 

important determinants of indigenous arbuscular mycorrhizal communities than management 445 

practices in Swiss agricultural soils. Mol. Ecol. 23, 2118–2135  446 

Katoh K, Rozewicki J, Yamada KD (2019) MAFFT online service: multiple sequence alignment, 447 

interactive sequence choice and visualization. Briefings in Bioinformatics 20:1160–1166 448 

Kivlin SN, Hawkes CV, Treseder KK (2011) Global diversity and distribution of arbuscular 449 

mycorrhizal fungi. Soil Biol Biochem 43:2294–2303 doi: 10.1016/j.soilbio.2011.07.012.  450 

https://mafft.cbrc.jp/alignment/server/jump.html?https://doi.org/10.1093/bib/bbx108


 
 

24 
 

Pholchan MK, Baptista Jde C, Davenport RJ, Sloan WT, Curtis TP. Microbial community 451 

assembly, theory and rare functions. Front Microbiol. 2013:4–68 doi:10.3389/fmicb.2013.00068 452 

Kohout P, Sudová R, Janoušková M, Čtvrtlíková M, Hejda M, Pánková H, Slavíková R, 453 

Štajerová K, Vosátka M, Sýkorová Z (2014) Comparison of commonly used primer sets for 454 

evaluating arbuscular mycorrhizal fungal communities: Is there a universal solution?,Soil 455 

Biology and Biochemistry 68:482–493 456 

Kothamasi D, Kothamasi S, Bhattacharyya A, Kuhad RC, Babu CR (2006) Arbuscular 457 

mycorrhizae and phosphate solubilising bacteria of the rhizosphere of the mangrove ecosystem 458 

of Great Nicobar Island, India. Biol Fertil Soils 42:358–361 459 

Krüger C, Kohout P, Janoušková M, Püschel D, Frouz J, Rydlová J (2017) Plant Communities 460 

Rather than Soil Properties Structure Arbuscular Mycorrhizal Fungal Communities along 461 

Primary Succession on a Mine Spoil. Front Microbiol 8:719 doi:10.3389/fmicb.2017.00719  462 

Kumar S, Stecher G, Tamura K (2016) MEGA 7: Molecular evolutionary genetics analysis 463 

version 7 for bigger datasets. Molecular Biology and Evolution 33:1870–74 464 

Kumar T, Ghose M (2008) Status of the arbuscular mycorrhizal fungi (AMF) in the Sundarbans 465 

of India in relation to tidal inundation and chemical properties of soil. Wet Ecol Management 466 

16:471–483 467 

Lekberg Y, Rosendahl S, Olsson PA (2015) The fungal perspective of arbuscular mycorrhizal 468 

colonization in ‘nonmycorrhizal’ plants. New Phytol 205:1399–1403 469 

Lee J, Lee S, Young JPW (2008) Improved PCR primers for the detection and identification of 470 

arbuscular mycorrhizal fungi. FEMS Microbiol Ecol 65:339–349 471 



 
 

25 
 

Li LF, Li T, Zhang Y, Zhao ZW (2010) Molecular diversity of arbuscular mycorrhizal fungi and 472 

their distribution patterns related to host-plants and habitats in a hot and arid ecosystem, 473 

southwest China. FEMS Microbiol Ecol 71:418–427 474 

Li T, Xiong Q, Luo P, Zhang Y, Gu X, Lin B (2019) Direct and indirect effects of environmental 475 

factors, spatial constraints, and functional traits on shaping the plant diversity of montane 476 

forests. Ecology and Evolution 10:557–568. doi:10.1002/ece3.5931 477 

Lovelock CE, Feller IC, Ball MC, Engelbrecht MCB, Ewe ML (2006) Differences in plant 478 

function in phosphorus- and nitrogen-limited mangrove ecosystems New Phytol 172:514–522 479 

Luke D, Bainard, J, Bainard D, Hamel C, Gan Y (2014) Spatial and temporal structuring of 480 

arbuscular mycorrhizal communities is differentially influenced by abiotic factors and host crop 481 

in a semi-arid prairie agroecosystem. FEMS Microbiology Ecology 88:333–344 482 

https://doi.org/10.1111/1574-6941.12300 483 

Martinez-Garcia LB, Richardson SJ, Tylianakis JM, Peltzer DA, Dickie IA (2014) Host identity 484 

is a dominant driver of mycorrhizal fungal community composition during ecosystem 485 

development. New Phytol 205:1565–1576  486 

McHugh JM, Dighton J (2004) Influence of Mycorrhizal Inoculation, Inundation Period, Salinity 487 

and Phosphorus Availability on the Growth of Two Salt Marsh Grasses, Spartina alterniflora 488 

Lois. And Spartina cynosuroides (L.) Roth in Nursery Systems. Restoration Ecology, 12:533–489 

545 http://dx.doi.org/10.1111/j.1061-2971.2004.03109.x 490 

Melo CD, Walker C, Krüger C, Borges PAV, Luna S, Mendonca D, Fonseca HMAC, Machado 491 

AC (2019)  Environmental factors driving arbuscular mycorrhizal fungal communities associated 492 

https://doi.org/10.1111/1574-6941.12300


 
 

26 
 

with endemic woody plant Picconia azorica on native forest of Azores. Ann Microbiol 69:1309–493 

1327 https://doi.org/10.1007/s13213-019-01535-x 494 

Miller SP, Sharitz RR (2000) Manipulation of flooding and arbuscular mycorrhiza formation 495 

influences growth and nutrition of two semi aquatic grass species. Funct Ecol 14:738–748 496 

Oksanen J, Blanchet FG, Friendly M, Kindt R, Legendre P, McGlinn D, Minchin PR, O’Hara 497 

RB, Simpson GL, Solymos P, Stevens MHH, Szoecs E, Wagner H (2019) vegan: Community 498 

Ecology Package. 2019. R package version 2.5-6 499 

Öpik M, Metsis M, Daniell TJ, Zobel M, Moor M (2009) Large-scale parallel 454 sequencing 500 

reveals host ecological group specificity of arbuscular mycorrhizal fungi in a boreonemoral 501 

forest. New Phytol 184:424–437 502 

Öpik M, Moora M, Liira J, Zobel M (2006) Composition of root-colonizing arbuscular 503 

mycorrhizal fungal communities in different ecosystems around the globe. J Ecol 94:778–790 504 

Öpik M, Vanatoa A, Vanatoa E, Moora M, Davison J, Kalwij JM, Reier U, Zobel M (2010) The 505 

online database MaarjAM reveals global and ecosystemic distribution patterns in arbuscular 506 

mycorrhizal fungi (Glomeromycota). New Phytol 188:223–241 507 

R Core Team (2021) R: A language and environment for statistical computing. R Foundation for 508 

Statistical Computing, Vienna, Austria. URL https://www.R-project.org/. 509 

Rossi JP (2011) rich: An R package to analyse species richness. Diversity 3:112–120 510 

Ramírez-Viga TK, Aguilar R, Castillo-Argüero S, ChiappaCarrara X, Guadarrama P, Ramos-511 

Zapata J (2018) Wetland plant species improve performance when inoculated with arbuscular 512 

https://doi.org/10.1007/s13213-019-01535-x
http://scholar.google.com/scholar?cluster=12020508057706585418&hl=en&oi=scholarr
http://scholar.google.com/scholar?cluster=12020508057706585418&hl=en&oi=scholarr


 
 

27 
 

mycorrhizal fungi: a metaanalysis of experimental pot studies. Mycorrhiza 28:477–493. DOI: 513 

https://doi.org/10.1007/s00572-018-08 39-7 514 

Sangabriel-Conde W, Negrete-Yankelevich S, Maldonado-Mendoza IE, Trejo-Aguilar D (2014) 515 

Native maize landraces from Los Tuxtlas, Mexico show varying mycorrhizal dependency for P 516 

uptake. Biol Fertil Soils 50:405–414  517 

Schechter SP, Bruns TD (2013). A Common Garden Test of Host-Symbiont Specificity Supports 518 

a Dominant Role for Soil Type in Determining AMF Assemblage Structure in Collinsia 519 

sparsiflora. PloS one. 8. e55507. 10.1371/journal.pone.0055507.  520 

Schüßler A, Schwarzott D, Walker C (2001) A new fungal phylum, the Glomeromycota: 521 

phylogeny and evolution. Mycol Res 105:1413–1421  522 

Sengupta A, Chaudhuri S (2002) Arbuscular mycorrhizal relations of mangrove plant community 523 

at the Ganges river estuary in India. Mycorrhiza12:169–174 524 

Shreiner RP, Mihara KL (2009) The diversity of arbuscular mycorrhizal fungi amplified from 525 

grapevine roots (Vitis vinifera L.) in Oregon vineyards is seasonally stable and influenced by soil 526 

and vine age Mycologia 101:599−611 527 

Simon L, Lalonde M, Bruns TD (1992) Specific amplification of 18S fungal ribosomal genes 528 

from vesicular-arbuscular endomycorrhizal fungi colonising roots. Appl Environ Microbiol 58: 529 

291–295 530 

Smith, S., Read, D. (2008). Mycorrhiza symbiosis, 3rd Ed. San Diego, CA: Academic Press. 531 

https://doi.org/10.1007/s00572-018-08%2039-7


 
 

28 
 

Soka GE, Ritchie ME (2018) Arbuscular mycorrhizal spore composition and diversity associated 532 

with different land uses in a tropical savanna landscape, Tanzania Applied Soil Ecology 533 

125:222−232 534 

Sykorova Z, Ineichen K, Wiemken A, Redecker D (2007) The cultivation bias: different 535 

communities of arbuscular mycorrhizal fungi detected in roots from the field, from bait plants 536 

transplanted to the field, and from a greenhouse trap experiment. Mycorrhiza 18:1–14 537 

Thrall PH, Slattery JF, Broadhurst LM, Bickford S (2007) Geographic patterns of symbiont 538 

abundance and adaptation in native Australian Acacia–rhizobia interactions. J Ecol 95:1110–539 

1122. doi:10.1111/j.1365-2745.2007.01278.x 540 

Torrecillas E, Alguacil MM, Roldan A (2012) Host preferences of arbuscular mycorrhizal fungi 541 

colonizing annual herbaceous plant species in semiarid Mediterranean prairies. Appl Environ 542 

Microbiol 78:6180–6186 543 

Torrecillas E, Alguacil M, Roldan A, Diaz G, Montesinos-Navarro A, Torres MP (2014) 544 

Modularity reveals the tendency of arbuscular mycorrhizal fungi to interact differently with 545 

generalist and specialist plant species in gypsum soils. Appl. Environ. Microb. 80, 5457–5760  546 

Tuheteru FD, Wu QS (2017) Arbuscular Mycorrhizal Fungi and Tolerance of Waterlogging 547 

Stress in Plants. In: Wu QS (eds) Arbuscular Mycorrhizas and Stress Tolerance of Plants. 548 

Springer, Singapore.  549 

Vályi K, Mardhiah U, Rillig M et al. (2016) Community assembly and coexistence in 550 

communities of arbuscular mycorrhizal fungi. ISME J 10:2341–2351. doi: 551 

https://doi.org/10.1038/ismej.2016.46 552 

https://doi.org/10.1111/j.1365-2745.2007.01278.x


 
 

29 
 

Vandenkoornhuyse P, Ridgway KP, Watson IJ, Fitter AH, Young JPW (2003) Co-existing grass 553 

species have distinctive arbuscular mycorrhizal communities. Mol Ecol 12:3085–3095 554 

Velázquez MS, Fabisik JC, Abarca CL et al (2018) Colonization dynamics of arbuscular 555 

mycorrhizal fungi (AMF) in Ilex paraguariensis crops: Seasonality and influence of 556 

management practices. J King Saud Univ - Sci. https://doi.org/10.1016/j.jksus.2018.03.017 557 

Vieira LC, da Silva DKA, da Silva IR, Goncalves CM, de Assis DMA, Oehl F, da Silva GA 558 

(2019) Ecological aspects of arbuscular mycorrhizal fungal communities in different habitat 559 

types of a Brazilian mountainous area. Ecological Research 34:182–192 560 

Vazquez P, Holguin G, Puente ME, Lopez-Cortes A, Bashan Y (2000) Phosphate solubilizing 561 

microorganisms associated with rhizosphere of mangroves in a semiarid coastal lagoon. Biol 562 

Fertil Soils 30:460–468 563 

Walkley, A.J. and Black, I.A. (1934) Estimation of soil organic carbon by the chromic acid 564 

titration method. Soil Sci. 37:29–38. 565 

Wang Y, Qiu Q, Yang Z, Hu Z, Tam NF, Xin G (2010) Arbuscular mycorrhizal fungi in two 566 

mangroves in South China. Plant Soil 331:181–191 567 

WangY, Huang Y, Qiu Q, Xin G, Yang Z, Shi S (2011) Flooding greatly affects the diversity of 568 

arbuscular mycorrhizal fungi communities in the roots of wetland plants. PloS One 6(9):e24512 569 

Wang C, Gu Z, Cui H, Zhu H, Fu S, Yao Q (2015a) Differences in Arbuscular Mycorrhizal 570 

Fungal Community Composition in Soils of Three Land Use Types in Subtropical Hilly Area of 571 

Southern China. PloS One 10:e0130983 572 

https://doi.org/10.1016/j.jksus.2018.03.017


 
 

30 
 

Wang Y, Li T, Li Y, Qui Q, Li S, Xin G (2015b) Distribution of arbuscular mycorrhizal fungi in 573 

four semi-mangrove plant communities. Ann Microbiol 65:603–610 574 

https://doi.org/10.1007/s13213-014-0896-x 575 

Wang Y, Li Y, Li S, Rosendahl S (2021) Ignored diversity of arbuscular mycorrhizal fungi 576 

in co-occurring mycotrophic and non-mycotrophic plants. Mycorrhiza 30:93−102 577 

Wilde P, Manal A, Stodden M, Sieverding E, Hildebrandt U (2009) Biodiversity of arbuscular 578 

mycorrhizal fungi in roots and soils of two salt marshes. Environ Microbiol 11:1548–1546 579 

Wirsel SGR (2004) Homogeneous stands of a wetland grass harbour diverse consortia of 580 

arbuscular mycorrhizal fungi. FEMS Microbiol Ecol 48:129–138 581 

Xu X, Chen C, Zhang Z, Sun Z, Chen Y, Jiang J, Shen Z (2017) The influence of environmental 582 

factors on communities of arbuscular mycorrhizal fungi associated with Chenopodium 583 

ambrosioides revealed by MiSeq sequencing investigation. Sci Rep 7:45134 584 

https://doi.org/10.1038/srep45134  585 

Xu Z, Wu C, Lv Y, Meng F, Ban Y (2021) Effects of Aeration on the Formation of Arbuscular 586 

Mycorrhiza under a Flooded State and Copper Oxide Nanoparticle Removal in Vertical Flow 587 

Constructed Wetlands. Microb Ecol 81:922–931  588 

Yang H, Dai Y, Xu M, Zhang Q, Bian X, Tang J, Chen X (2016) Metadata-mining of 18S rDNA 589 

sequences reveals that “everything is not everywhere” for glomeromycotan fingi. Ann Microbiol 590 

66:361–371 591 



 
 

31 
 

Yang Wei, Gu Siyu, Xin Ying, Bello Ayodeji, Sun Wenpeng, Xu Xiuhong (2018) Compost 592 

Addition Enhanced Hyphal Growth and Sporulation of Arbuscular Mycorrhizal Fungi without 593 

Affecting Their Community Composition in the Soil. Frontiers in Microbiology 9:169 594 

 Zhang SB, Wang YS, Yin XF, Liu JB, Wu FX (2017) Development of arbuscular mycorrhizal 595 

(AM) fungi and their influences on the absorption of N and P of maize at different soil 596 

phosphorus application levels. J. Plant Nutr. Fertil. 23:649–657 597 

Zhu X, Yang W, Sun L, Song F, Li X (2021) Anthropogenic land use changes diversity and 598 

structure of arbuscular mycorrhizal fungal communities at 100-m scale in northeast China. 599 

Archives of Agronomy and soil science 67:778−792 600 

 601 

 602 

 603 

 604 

 605 
 606 
 607 
 608 
 609 
 610 
 611 
 612 
 613 
 614 
 615 
 616 
 617 
 618 
 619 
 620 
 621 
 622 
 623 
 624 



 
 

32 
 

Figure Legends 625 
 626 
Fig 1. Importance value indices (IVI) of host plants and concentrations of environmental 627 

variables in their rhizospheres at Aghanashini (AG) and Gangavali (GN). Values represent the 628 

average of three replicates. Error bars indicate standard error of the mean. Statistical 629 

comparisons between the five plant species present at both Aghanashini and Gangavali are 630 

presented in Table 1. 631 

Fig 2. Neighbour joining (NJ) tree representing phylogenetic relationships of the representative 632 

AMF sequences from Aghanashini and Gangavali and their closest matched sequences from 633 

Genbank. The evolutionary distances were computed using the Jukes-Cantor method and are in 634 

the units of the number of base substitutions per site. Sequences marked with asterisks (clones 635 

IKNM 1.1 to IKNM25) are from the present study and clone names followed by same numbers 636 

(e.g., IKNM 1.1 and 1.2) belong to the same OTU. The bootstrap values (1000 replicates) are 637 

indicated at each node. Bootstrap support of only 70% and above is shown in the tree. GloP1–638 

GloP13, PgloP1, AcauloP1–AcauloP3 and EntroP1 represent AMF phylotypes found at 639 

Aghanashini and Gangavali. 640 

Fig 3. Non-metric multidimensional scaling (NMDS) ordinations of (A) AMF community 641 

composition based on Bray and Curtis dissimilarities with regard to relative abundance of AMF 642 

phylotypes (B) rhizospheric concentrations of PO4−P, % soil organic matter, salinity and pH 643 

based on Euclidean distances at both estuaries. Ellipses are drawn around each group’s centroid. 644 
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Author
You should have just continued with the line the editor inserted. Why fix something that is not broken!

Author
You should include a sentence that describes what the ellipses represent.
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