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AbstractAbstractAbstractAbstract    
    
Information of dark septate endophyte (DSE), arbuscular mycorrhizal (AM), and fine root endophyte 

(FRE) fungal symbioses of aroids in the Western Ghats region are very low. Therefore, we assessed the 
endorrhizal symbiosis in 25 aroid species belonging to 16 genera of Araceae from six different locations of the 
Western Ghats. The results revealed co-occurrence of the DSE and AM symbiosis in all the examined aroids, 
and FRE presence in seven aroids (Alocasia × amazonica, Alocasia sp., Anthurium andraeanum, Epipremnum 

aureum, Spathiphyllum sp., Syngonium podophyllum, and Zantedeschia aethiopica). We found variance in root 
length having AM (inter and intracellular hyphae, arbuscules, vesicles and arbusculate coils) and DSE 
(melanized septate hyphae, microsclerotia, and moniliform hyphae) fungal structures. Moreover, the AM 
fungal morphology of Arum-Paris type was widespread, and intermediate type morphology reported for the 
first time in five aroids. AM fungi colonized the roots of Philodendron xanadu the most, followed by DSE in 
Caladium bicolor, and FRE in Spathiphyllum sp. AM fungal spores were present in all aroid soils examined. The 
percentage of root length comprising FRE hyphae was significantly and positively correlated root length with 
FRE arbuscules, AM fungal spore numbers and total colonization. Our study revealed that, the aroids tend to 
form associations with various endorrhizal fungi.   

    
Keywords:Keywords:Keywords:Keywords: AM fungi; Araceae; colonization; DSE fungi; FRE fungi 
 
 
IntroductionIntroductionIntroductionIntroduction    
 
The members of the family Araceae, commonly recognized as Arum family, are colloquially known as 

aroids. Araceae is the third largest family among monocots with eight subfamilies, and is the oldest group of 
angiosperms (Croat, 2019; Stevens, 2020). It comprises of herbaceous plants widely distributed in Asia and 
tropical American regions (Croat et al., 2018). Around 144 genera and 3645 species of aroids are reported 
worldwide (Cabrera et al., 2008; Boyce and Croat, 2018) and about 60% of the species reported have 
Neotropical distribution. The genera Anthurium (950 species) and Philodendron (482 species) present the 
highest species diversity among aroids (Boyce and Croat, 2011). Most of the aroids in the genera Alocasia, 
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Anthurium, Philodendron, Dieffenbachia, Monstera, and Zantedeschia are valued as ornamentals (Pedralli, 
2002). In addition, aroids belonging to Amorphophallus, Colocasia, Xanthosoma, Typhonium, and Monstera are 
consumed as food (Zulhazman et al., 2021) and for treating human ailments (Swain et al., 2022).   

Endorrhizal fungi are symbiotic and non-pathogenic, which gives habitat fitness to genetically varied 
host plants and they also provide resistance to plants against several abiotic stresses (Diagne et al., 2020; Begum 
et al., 2019). Dark septate endophyte (DSE) and arbuscular mycorrhizal (AM) fungal symbiosis are two of the 
most important forms of endorrhizal fungal symbioses having great ecological importance. The widespread 
AM fungi are placed under phylum Mucoromycota and subphylum Glomeromycotina (Spatafora et al., 2016). 
The fungi colonize over 72% of the plants growing in the natural environment (Brundrett and Tedersoo, 
2018).  

In exchange for carbon, the AM fungi enhances the availability and transfer of various nutrients like 
potassium (K), nitrogen (N), phosphorus (P), and further minerals to plants from nutrient deficient soil 
(Smith and Read, 2008; Rouphael et al., 2015). AM fungus form different structures within the plant roots, 
such as hyphae, vesicles, arbuscules, hyphal and arbusculate coils (Muthukumar et al., 2016). The pattern of 
AM fungal colonization is primarily separated into the Arum, Paris, and intermediate types based on the 
distribution of AM fungal structures in plant roots. The Arum type, which is prevalent in field crops, has 
intracellular linear hyphae and forming arbuscules on the short lateral branches (Smith and Read, 2008). 
Fungal hyphae spread intracellularly among root cells in the Paris type, forming arbusculate or hyphal coils 
(Dickson et al., 2007). Brundrett (2004) refers to the Arum and Paris types as ‘linear’ and ‘coiling’ respectively, 
based on longitudinal hyphal formation inside the roots. The intermediate type has features of Paris type and 
Arum type with the presence of linear hyphae that can be intra- and/or intercellular hyphal and arbuscular coils 
(Dickson et al., 2004). 

The endorrhizal association in Araceae family has not been investigated adequately. For example, AM 
fungi have been found to colonize Araceae plants including Alocasia macrorrhizos, Amorphophallus bannaensis, 

Rhaphidophora decursiva, Arisaema atrorubens, Scindapsus aureus, Pistia stratiotes, Amarphophallus 

paeniifolius, Anthurium affine, and Caladium bicolor (Santos et al., 2000; Muthukumar et al., 2003; Öpik et al., 
2013) and some of these species exhibit AM morphology typical to those of Arum or intermediate type (Smith 
and Smith, 1997; Muthukumar et al., 2003). Contrarily, certain aroids such as Colocasia esculenta, P. stratiotes, 
Anthurium consobrinum, Anthurium trinerve, and Monstera tuberculata were reported to lack AM fungal 
structures (Lesica and Antibus, 1990; Seerangan and Thangavelu, 2014). 

In addition to typical AM fungi, there are other arbuscule-forming fungi known as fine root endophytes 
(FRE) that coexist with other fungal endophytes and belong to subphylum Mucoromycotina 
of Mucoromycota (Orchard et al., 2017). Fine root endophytes are globally distributed and play vital role in 
both agricultural and semi-natural habitats, across a wide range of host plants (Field et al., 2015; Orchard et al., 
2017). Although the benefit of FRE symbiosis to plants is not well resolved like that for AM association, 
available evidence indicate that FRE fungi like AM fungi can aid plants in their nutrient acquisition (Hoysted 
et al., 2021; Howard et al., 2022).  Nevertheless, the FRE symbiosis in aroids is not well reported as those for 
AM fungi (Muthukumar and Karthik, 2021).  

DSE fungi are distributed worldwide and have functional and ecological level interactions with other 
soil biota (Mayerhofer et al., 2013). The DSE fungi have melanized regularly septate hyphae (may also be 
hyaline) that produce clusters of inflated, round, thick-walled cells in the cortical region, known as 
microsclerotia (Jumpponen and Trappe, 1998). DSE fungi are found in a wide range of environments and host 
plants, indicating a lack of host and habitat specificity (Mandyam and Jumpponen, 2005). The DSE fungi 
commonly co-occur with various mycorrhizal fungi and have been noticed in a variety of aromatic plants, field 
crops, and horticultural plants (Muthukumar et al., 2018; Piszczek et al., 2019).  Analogous to AM fungi, the 
DSE fungi assist plants through enhancing growth, absorption of nutrients, and imparting adaptability to 
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various environmental circumstances (Vergara et al., 2018; Farias et al., 2020). DSE fungi along with AM fungi 
reported to co-occur in the roots of Amorphophallus paeniifolius and Stenospermation species (Rains et al., 2003; 
Thangavelu and Tamilselvi, 2010).     

Endorrhizal fungal symbiosis, as an important component of the soil microbial community in the 
terrestrial environment, that benefits plants in various ways. AM fungal distribution and activity studies aid in 
determining the ecological relevance of AM associations (Gianinazzi et al., 2010). As Araceae plants are 
adapted to different life-forms, investigation on endorrhizal association in these plants growing in various 
habitats could help in understanding the beneficial role of AM and DSE fungi in these plants. Moreover, the 
AM and DSE fungal structures of Araceae plants have not been extensively quantified. Therefore, we focused 
on the following objectives: a) to investigate the occurrence and extent of AM, FRE, and DSE fungal 
associations, b) to evaluate the colonization patterns and morphology of AM fungi, c) to estimate the diversity 
of AM fungal spores and d) to determine the relationship of AM, FRE, and DSE fungal structures in selected 
Araceae taxa belonging to different genera growing in the southern Western Ghats.  

 
 
Materials and MethodsMaterials and MethodsMaterials and MethodsMaterials and Methods    
 
Site description and aroid species examined 

The structural quantification of AM and DSE fungi within the roots of aroids is inadequate. So, the soil 
samples and root of 25 aroid species belong to 16 genera were collected during January and February 2021 from 
six different localities of Tamilnadu, India including Bharathiar University campus (Site I; 11°04'N to 76° 93' 
E), and a Home Garden (Site II; 10° 59' N to 76° 59' E) in Coimbatore. The list of collected aroid species and 
their locations are presented in Table 1. The average annual maximum and minimum temperatures are 34.7 °C 
and 21.6 °C respectively and the annual rainfall is 8.7 mm for both site I and II (IMD 2020); Tirupur (Site III; 
11° 6' N to 77° 20' E) has an average annual maximum and minimum temperatures of 36.8 °C and 21.6 °C 
respectively and the annual rainfall is 28.3 mm for site III (IMD 2021); Gobichettipalayam (Site IV; 11° 27' N 
to 77° 26' E) has an average annual maximum and minimum temperatures are 35.0 °C and 22.1 °C (IMD 2021) 
for site IV. Ooty (Site V; 11° 24' N to 76° 41' E), and Coonoor (Site V1; 11° 21' N to 76° 47' E) have an average 
annual maximum and minimum temperatures are 25.5 °C and 13.6 °C respectively and the annual rainfall is 
32.6 mm for both site V and VI (IMD 2021). The soils at the sampling sites had a pH of 5.9-10.4, electrical 
conductivity of 0.13-0.84, 110-190 kg/acre of total nitrogen, 6-24 kg/acre of available phosphorus and 90-270 
kg/acre of exchangeable potassium as evaluated according to standard procedures (Jackson, 1971). 

 
Table 1.Table 1.Table 1.Table 1. Status (ST)/economic importance (EI), site of collection, and life-forms of different aroids 
examined in the study 

Aroid species ST/EI† Site†† Life form††† 

Alocasia×amazonica Reark OP II TE 

Aglaonema commutatum Schott OP/M I TE 

Alocasia cuprea K.Koch OP II TE 

Alocasia brisbanensis (F.M. Bailey) Domin OP VI TE 

Alocasia macrorrhizos (L.) G.Don OP V TE 

Alocasia odora (Lindl.) K.Koch OP/M III TE 

Alocasia sp. OP/M II TE 

Anthurium andraeanum Linden ex André OP/M II TE 

Caladium bicolor (Aiton) Vent. OP/M I TE 

Colocasia esculenta (L.) Schott OP/M VI TE 

Dieffenbachia seguine (Jacq.) Schott OP/M I TE 
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Epipremnum aureum (Linden & André) 
G.S.Bunting, 

OP/M I E 

Hamlomena sp. OP/M V TE 

Peltandra virginica (L.) Schott M IV TE 

Philodendron   xanadu Croat, Mayo & J.Boos OP I TE 

Philodendron burle-marxii G.M.Barroso M I TE 

Philodendron goeldii G.M.Barroso OP I TE 

Philodendron hederaceum (Jacq.) Schott M I TE 

Pistia stratiotes L. OP/M V A 

Remusatia vivipara (Roxb.) Schott M II TE 

Spathiphyllum sp. M I TE 

Spathiphyllum wallisii Regel OP/M I TE 

Syngonium podophyllum Schott OP I TE 

Xanthosoma sagittifolium (L.) Schott M VI TE 

Zantedeschia aethiopica (L.) Spreng. OP/M V TE 
†OP: Ornamental plant; M: Medicinal plant.;††Site I: Bharathiar University campus (Coimbatore), Site II: Home 
Garden (Coimbatore), Site III: Tirupur, Site IV: Gobichettipalayam, Site V: Ooty, Site VI: Coonoor. †††TE: 
Terrestrial; E: Epiphyte; A: Aquatic.   
 

Collection of samples 

The root zone soil samples of each aroid (except P. stratiotes) were collected using a hand trowel and 
stored in polybags. The terrestrial roots or substrate of all the plants were collected during soil sampling for the 
enumeration of AM fungal spores. The roots were then thoroughly washed with tap water and stored in FAA 
containing plastic vials (Alcohol: Formaldehyde: Acetic acid – 90 ml: 5 ml: 5 ml) for the assessment of 
endorrhizal fungal association. The collected soil samples and roots were then labeled. Within 12 hours of 
collection, the specimen was sent to the laboratory in an ice box. Then the soil samples were air-dried and kept 
under 4°C for future analysis.  

 
Enumeration, isolation, and characterization of AM fungal spores  

The AM fungal spores were isolated and enumerated from 100 g of each soil sample using a modified 
wet sieve and decanting technique (Muthukumar et al., 2006). AM fungal spores that lacked contents and/or 
were parasitized by soil microorganisms were considered as spore cases and spores that were intact with 
contents and were free from parasitism were categorized as intact or healthy spores.  

 
Processing of root samples for endorrhizal fungal colonization 

Root samples kept in the FAA were washed with several changes of distilled water, cut into 1 cm long 
sections, and cleared with 2.5% KOH at 90 oC for 2 hours. The cleared root pieces were then washed with 
water and immersed in 5 N HCl for 15 minutes. After acidification, the roots were soaked in 0.05% trypan 
blue staining solution and allowed undisturbed overnight to stain (Koske and Gemma, 1989). Excess stain was 
removed from 30 randomly selected root pieces by placing them in lacto glycerol and placed on clean 
microscopic slides, covered with cover glasses, squashed gently, and viewed under an Olympus BX51 
microscope. The colonization was determined as AM if the roots contained coarse aseptate linear or coiled 
hyphae (3-15 µm in diameter) along with or without other AM fungal structures like vesicles, arbuscules or 
arbusculate coils. The FRE colonization was characterized by aseptate fine hyphae that were <2 µm in diameter, 
small terminal or intercalary hyphal swellings, fan-like branching, and fine arbuscules. The DSE colonization 
was recognized by the presence of melanized, regularly septate hyphae that formed linear chains of rounded 
cells (moniliform hyphae) or tight clusters of cells (microsclerotia) within root cortical cells. The images were 
taken with a ProgRes 3 digital camera. According to McGonigle et al. (1990), the percentage of total root length 
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colonization by endorrhizal fungi was determined at one hundred intersections for each root sample at 400×. 
The type of AM morphology was determined by the distribution of various AM fungal structures as per 
Dickson (2004). 

 
Statistical analysis 

All the data were evaluated for homogeneity (Levene’s test) and examined by one-way analysis of 
variance (ANOVA). Mean separations were performed using Duncan’s Multiple Range Test (DMRT, 
P<0.05). Pearson's correlation analysis was used to examine the relationship between endorrhizal fungal 
structures and type of AM fungal spores. All statistical analysis was performed using SPSS (Statistical Product 
and Service Solutions, version 16.0). 

 
 
Results Results Results Results     
 
AM fungal morphology 

The roots of all the aroids were invariably colonized by AM fungi.  The majority (52%, 13/25) of the 
mycorrhizal Araceae plant taxa exhibited Arum - Paris type morphology (Table 2). However, one (4%) aroid 
exhibited typical Arum-type morphology characterized by intercellular hyphae and intracellular arbuscules 
(Figure 1). Four aroid species (16%) had AM morphology of intermediate-type 1. However, Colocasia esculenta 

had intermediate-type 2 AM morphology (4%). The remaining (24%) is non-determined (ND).  
The presence of intercellular hyphae, hyphal coils, intracellular hyphae, arbusculate coils, arbuscules, 

intraradical spores, inter and intracellular vesicles, and appressorium was used to determine AM colonization 
in aroids (Figure 1, Table 2). Fifty-two percentages of aroids had Arum - Paris type morphology characterized 
by intracellular hyphal/arbusculate coils along with intercellular hyphae with arbuscules (Table 2). Four aroids 
had intermediate type 1 morphology with intercellular hyphae with arbuscules and intracellular hyphae. C. 

esculenta had intermediate type 2 AM morphology with intracellular linear hyphae containing arbuscules. We 
could not determine AM morphology in Alocasia×amazonica, Alocasia macrorrhizos, Anthurium andraeanum, 
Caladium bicolor, Peltandra virginica, and Pistia stratiotes due to the absence of arbuscules or arbusculate coils.  

 
AM fungal colonization and spore numbers 
The extent of AM fungal colonization and root length with various AM fungal structures differed 

significantly (P<0.001) among aroid species (Table 3). The percentage of root length with total AM 
colonization (%TAMC) ranged from 3.20% (P. stratiotes) to 95.56% (Philodendron burle-marxii) (Table 3). 
The percentage root length with inter- or intracellular hyphae (%RLH) ranged from 3.20% (P. stratiotes) to 
63.13% (Xanthosoma sagittifolium). Similarly, the percentage of root length with the hyphal coils (%RLHC) 
ranged from 0.25% (Spathiphyllum sp.) to 6.72% (P. goeldii), while the percentage root length with arbuscules 
(%RLAR) ranged from 0.39% (Syngonium podophyllum) to 43.95% (Dieffenbachia seguine). Besides, the 
percentage of root length with arbusculate coils (%RLAC) ranged from 0.24% (S. wallisii) to 14.79% 
(Hamlomena sp.) and the percentage root length with vesicles (%RLV) varied from 0.20% (Caladium bicolor 
and Epipremnum aureum) to 9% (R. vivipara) (Table 3). The AM fungal spores were found in the rhizospheres 
of all Araceae plant species, including those with higher AM colonization rates (Table 5). The intact AM fungal 
spores ranged from 1.66/100 g (Peltandra virginica) to 40.33/100 g (Spathiphyllum sp.), while spore cases 
ranged from 30/100 g (Alocasia brisbanensis) to 276/100 g (Epipremnum aureum) (Table 4). 
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Figure 1. Figure 1. Figure 1. Figure 1. Arbuscular mycorrhizal fungal structures in roots of different aroids. (a) Intercellular hyphae (h) 
in the roots of Caladium bicolor; (b) Hyphal coils (hc) in cells of Alocasia sp.; (c) Intracellular hyphal coils 
(hc) in Aglaonema commutatum; (d) Arbuscules (ar) in the roots of Dieffenbachia seguine; (e) Arbusculate 

coils (arc) arising from the arbuscular trunk (black arrow head) in Spathiphyllum wallisii; (f) Arbuscule 
(ar) with hyphal trunk (black arrow head) in cortical cell of Alocasia sp.; (g) Arbuscules (ar) in Epipremnum 

aureum; (h) Intraradial spores in the roots of Philodendron burle-marxii; (i & j)    Intercellular and 

intracellular vesicles (v) in Alocasia sp.; (k & l)    Appressorium (black arrow head) on the root surface of 
Alocasia sp. (k) and Spathiphyllum wallisii (l).  Scale bars = 50 μm. 
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Table 2.Table 2.Table 2.Table 2. Distribution of various arbuscular mycorrhizal (AM) fungal structures in roots of different 
Araceae members 

Aroid species 
AM fungal structures† 

IH IAH AR AC HC IV IAV AM type†† 

Alocasia×amazonica Reark + + - - - - - ND 

Aglaonema commutatum Schott + + + + + - - Arum & Paris type 

Alocasia brisbanensis (F.M. Bailey) Domin - + + + - - + Arum & Paris type 

Alocasia cuprea K.Koch + + + - - - - Intermediate type 1 

Alocasia macrorrhizos (L.) G.Don + + - - - + + ND 

Alocasia odora (Lindl.) K.Koch - + + + - - + Arum & Paris type 

Alocasia sp. + + + + - + + Arum & Paris type 

Anthurium andraeanum Linden ex André - + - - - - - ND 

Caladium bicolor (Aiton) Vent. + + - - + - + ND 

Colocasia esculenta (L.) Schott - + + - - - - Inetermediate 2 

Dieffenbachia seguine (Jacq.) Schott + + + - - - - Intermediate type 1 

Epipremnum aureum (Linden & André) G.S.Bunting, + + + + - - + Arum & Paris type 

Hamlomena sp. - + + + - - + Arum & Paris type 

Peltandra virginica (L.) Schott + + + - - - + ND 

Philodendron burle-marxii Croat, Mayo & J.Boos + + + + + + + Arum & Paris type 

Philodendron goeldii G.M.Barroso + + + + + - - Arum & Paris type 

Philodendron hederaceum (Jacq.) Schott + + + - - - + Intermediate type 1 

Philodendron   xanadu   - + + + + - + Arum & Paris type 

Pistia stratiotes L. + + - - - - - ND 

Remusatia vivipara (Roxb.) Schott + + + + - - + Arum & Paris type 

Spathiphyllum sp. + + + + - - - Arum & Paris type 

Spathiphyllum wallisii Regel + + + + + + + Arum & Paris type 

Syngonium podophyllum Schott + - + - - - - Arum type    

Xanthosoma sagittifolium (L.) Schott + + + - - + - Inetermediate 1 

Zantedeschia aethiopica (L.) Spreng. + + + + - - - Arum & Paris type 
†IH - intercellular hyphae; IAH - intracellular hyphae, AR- Arbuscule; AC- Arbuscular coils; HC-Hyphal coils. -: Absent; +: Present; IV – intercellular 
vesicle; IAV – intracellular vesicle; +, presence; -, absent. †† According to Dickson (2004).  ND – not determined.  

 
 

Table 3.Table 3.Table 3.Table 3. Extent of arbuscular mycorrhizal (AM) fungal colonization in roots of aroids 

Plant species 
AM colonization 

#%RLH %RLHC %RLAR %RLAC %RLV %TAMC 

Alocasia×amazonica  55.75±3.70a-d 0.00±0.00d 0.00±0.00i 0.00±0.00f 0.00±0.00d 55.75±3.70jk 

Aglaonema commutatum  44.53±1.94b-g 2.91±0.34c 32.08±2.64b-e 1.27±0.40f 0.00±0.00d 80.78±1.12b-f 

Alocasia brisbanensis 55.49±3.36a-d 0.00±0.00d 20.16±4.30fg 0.86±0.55f 1.05±0.47d 77.57±2.75d-g 

Alocasia cuprea   59.10±2.02ab 0.00±0.00d 3.32±1.31 0.00±0.00f 0.00±0.00d 62.42±2.12ij 

Alocasia macrorrhizos  55.95±6.59a-d 0.00±0.00d 0.00±0.00i 0.00±0.00f 4.59±1.27b 60.54±6.22ijk 

Alocasia odora  35.83±1.85g-i 0.00±0.00d 35.06±1.60a-d 12.57±3.25abc 0.74±0.74d 84.20±0.97a-e 

Alocasia sp. 18.09±5.23k 0.00±0.00d 35.59±3.77a-d 13.84±2.10f 0.59±0.40d 68.11±3.57g-i 

Anthurium andraeanum  28.63±0.83i-k 0.00±0.00d 0.00±0.00i 0.00±0.00f 0.00±0.00d 28.63±0.83l 

Caladium bicolor 49.57±5.63b-f 4.38±2.15bc 0.00±0.00i 0.00±0.00f 0.20±0.20d 54.15±4.01jk 

Colocasia esculenta  42.74±3.70e-h 0.00±0.00d 7.46±2.22hi 0.00±0.00f 0.00±0.00d 50.19±2.89k 

Dieffenbachia seguine  41.20±5.14e-i 0.00±0.00d 43.95±6.02a 0.00±0.00f 0.00±0.00d 85.16±1.19a-e 

Epipremnum aureum 44.13±0.94c-g 0.00±0.00d 39.82±1.53ab 7.54±1.30cde 0.20±0.20d 91.69±2.28ab 

Hamlomena sp. 43.48±6.29d-g 0.00±0.00d 30.51±2.68b-e 14.79±6.14ab 0.00±0.00d 88.78±2.43a-d 

Peltandra virginica  38.25±3.66f-i 0.00±0.00d 24.67±7.36ef 0.00±0.00f 0.89±0.66d 63.81±10.94h-j 

Philodendron burle-marxii 39.60±1.01e-i 0.69±0.34d 36.10±1.71a-d 17.67±1.71a 1.50±0.56d 95.56±2.73a 

Philodendron goeldii 40.29±2.76e-f 6.72±1.78a 32.88±1.73b-e 2.85±1.07ef 0.00±0.00d 82.75±1.49b-e 

Philodendron hederaceum 50.44±2.21a-k 0.00±0.00d 38.55±4.24abc 0.00±0.00f 0.00±0.00d 88.99±2.87abc 

Philodendron xanadu   50.58±1.16b-f 0.65±0.65d 39.63±1.36ab 1.68±0.84f 0.22±0.22d 92.77±1.72ab 

Pistia stratiotes 3.20±1.50l 0.00±0.00d 0.00±0.00i 0.00±0.00f 0.00±0.00d 3.20±1.50m 

Remusatia vivipara  22.80±1.24jk 0.00±0.00d 29.53±0.89c-e 6.76±2.26de 9.20±0.41a 68.15±1.61f-i 

Spathiphyllum sp. 30.29±1.04h-j 0.25±0.25d 27.87±1.43d-f 0.00±0.00f 0.00±0.00d 58.41±2.30ijk 

Spathiphyllum wallisii  56.39±1.81a-c 6.04±1.43ab 13.39±2.75gh 0.24±0.24f 2.16±0.95cd 78.21±3.62c-g 
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Syngonium podophyllum  36.02±7.65g-i 0.00±0.00d 0.39±0.39i 0.00±0.00f 0.00±0.00d 36.41±7.45l 

Xanthosoma sagittifolium  63.13±5.16a 0.00±0.00d 8.68±4.43h-i 0.00±0.00f 3.84±2.37bc 75.66±4.65e-h 

Zantedeschia aethiopica  46.55±4.16c-g 0.00±0.00d 12.81±2.13gh 10.63±3.17bcd 0.00±0.00d 70.00±2.26f-i 

F (24,124)
##  13.293*** 9.042*** 30.025*** 10.854*** 10.831*** 33.067*** 
#RLH- Root length with hyphae, RLHC - Root length with hyphal coils, RLAR-Root length with arbuscules, RLAC- 
Root length with arbusculate coils, RLV-Root length with vesicle, TAMC- Total root length with AM colonization ± 
indicates standard errors. Means in a column followed by a same letter(s) are not significantly (P>0.05) different 
according to Duncan’s Multiple Range Test. ***Significant at 0.1% level. ##- df (degree of freedom) =n-1  

 
FRE colonization 

Thirty-two percent of the aroid had FRE colonization in their roots. The percentage of root length 
colonized by fine root endophyte (%RLTFEC) ranged from 0.21% (P. hederaceum) to 25.82% (Spathiphyllum 
sp.). The percentage of root length having FRE hyphae (%RLFEH) ranged from 0.38% (Syngonium 

podophyllum) to 14.48% (Spathiphyllum sp.). Likewise, the percentage root length with FRE arbuscules 
(%RLFEAR) ranged from 0.38% (S. podophyllum) to 11.31% (Spathiphyllum sp.) (Table 5).  

 
 
Table 4.Table 4.Table 4.Table 4. Number of arbuscular mycorrhizal (AM) fungal spores present in the root zone soils of different 
Araceae plant species 

Plant species 
AM Spore numbers (100 g soil)  

Intact spores Spore cases 

Alocasia×amazonica 10.33±2.18c-e 56.66±24.74e-g 

Aglaonema commutatum  3.00±0.57i-k 225.66±21.45a-c 

Alocasia brisbanensis 3.66±0.88g-k 30.00±2.51fg 

Alocasia cuprea   4.00±0.57f-k 101.66±14.19d-g 

Alocasia macrorrhizos  5.33±1.4e-k 101±17.57d-g 

Alocasia odora  7.66±2.12d-i 119±21.65c-f 

Alocasia sp. 14.33±3.17c 167.33±29.35a-d 

Anthurium andraeanum  3.00±0.57i-k 75.66±17.91d-g 

Caladium bicolor 3.33±0.88h-k 185±17.57a-d 

Colocasia esculenta  11.33±2.9cd 247.66±54.27a 

Dieffenbachia seguine  5.00±0.57e-k 73.33±6.64d-g 

Epipremnum aureum 2.66±1.21i-k 276±109.42a 

Hamlomena sp. 6.66±2.33d-j 125.33±30.60c-f 

Peltandra virginica  1.66±0.31jk 86±18.00d-g 

Philodendron burle-marxii  5.00±1.15e-k 236.33±58.34ab 

Philodendron goeldii  5.33±1.20e-k 72.33±12.81d-g 

Philodendron hederaceum  9.33±0.88c-f 175.66±43.43a-d 

Philodendron   xanadu   5.66±1.45d-k 68.66±18.80d-g 

Remusatia vivipara  20.66±1.4b 86±16.86d-g 

Spathiphyllum sp. 40.33±3.52a 86±32.65d-g 

Spathiphyllum wallisii  4.66±0.88f-k 72.33±12.81 d-g 

Syngonium podophyllum  8.66±2.0d-h 96.66±14.44d-g 

Xanthosoma sagittifolium  2.33±0.88i-k 77.33±17.38d-g 

Zantedeschia aethiopica  9.00±1.15d-g 129.33±37.31b-f 
F (24,74)

## 24.411*** 4.287*** 

*Mean ± standard errors (SE) in a column followed by a same letter(s) are not significantly (P>0.05) different 
according to Duncan’s Multiple Range Test. ***significant at 0.1% level. ##- df (degree of freedom) =n-1 
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Table 5.Table 5.Table 5.Table 5. Fine root endophyte (FRE) and dark septate endophyte (DSE) fungal colonization in roots of 
aroids (n = 25) 

\ 
FRE colonization# DSE colonization## 

%RLFEH %RLFEAR %RLTFC %RLDSH %RLMS %RLMH %TDSE 

Alocasia×amazonica 5.62±1.55b 2.48±1.29b 8.09±2.49b 1.35±0.95g-j 4.61±2.98b 0.00±0.00b 5.96±3.81f-k 

Aglaonema commutatum 0.00±0.00d 0.00±0.00c 0.00±0.00e 11.67±0.99def 0.00±0.00b 0.61±0.25b 12.72±0.99d-h 

Alocasia brisbanensis 0.00±0.00d 0.00±0.00c 0.00±0.00e 8.18±1.85e-g 4.52±2.09b 0.00±0.00b 12.70±2.01jk 

Alocasia cuprea 0.00±0.00d 0.00±0.00c 0.00±0.00e 3.19±1.32g-j 14.67±3.40ab 0.71±0.71a 18.93±4.03cd 

Alocasia macrorrhizos 0.00±0.00d 0.00±0.00c 0.00±0.00e 1.52±0.38g-j 0.00±0.00ab 0.73±0.73b 2.25±0.88jk 

Alocasia odora 0.00±0.00d 0.00±0.00c 0.00±0.00e 12.49±0.64de 1.95±0.69b 0.00±0.00b 14.59±0.75de 

Alocasia sp. 2.39±0.933d 1.19±0.58c 3.58±1.43c 22.55±3.35b 0.99±0.54b 0.00±0.00b 23.54±3.67bc 

Anthurium andraeanum 1.92±1.26cd 0.00±0.00c 1.92±1.26c-e 6.03±1.57f-j 19.53±2.55b 0.00±0.00a 27.01±3.18a-c 

Caladium bicolor 0.00±0.00d 0.00±0.00c 0.00±0.00e 18.43±2.66bc 14.52±6.10b 0.00±0.00a 32.95±4.14a 

Colocasia esculenta 0.00±0.00d 0.00±0.00c 0.00±0.00e 3.88±0.86g-j 0.00±0.00b 0.00±0.00b 3.88±0.86i-k 

Dieffenbachia seguine 0.00±0.00d 0.00±0.00c 0.00±0.00e 3.26±0.74g-j 0.00±0.00b 0.00±0.00b 3.57±0.61jk 

Epipremnum aureum 1.79±0.55cd 1.20±0.37cd 2.99±0.85cd 0.61±0.25g-j 0.21±0.21b 0.42±0.42b 1.23±0.77k 

Hamlomena sp. 0.00±0.00d 0.00±0.00c 0.00±0.00e 6.32±1.74f-i 0.00±0.00b 0.00±0.00b 6.32±1.74e-k 

Peltandra virginica 0.00±0.00d 0.00±0.00c 0.00±0.00e 14.20±4.34cd 0.00±0.00b 0.00±0.00b 14.20±4.34d-f 

Philodendron burle-marxii 0.00±0.00d 0.00±0.00c 0.00±0.00e 7.33±1.43e-h 4.51±1.21b 0.00±0.00b 11.84±2.03d-i 

Philodendron goeldii 0.00±0.00d 0.00±0.00c 0.00±0.00e 0.00±0.00g-j 3.08±2.68b 0.00±0.00b 3.08±2.68jk 

Philodendron hederaceum 0.00±0.00d 0.00±0.00c 0.21±0.21e 2.08±1.07g-j 4.93±2.06b 0.00±0.00b 8.55±2.95e-k 

Philodendron xanadu 0.00±0.00d 0.00±0.00c 0.00±0.00e 4.09±1.71g-j 0.00±0.00b 0.00±0.00b 4.09±1.71h-k 

Pistia stratiotes 0.00±0.00d 0.00±0.00c 0.00±0.00e 2.40±2.40g-j 0.00±0.00b 0.00±0.00b 2.40±2.40jk 

Remusatia vivipara 0.00±0.00d 0.00±0.00c 0.00±0.00e 28.66±1.82a 0.49±0.13b 0.00±0.00b 30.59±1.39ab 

Spathiphyllum sp. 14.48±1.75a 11.31±0.90a 25.82±2.60a 4.54±1.25g-j 0.00±0.00b 0.00±0.00b 4.89±1.40g-k 

Spathiphyllum wallisii 0.00±0.00d 0.00±0.00c 0.00±0.00e 10.85±1.81d-f 0.00±0.00a 1.35±0.05b 12.20±1.83d-i 

Syngonium podophyllum 0.38±0.38d 0.38±0.38c 0.77±0.00de 2.59±1.79g-j 0.36±0.36b 0.00±0.00b 2.95±2.12jk 

Xanthosoma sagittifolium 0.00±0.00d 0.00±0.00c 0.00±0.00e 4.64±2.83g-j 0.00±0.00b 0.00±0.00b 4.64±2.83k 

Zantedeschia aethiopica 0.81±0.51cd 0.00±0.00c 0.81±0.51de 7.54±0.81e-h 2.33±1.78b 0.00±0.00b 9.87±1.99e-f 
F (24,124) 26.930*** 48.080*** 38.986*** 15.674** 8.386*** 2.278*** 15.674*** 

#RLFEH-Root length with fine endophyte hyphae, RLFEAR- Root length with fine endophyte arbuscules; RLTFC- 
Total root length with fine endophyte colonization; ##RLDSH- Root length with dark septate hyphae, RLMH- Root 
length with moniliform hyphae, RLMS- Root length with microsclerotia, TDSE-Total root length with dark septate 
endophytic fungi colonization. ± indicates standard errors. Means in a column followed by a same letter(s) are not 
significantly (P>0.05) different according to Duncan’s Multiple Range Test. ***Significant at 0.1% level, ** Significant 
at 0.5% level 
 

The extent of DSE fungal colonization  

DSE fungal symbiosis characterized by melanized dark septate hyphae with moniliform cells and/or 
microsclerotia were seen in all aroid plant roots (Figure 2). The root length with diverse DSE fungal structures 
varied significantly (P<0.001) among the aroids. With DSE symbiosis, the extent of total root length 
colonization (%TDSE) ranged from 5% (P. stratiotes) to 98% (A. odora, P. goeldii and R. vivipara) (Table 5). 
The percentage of root length with DSE fungal hyphae (%RLDH) ranged from 0.61% (E. aureum) to 28% (R. 

vivipara). The percentage root length with microsclerotia (% RLMS) ranged from 0.21% (E. aureum) to 19% 
(Anthurium andraeanum), while the percentage of root length with moniliform hyphae (%RLMH) ranged 
between 0.42% (E. aureum) and 1% (S. wallisii). Moniliform hyphae were infrequent in aroids roots.   

 
Relationship between different endorrhizal fungal variables 

A significant correlation, either positive or negative was observed in aroids between AM, DSE, and FRE 
fungal structures and spore numbers of AM fungi (Table 6). The %RLAR of AM fungi exhibited significant 
negative correlation with %RLMS of DSE fungi. In contrast, %RLMH of DSE fungi showed a significant and 
positive correlation with the hyphal variables of AM fungi. Additionally, there was a significant positive 
correlation between intact AM fungal spore numbers and all the FRE variables (Table 6). 
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Table 6.Table 6.Table 6.Table 6. Pearson’s correlation coefficients between arbuscular mycorrhizal (AM), dark septate endophyte 
(DSE) and fine root endophyte (FRE) fungal structures and spore variables in Araceae family plant species 
(n=25) 

    AM fungi FRE fungi DSE fungi AM spores 
    RLHC RLAR RLAC RLV RLTC RLFEH RLFEAR RLTFC RLDSH RLMS RLMH RLTDSC Intact spore Spore cases 
RLH 0.219 -0.110 -0.147 -0.016 0.367 -0.099 -0.104 -0.099 -0.293 0.063 0.400* -0.179 -0.252 0.151 
RLHC  0.016 -0.153 -0.068 0.163 -0.128 -0.107 -0.127 0.209 0.119 0.412* 0.247 -0.164 0.014 
RLAR   0.470* -0.022 0.762** 0.041 0.077 0.041 0.153 -0.422* -0.177 -0.122 0.174 0.299 
RLAC    0.063 0.433* -0.109 -0.110 -0.109 0.214 -0.191 -0.204 -0.007 0.063 0.389 
RLV     0.076 -0.157 -0.137 -0.156 0.475* -0.219 0.145 0.274 0.168 -0.149 
RLTC      -0.092 -0.097 -0.043 0.116 -0.097 0.016 -0.182 -0.093 0.281 
RLFEH       0.993** 1.000** -0.112 -0.078 -0.125 -0.119 0.826** -0.096 
RLFEAR        0.993** -0.105 -0.129 -0.107 -0.146 0.837** -0.084 
RLTFC         -0.112 -0.079 -0.125 -0.119 0.826** -0.096 
RLDSH          0.022 -0.057 0.786** 0.200 -0.005 
RLMS           -0.028 0.615** -0.208 -0.038 
RLMH            -0.010 -0.202 0.074 
RLTDSH             0.054 -0.004 
Intact spore              -0.016 

RLH, RLHC, RLAC, RLA, RLV, RLTC, RLFEH, RLFEAR, RLTFC, RLDSH, RLMS, RLMH, RLTDSC and 
RLTC indicates percentage root length with AM fungal, hyphae, hyphal coils, arbusculate coils, arbuscules, vesicles, 
total colonization, fine endophytic hyphae, fine endophytic arbuscules, total fine colonization, dark septate 
endophytic, microsclerotia, moniliform hyphae, total dark septate endophytic fungal colonization. 
** Correlation is significant at the 0.01 level (2-tailed), * Correlation is significant at the 0.05 level (2-tailed) 
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Figure 2. Figure 2. Figure 2. Figure 2. Fine root endophyte (FRE) (a-d) and dark septate endophyte (DSE) (e-l) fungal structures in 
roots of different aroids. (a,d) Fine intercellular hyphae (black arrow head) and arbuscules (far) in the root 
cortical cells of Alocasia sp.; (b) Hyphae (h) and Hyphal swelling (black arrow head) in Dieffenbachia 

suguine; (c) fine arbuscules (far) in the root cortical cells of Epipremnum aureum  (e)    Microsclerotia (ms) 

in cortical cells of Caladium bicolor; (f & g)    Moniliform hyphae (mh) in cells of Alocasia cuprea; (h) 
Microsclerotia (ms) in Spathiphyllum wallisii; (i) Dark septate hyphae (dsh) in the root of Alocasia sp.; (j 
& k)    Microsclerotia (ms) in the roots of Alocasia cuprea and Anthurium andraeanum;    (l)    Moniliform 

hyphae (mh) in Caladium bicolor roots. Scale bars = 50 μm. 
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DiscussionDiscussionDiscussionDiscussion    
 
In the current study we revealed that, all the aroid plant taxa examined had high level of DSE and AM 

fungal colonization. Further, the number of fungal endophytes co-occurring differed according to species. 
Because majority of the aroid plant species thrive in natural conditions and the potential confounding factors 
like climate conditions and soil type that are known to influence AM fungal association were negligible. 
Previous studies have examined the endorrhizal associations in palms at different locations, also reported 
observations similar to the present study (Balachandar et al., 2022). The incidence of AM morphological 
characteristics of plants examined was an essential consideration in this investigation. Majority of aroids are 
presumed to develop typical Arum-type morphology which is also named after the aroid Arum maculatum 
(Dickson et al., 2007). However, in a previous study, Thangavelu and Tamilselvi (2010) reported intermediate 
type of AM morphology in roots of Amarphophallus paeniifolius.  In another study, Muthukumar et al. (2003) 
reported Arum-type AM morphology in three aroids (Alocasia macrorrhiza, Alocasia bannaensis, 
Rhaphidophora decursiva) examined from the primary and secondary forests of Xishuangbanna in southwest 
China. Contrarily, Paris-type has been described to be more common among wild angiosperms and also in 
aroids like Caladium bicolor (Johnston, 1949; Smith and Smith, 1997). The absence of typical Paris or Arum 
type AM morphology examined in the present study clearly suggests that AM morphological types may not be 
plant family specific. The variation in total root length colonization revealed in the current study and earlier 
research is reasonable since root colonization by AM fungi is impacted by several characteristics such as host 
plant, soil, and fungal species (Smith and Read, 2008). Though the presence of arbuscules is considered essential 
to categorize a plant species as AM, because these structures act as transit points for the exchange of nutrients 
these structures may be absent in field-collected roots due to their limited life span in actively growing roots 
(Alexander et al., 1988). 

The aroids have complicated mycorrhizal relationships since they include a wide range of life-forms like 
terrestrial plants, nonmycorrhizal (NM) hydrophytes (Lemna and Pistia spp.), and NM-AM epiphytes 
(Philodendron spp.) (Maeda, 1954; Santos et al., 2000). The levels of AM colonization seen in the aroids in this 
study were higher when compared to previously described Araceae members from South India (Muthukumar 
et al., 2003) and China (Wang and Jiang, 2015). However, Wang and Jiang (2015) showed that AM fungi 
failed to colonize aquatic P. stratiotes (Araceae), which may be due to their aquatic nature. On the other hand, 
Seerangan and Thangavelu (2014) reported the absence of AM fungal roots of Colocasia esculenta and P. 

stratiotes growing in aquatic and wetland habitats of southern India. They also observed AM fungal 
colonization rate of 8% which is comparable to previous studies involving Acorus tatarinowii in Aroid plant 
taxa (Wang and Jiang, 2015). Although, species of Philodendron has been reported to be non-mycorrhizal by 
Santos et al. (2000), roots of all the four Philodendron species analyzed in the current study had an intense DSE 
and AM fungal colonization. Similarly, St. John (1980) also discovered mycorrhizae in the roots of 
Philodendron species growing in Amazon region of south America. Bagyaraj et al. (1979) revealed that only 
three of 12 aquatic specimens they examined had AM and suggested that symbiosis is not favored in aquatic 
environments. Despite this, P. stratiotes analyzed in this study had the presence of inter and intraradical coarse 
aseptate fungal hyphae resembling those of AM fungi.  

Only a few studies in the past have found DSE fungi with AM or FRE fungi (Postma et al., 2007; 
Giesemann et al., 2020). Also, in this study, P. stratiotes had dual colonization of DSE along with AM despite 
the latter being significantly higher. The occurrence of DSE symbiosis in Epipremnum aureum is consistent 
with the few investigations that have found DSE fungi colonizing roots of this aroid (Rains et al., 2003; 
Thangavelu and Tamilselvi, 2010; Muthukumar and Karthik, 2021). Lingfei et al. (2005) suggested the 
percentage colonization of AM in plant roots was significantly influenced by the environmental factors, 
including P concentration in the soil, and precipitation. On the other hand, DSE colonization tends to be more 
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consistent, with only relative humidity and photoperiod influencing it (Lingfei et al., 2005). Another 
interesting fact is that non-mycorrhizal plants, such as most Araceae species, have high DSE colonization rates 
which are thought to have functions similar to mycorrhizal fungi in these situations (Barrow and Aaltonen, 
2001; Giesemann et al., 2020). 

In the present study, roots of seven aroids belonging to the genus Alocasia, Anthurium, Epipremnum, 
Spathiphyllum, and Zantedeschia had FRE fungal association. The morphology of FRE colonization in aroids 
in this study is comparable to those reported in various other angiosperms in numerous studies (Orchard et al., 
2017a; 2017b; Balachandar et al., 2022). It is presumed that the arbuscules formed by FRE are difficult to 
distinguish from AM fungi, as the hyphal trunk and the arbusculate coils of FRE are much thinner and less 
prominent than those of AM fungi (Orchard et al., 2017). Although the meta-analysis by Orchard et al. (2017) 
found no significant effect of plant species on the extent of colonization by FRE in plant roots, there was a 
significant effect on the FRE colonization ratio. The extent of FRE colonization in aroids in the present study 
ranged from 1-26% with an average colonization of 6.28% which is lower compared to studies where FRE 
colonization >20% is frequently reported (Orchard et al., 2017). Some of the studies reported high levels of 
FRE colonization rates originate from agro ecosystems. For example, in a crop rotation experiment performed 
in Australia, FRE symbiosis was differentiated from AM symbiosis was, colonization by FRE ~40% of the root 
length for garden pea (Pisum sativum) and up to 60% of root length in wheat (Triticum aestivum) (Ryan and 
Kirkegaard, 2012). Likewise, in New Zealand, the colonization levels by FRE in agricultural cereal crops ranged 
from 9-85% of the root length (Orchard et al., 2017).  

  Kowal et al. (2020) in their study found significant differences in the percentage of FRE colonization 
in individual roots, plants, site, and growing season. This study also showed that plant roots remained free of 
FRE during certain seasons, by increasing colonization (>85%) during other seasons (Kowal et al., 2020). 
Moreover, Kowal et al. (2020) also showed that seasonal changes in FRE symbiosis are most likely related to 
root growth rate responses to climate history. This was supported by the existence of a strong relation between 
root density and temperature of the sampling site. Therefore, the limitation of the present study appears that 
the root samples were collected from limited number of plants for each aroid species and during one particular 
season. This could be one of the reasons behind the low incidence of FRE in the present study as only 32% of 
the 25 aroids possessed FRE symbiosis. Examining more plants in each aroid taxa coupled with rigorous 
sampling over different seasons would bring out the actual occurrence of FRE in aroids. 

The role of FRE symbiosis in vascular plants is not well resolved like those of AM fungi. Indeed, some 
recent studies have shown that FRE fungi could benefit plants similar to AM fungi (Balachandar et al., 2022). 
For instance, Hoystead et al. (2019) showed that the exchange of carbon-for-N occurs in Lycopodiella inundata 
colonized by FRE. Moreover, the carbon cost of maintaining FRE by the plants was shown to be in par with 
that of AM fungi (Hoystead et al., 2019). Furthermore, it is speculated that, as in AM symbiosis, the carbon-
for-nutrient exchange among plants and FREs may differ depending on plant and fungal identity, in addition 
to climatic and soil conditions (Field and Pressel, 2018). 

When AM and DSE fungi coexists within the same root system, Wagg et al. (2008) theorized that they 
would occupy different niches within the same root. Trowbridge and Jumpponen (2004) found no 
antagonistic relationship between DSE and AMF root colonization as observed in the current study. Most 
research has revealed that DSE and AM fungal interactions coexist among most plant taxa, but in aroids the 
relationship between different endorrhizal fungi colonizing roots and their role in plant growth and health are 
still unclear. 
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ConclusionsConclusionsConclusionsConclusions    
 
Our findings demonstrate that endorrhizal (AM, DSE, and FRE) fungal associations were found to be 

widespread in aroids of the Western Ghats, south India. The present study reported the intermediate type 
morphology of AM for the first time in five aroid species (Alocasia cuprea, Colocasia esculenta, Dieffenbachia 

seguine, Philodendron hederaceum, and Xanthosoma sagittifolium).  Moreover, our findings reveal that total 
colonization and root length with distinct fungal structures varied considerably amongst fungal groups. The 
study also distinguishes the role of root fungal association in the establishment and survival of these plants. 
Moreover, future experimental studies are needed to ascertain the aroid benefits from these root fungal 
associations individually and in combinations. This would help in the exploitation of these root fungal 
symbiosis in the sustainable production of the aroids in horticulture and food industry.  
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