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Characterization of the microbial community associated with the roots of 
joyapa (Macleania rupestris) and the effect of fungal isolates on seedling 
development
Diana Curillo1*, Juan Manuel Cevallos-Cevallos2, Eduardo Chica1 and Denisse Peña1

Abstract: Macleania rupestris is a native Ericaceae with high potential benefits for health and the environment. 
Characterizing the interactions between M. rupestris and associated fungi is vital to supporting the plant's conservation 
and future domestication. However, little is known about the relationship between plant growth-promoting endophytes 
and M. rupestris. To learn more about the soil-associated microbiota of M. rupestris, we analyzed endophyte communities 
associated with the plant's rhizosphere and surrounding soil using nanopore sequencing. Additionally, fungal endophyte 
cultivable strains were isolated from the roots of M. rupestris to evaluate their growth-promoting activity on seedlings by 
applying a strain inoculation bioassay. Over 1000 genera were identified using nanopore sequencing, Bradyrhizobium 
and Mesorhizobium the most abundant in all samples analyzed. Similarly, six cultivable fungi were characterized by the 
molecular markers ITS (internal transcribed spacer) and LSU (large subunit). Amongst all isolates, Clonostachys rosea and 
Trichoderma paravidescens positively impacted seedlings' development. This study shows the potential of fungal strains 
as inoculants for the potential domestication of Macleania rupestris.
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Introduction
Ericaceae is considered one of the most prominent 

families of angiosperm, plants that include herbs, dwarf 
shrubs, shrubs, and trees commonly found in acidic and in-
fertile growing conditions1. In the Andean region of Ecuador, 
there is an excellent variety of Ericaceae used by rural and 
indigenous communities. Among them, Macleania rupestris, 
known locally as "joyapa" is a species of Ericaceae that pro-
vides fruits for human consumption in communities of the 
Andean region2,3. The Ericaceae family is one of the most 
representatives of the Ecuadorian Andean forests, mainly 
in the montane cloud forests, as well as in the paramo and 
sub-paramo regions4, where these plants play critical eco-
logical roles such as a water regulator, a food source for 
several birds species and other animals such as the Andean 
bear; and, in some cases, a source of income for the inha-
bitants of the region2. Additionally, M. rupestris have the po-
tential to be used in recovery projects for degraded areas5. 
Even though the importance of M. rupestris to its habitat, 
very little is known about the conservation and propagation 
of this species.

Mycorrhizal endophytic associations are complex fun-
gal-derived traits that help develop plant physiology6,7. In 
other Ericaceae species, various endophytes have been 
examined for their ability to produce growth-promoting me-
tabolites like those made by their hosts, but in more sig-
nificant quantities8,9. However, the information regarding 
these symbiotic associations in M. rupestris is minimal10, so 

a complete characterization of these fungal communities is 
required to know more about the conservation of M. rupes-
tris.

This study contributes to the knowledge of the com-
plex associations established by M. rupestris in the Andes 
of southern Ecuador. We set out to characterize the en-
dophytic communities of rhizospheric soil and soil surroun-
ding M. rupestris seedlings in specimens collected in three 
locations in the southern highlands of Ecuador province 
Azuay. To better understand the effect of endophyte fun-
gi, we isolated and identified cultivable fungal strains from 
M. rupestris roots to later evaluate their effect on the initial 
development of M. rupestris seedlings germinated under la-
boratory conditions.

Materials and methods 

Location and sampling
Three sampling points were established within the 

province of Azuay, Ecuador, in the parishes of Baños 
(2°57'25.1"S 79°05'46.8"W), Sayausí (2°51'12.5"S 79°06' 
10.4"W) and Sigsig (3°00'51.7"S 78°46'48.0"W), located at 
altitudes between 2900 and 3100 masl. The collected sam-
ples were processed in March 2021 at the Faculty of Agri-
cultural Sciences of the University of Cuenca as described 
below.
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Soil sample collection
The soil samples were collected from the roots of M. ru-

pestris, in the seedling stage, using the protocol described 
by Barrilot et al.11, which consists of digging an approximate 
depth of 30 cm to obtain the samples; approximately 200 
g of soil was collected. To get surrounding soil samples, 
part of the roots of the joyapa seedlings selected in the field 
were extracted and shaken vigorously for 10 min to collect 
the soil. Additionally, the rhizospheric soil samples were ob-
tained manually by removing the soil that remained atta-
ched to the roots of the seedlings. Separately collected soil 
samples from the surrounding soil were sieved and stored 
in plastic bags in the dark at approximately 4°C, using ice. 
All samples were transported to the laboratory and stored at 
-20 °C until analysis. 

DNA extraction from soils and metagenomic sequencing
To characterize the microbial community associated 

with the surrounding soil and rhizosphere of M. rupestris, 
Nanopore MinION Oxford sequencing was carried out12. 
DNA extraction was performed using 250 mg of soil, pre-
viously stored at -20 °C. The extraction was performed using 
the DNeasy PowerSoil Pro Kit (Qiagen, Hilden, Germany), 
according to the manufacturer's instructions. The quality 
and concentration of the DNA were evaluated using the Qu-
bitTM 4.0 fluorometer (Thermo Fisher Scientific, 2018).

Libraries for MinION sequencing were prepared using 
the 1D Ligation Sequencing Kit (SQK-LSK109), and the 
DNA from each sample was barcoded using the Native 
Barcode Expansion Kit (EXP-NBD103) (Oxford Nanopore 
Technologies, Oxford, UK)13,14. All kits were used following 
the manufacturer's instructions. The libraries were then se-
quenced in a MinION Mk1B for 6 hours using an R9 flow 
cell. Data was processed using the Oxford Nanopore Te-
chnology (ONT) cloud-based pipeline EPI2ME (WIMP rev. 
3.2.3) workflow for WIMP (what is in my pot) analysis to ob-
tain the microbial community information down to the genus 
level as well as some species.

Statistical analysis
The α diversity of the community was estimated using 

the indices of Shannon, Simpson and Chao1. Beta diversi-
ty was estimated using Bray-Curtis dissimilarity, employing 
the verdict function of the vegan package in R. Then, per-
mutational multivariate analysis of variance (PERMANOVA) 
was used to compare the microbial community structure be-
tween surrounding and rhizospheric soil; this was done with 
999 permutations using the adonis function from the vegan 
package in R. 

Isolation of endophytic fungi
M. rupestris roots previously collected and stored at 4 

°C were disinfected by washing with running water, then im-
mersed in a 70 % (v/v) ethanol solution for 1 min, followed 
by a 1.5% sodium hypochlorite solution for 5 minutes. Fi-
nally, the roots were rinsed three times with sterile distilled 
water10. Then, a fragment of approximately 3 cm of the dis-
infected root was placed in a sterile Petri dish and cut into 
small pieces with the help of tweezers and a scalpel. Sterile 
FIM culture medium (Fungi Isolation Medium) was added to 
the fragments obtained. The Petri dishes were then closed 
and kept at room temperature (around 20 °C) for 96 hours, 
observing the emergence of hyphae daily and transferring 
them to PDA medium (potato dextrose agar) for further de-

velopment; PDA petri dishes were incubated at room tem-
perature for 5 days. Fully grown fungi were classified accor-
ding to color and appearance10,15.

DNA extraction from isolated fungal strains
Genomic DNA extraction was performed by adding 500 

µl of TE buffer pH 8.0 to 50 mg of mycelium collected from 
the PDA culture dishes, then centrifuging at 15,000 rpm for 
5 min and removing the TE buffer, adding 300 µl of extrac-
tion solution (200 mM Tris HCl pH 8.5, 250 mM NaCl, 25 
mM EDTA 0.5% SDS). The mycelium was then ground in a 
TissueLyser II (Qiagen) with metal beads for 3 minutes, and 
150 µl of 3 M sodium acetate, pH 5.2, was added. The sus-
pension was then incubated at -80°C for 10 minutes, thawed 
and centrifuged (Eppendorf Centrifuge 5430 R) at 15,900 x 
g for 5 min. The supernatant was transferred to another test 
tube, and an equal amount of isopropanol was added. After 
5 min of incubation at room temperature, the supernatant 
was combined with 300 µl of 70% ethanol and centrifuged 
at 15,900 x g for 15 min to perform a wash16. Electrophore-
sis was performed on a 1.5% agarose gel using ethidium 
bromide to visualize the extracted DNA. To analyze DNA, 
2µl of the sample was read through a spectrophotometer 
(Epoch Biotek Instruments) to determine DNA quantity and 
quality.

Identification of isolated fungal strains
From the extracted DNA, a fragment of the ITS region 

was amplified using the primers ITS1 (5'-TCCGTAGGT-
GAACCTGCGG-3') and ITS4 (5'-TCCTCCGCTTA TT-
GATATGC-3')17 as well as the large subunit (LSU) region 
using the primers LR0R (5'-ACCCGCTGAACTTAAGC-3') 
and LR3 (5'-CCGTGTTTCAAGACGGG-3')18. The amplified 
fragments were sequenced by an external service provider 
(Macrogen Inc., South Korea) and then compared to the 
NCBI (National Center for Biotechnology Information) Gen-
Bank database using BLAST19. The identity of each isolate 
was assigned based on the percentage of similarity with the 
sequences found in the GenBank database. 

Germination of seeds and obtaining seedlings
Ripe fruits of M. rupestris were collected between the 

months of January - March. Fruit disinfection was carried 
out in a laminar flow hood, for which the fruits were immer-
sed in a 70% (v/v) ethanol solution for 1 min and then in a 
sodium hypochlorite solution (3.5%) for 10 min. Finally, the 
fruits were rinsed three times with sterilized distilled water20. 
The seeds were then extracted with the help of a syringe 
needle and placed in a 2000 ppm AG3 (gibberellic acid) so-
lution for 24 h at 20 ºC.

Subsequently, the seeds were placed in a 9-cm diame-
ter Petri dish with filter paper and sterile distilled water for 
8 weeks to germinate and obtain seedlings. The seedlings 
were placed in sterile peat for the inoculation tests using the 
fungi previously isolated from the roots of M.rupestris. 

Inoculation of fungal strains in M. rupestris seedlings
A total of six isolated fungi were selected to evaluate 

their effect on the initial development of M. rupestris seed-
lings. After two weeks of adaptation of the seedlings in the 
sterile peat, the inoculation of the different strains of isolated 
fungi was carried out, for which a solution prepared with 
half a Petri dish of mycelium diluted in 250 ml of sterile dis-
tilled water was applied21.The seedling growth assay was 
carried out under controlled conditions in a growth room for 
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90 days under a photoperiod of 16 hours of light and 8 hours 
of darkness at 25 ± 2ºC with 10 individual seedlings for each 
isolated endophytic fungus and the non-inoculated control 
group. All seedlings were treated with conventional organic 
fertilizer with nutrient solution and then inoculated with fungi 
isolates except for the control group. The number of roots 
and the height of the seedlings were recorded 90 days after 
inoculations. Plant height was measured from the soil surfa-
ce to the tip of the stem. Plant growth data were subjected 
to one-way ANOVA (α = 0.05)22.

Results

Microbial communities present in the surrounding and 
rhizospheric soil of M. rupestris

From the two samples collected (1 surrounding and one 
rhizospheric), for each of the 3 sampling points, communi-
ty compositions indicated the presence of 4 kingdoms, 40 
phyla, 83 classes, 175 orders, 366 families, 1090 genera 
and 3151 species in the rhizospheric soil samples and for 
the surrounding soil, 4 kingdoms, 36 phyla, 72 classes, 156 
orders, 330 families, 894 genera and 2432 species were 
found. It was observed that a total of 15 phyla belonging to 
the bacteria kingdom presented a relatively high abundan-
ce, greater than 1%, in the rhizospheric and surrounding 
soil samples. According to the data obtained, the Bacteria 
kingdom was the most abundant, constituting 96% of the to-
tal readings. The Fungi kingdom only included 4%, of which 
none was categorized as an endophyte.

When analyzing the diversity index (Shannon), domi-
nance index (Simpson) and richness index (Chao1) for the 
bacterial communities in the surrounding and rhizospheric 
soil, it's evident that there is greater diversity in the rhizos-
pheric soil of M. rupestris compared to the surrounding soil 
samples (Figure 1). It was also found that the structure of 
the microbial community differed from the type of soil sam-
pled (rhizospheric/surrounding), observing an increase in 
the distance (Bray – Curtis, p = 0.03) between the rhizos-
pheric and surrounding soil samples. (PERMANOVA Shan-
non, p = 0.05, PERMANOVA Simpson, p = 0.02, PERMA-
NOVA Chao1, p = 0.01).

Comparing the rhizospheric soil samples with the su-
rrounding soil samples, the dominant genera (average rela-
tive abundance > 1%) in all samples were Bradyrhizobium 
(16%), Pseudomonas (4.7%), Sphingomonas (3.3%), Me-
sorhizobium (3 %), Burkholderia (2.8%), Variovorax (2.5%), 
Paraburkholderia (2.7%),) and Rhodopseudomonas (1.4%). 
The relative abundance of Bradyrhizobium and Burkholde-
ria in the rhizosphere soil was like the composition of the 
surrounding soil (Figure 2).

Isolation of cultivable fungi
A total of 12 fungal strains were isolated from the roots 

of M. rupestris. Fungal strains with similar morphotypes 
were present in most of the cultivated roots, which is why 
they were grouped according to their morphology (color, 
shape, and growth time) in a total of six morphotypes, which 
were used in the subsequent identification and molecular 
analysis (Figure 3). 

Characterization of the microbial community associated with the roots of joyapa (Macleania rupestris) and the effect of fungal isolates on seed-
ling development

Figure 1. Alpha diversity indices (Chao1, Shannon and Simpson). R = rhizospheric soil C = surrounding soil.
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Of the six strains of isolated fungi, 3 belonged to the 
genus Trichoderma, and included T. paraviridescens, T. vi-
ridescens, and T. atroviridae. Additionally, two strains were 
within the Fusarium genus, and included F. asiaticum and F. 
graminearum, and finally, a Clonostachys rosea isolate was 
obtained. All species shared a 99% similarity to those from 
Genebank  (Table 1).

Inoculation of cultivable endophytic fungi in M. rupestris 
seedlings

After 90 days, plants inoculated with Clonostachys ro-
sea presented the best results in their development, eva-
luated by the number of leaves and the height of the seed-
lings. The seedlings exhibited better development than the 
control group seedlings (Figure 4a). As for the number of 
leaves, the average was of 8 per seedling and 6.5 cm in 
height, unlike the control group, which presented standards 
of 5 leaves per seedling and 2 cm in height (Figure 4b,c). 
The results were similar to the seedlings inoculated with T. 
paraviridescens, which registered 7 leaves and an average 
size of 5 cm (Figure 4b,c). Except for T. viridescens, all the 
fungal strains influenced the development of the seedlings, 
surpassing the control treatment in height, however concer-
ning the number of leaves, in addition to C. Rosea and T. 
paraviridescens, only T. viridescens, slightly outperformed 
the control group.

Discussion

Microbial diversity present in rhizospheric and surrounding 
soils of M. rupestris

Soil microorganisms play a critical role in regulating soil 
fertility and plant health30. We are beginning to understand 
how soil microbial diversity varies worldwide and how this 
diversity is related to the physical, chemical, and biological 
characteristics of ecosystems31. The study carried out in the 
surrounding and rhizospheric soil of M. rupestris showed 
that the diversity of microbial communities could vary sig-
nificantly concerning the proximity to the root. The meta-
genomic analysis of the surrounding and rhizosphere soil 
samples obtained a higher abundance of bacterial com-
munities than fungal communities. This can happen due to 
several factors, such as changes in the types and amounts 
of organic carbon in the soil32,33. Although fungi and other 
eukaryotes may represent a large part of the soil microbial 
biomass, their representation in the metagenomic data ob-
tained was low. A similar pattern has been observed in com-
parable shotgun metagenomic datasets obtained from other 
soils34,35 and is most likely a product of many eukaryotic taxa 
(including fungi), which have a much lower ratio of rRNA 
gene copies per unit biomass than bacterial cells35.

Analyzing the bacterial communities obtained, we find 
that bacteria belonging to the genera Bradyrhizobium, Pseu-

Figure 2. Relative abundance of identified genera for each soil sample. The EPI2ME WIMP workflow analyzed reads. 
Bacterial genera contributing more than 0.5% of the classified reads are shown. R = rhizospheric soil C = surrounding soil.
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domonas, Sphingomonas, have been previously shown to 
be the most abundant taxa in the rhizosphere and endos-
phere of plants24,36. Therefore, the same taxa are expected 
to be the most productive in the analyzed samples.

Actinobacteria are a species and class of Gram-positi-
ve bacteria and are the group with the highest representa-
tion in surrounding soils and the second most represented 
in rhizospheric soils. This taxon is particularly interesting for 
its wide biotechnological potential37. Actinobacteria in soils 
have capacities for mutualism, symbiosis and pathogene-
sis38.

The most abundant genera within the samples are Br-
adyrhizobium, Pseudomonas, and Sphingomonas. Brad-
yrhizobium spp. is an agronomically crucial gram-negative 
bacterium capable of forming root nodules and fixing atmos-
pheric nitrogen39. Bradyrhizobium species produce auxins, 
cytokinins, abscisic acid, vitamins and riboflavin, which sti-
mulate plant growth40. Pseudomonas are important bacteria 
in agriculture and have been shown to promote growth and 
protect plants from pathogens41 and are part of the core mi-
crobiome of many plants42. These genera present in the soil 
samples are essential because they are involved in plant 
growth, which is of utmost importance for the propagation 
of M. rupestris.

Inoculation of plants with isolated fungi
Endophytic interactions are a complex matrix of sym-

biotic functions between the host plant and its microbiome. 

For several years, many endophytic communities and their 
vital role in the development and growth of Ericaceae have 
been studied23,24. In the inoculation test of endophytic fungi 
in M. rupestris plants, C. rosea presented favorable results 
in terms of seedling development. C. rosea is reported as an 
endophytic fungus for various plants such as corn25, wheat26 
and blueberry27. It has been reported as a promoter of seed 
germination and helps plants such as blueberry plants to 
resist extreme environmental factors like major droughts27. 
C. rosea has also been reported as a biological controller of 
Botrytis cinerea in tomato plants28.

Among the isolated fungi, 3 species of Trichoderma 
were also found, which also presented favorable results in 
terms of the number of leaves per plant and plant height; 
this can be attributed to the fact that fungi of the genus Tri-
choderma produce glucanases, chitinases and proteases, 
enzymes that break down the components of the cell wall 
chitin, polysaccharides and β-glucans, facilitating the obtai-
ning of nutrients for plants28. Trichoderma paraviridescens 
is also used in crops as growth promoters or for seed ger-
mination29.

The results obtained show that the fungi isolated from 
the roots of M. rupestris did help the leaf development and 
height of seedlings. C. rosea was one of the fungi with the 
greatest potential to be used in future studies, with M. ru-
pestris as a growth promoter.

Further research is needed to assess the role of bacte-
ria isolates in seedlings and plants of M. rupestris.  

Figure 3. Fungal strains isolated from M. rupestris roots. a.) Fusarium asiaticum b.) Trichoderma paraviridescens c.) 
Clonostachys rosea.

Table 1. Search closest matches 
of fungal isolates against NCBI 
Genbank databases.

Characterization of the microbial community associated with the roots of joyapa (Macleania rupestris) and the effect of fungal isolates on seed-
ling development
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Conclusions
This study is the first to analyze the diversity of micro-

bial communities present in the surrounding and rhizosphe-
ric soil of M. rupestris using metagenomic analysis. The 
data obtained provide information on the microbial distribu-
tion in M. rupestris plants and the dominant genera present 
in the development of the plants, the most prominent groups 
being Bradyrhizobium, Proteobacteria and Actinobacteria. 
In conclusion, the rhizospheric soil of M. rupestris has grea-
ter microbial diversity than the surrounding soil and a large 
part of the microbial community is recurrent for these plants, 
even though they come from different sites, which could in-
dicate a close interrelationship and/or dependence between 
these plants and some of the microorganisms with which it 
is associated.

The treatments that were inoculated with fungal stra-
ins isolated from the roots of plants of the same species 
showed more significant growth than the control treatment, 
and even though the effect regarding the number of leaves 
was not higher in all cases than the control treatment, it can 
be evidenced the importance of microbial associations in 
the development of M. Rupestris seedlings, highlighting the 
effect of C. rosea and T. paraviridescens.
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