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Abstract

Endophytic fungi are characterized as microorganisms found within internal tissues of living plants without any immediate,
overtly negative effects. The present study was carried out to isolate, taxonomically characterize and determine the spa-
tiotemporal distribution of endophytic fungi associated with leaf, stem, trunk, and root of mandarin (Citrus reticulata cv.
Siyahoo). To do so, the sampling program was done seasonally in four geographically isolated mandarin growing areas of
Hormozgan province of Iran, including Siyahoo, Ahmadi, Sikhoran, and Roudan. In total, 702 fungal isolates were obtained
from leaf, stem, trunk, and root of healthy mandarin trees divided into 26 distinct morphotypes based on morphological
characteristics. The morphotypes were taxonomically characterized through phylogenetic analysis of the ITS1-5.8S-1TS4
rDNA region sequences. Accordingly, 10 different fungal orders from 5 fungal classes were identified, i.e., Saccharomycetes
(Saccharomycetales), Eurotiomycetes (Eurotiales), Dothideomycetes (Capnodiales, Pleosporales, Dothideales), and Sord-
ariomycetes (Diaporthales, Hypocreales, Microascales, Togniniales), all from Ascomycota, which represented 97.2% and
Ustilaginomycetes (Ustilaginales) from Basidiomycota which represented 2.8% of the isolates. The Aureobasidium pullulans,
Penicillium citrinum, and Dothideomycetes sp. were the most frequent isolates. The trunk and leaf showed the highest and
lowest total colonization frequency and species richness of endophytic fungi, respectively, in all sampling periods. The results
showed that the colonization frequency of endophytes in Hormozgan province was higher in autumn than that in spring,
winter, and summer. The trunk showed the maximum diversity of endophytes over all seasons. The Shannon—Wiener (H")
and Simpson indices had significant correlation with sampling cites and tissue type and the maximum value of Shannon and
Simpson indices (H'=3.05 and 1 — D =0.94) was found in the specimens collected from Siyahoo. In conclusion, the three
factors (season, location, and tissue type) all in together could determine fungal endophyte composition of C. reticulata.

Introduction in interaction with their hosts without any visible disease

symptoms [7, 10, 53]. The symbiotic relationships and eco-

It is estimated that each of nearly 270,000 plant species
existing on the earth is in association with one or more
endophytes [42, 43]. Fungal endophytes, as an important
group of organisms existing within plant tissues [9, 47], are
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logical functions of the endophytes with the host plants can
be highly variable [18, 38, 54]. Some endophytic fungi can
produce metabolites similar to that produced by the hosts,
and others help the hosts by producing natural compounds
lacking in the host plants. Suitability of such compounds
to be used in medicine, agriculture, and industry has been
documented [1, 42, 44]. Furthermore, the role of endophytes
in mutualistic relations, decreased herbivory, and increased
abiotic stress resistance has been shown [42]. Endophytes
are able to allocate ecological niches in the host plants which
may be occupied by plant pathogens, so they can augment
disease resistance indirectly and increase growth of their
host [15, 31]. The ability of endophytes in suppressing pests
and diseases damage has been shown by various researchers
[see; 30, 48]. On the other hand, since some fungal endo-
phyte species have been reported frequently as pathogens on
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the hosts, it is likely that they may be pathogens in a latent
phase of their life cycle [4, 41], therefore, detailed charac-
terization of fungal endophytes communities and their inter-
actions is crucial to understand fungal diseases of host plants
and is a prerequisite for best management practices [10].

Owing to the unknown role of endophytic fungi existing
in healthy Citrus tissues and since these endophytes may
be responsible for different functions [11], it is necessary
that the type of host—endophyte association is elucidated in
each Citrus species. Furthermore, it is important to deter-
mine whether the isolated endophytes have the potential to
be cultured or not, because it can facilitate the subsequent
studies, e.g., manipulation of endophytic fungi activities and
extraction of endophyte-based natural products [50].

Siyahoo mandarin (Citrus reticulata Blanco cv. Siyahoo)
is a popular cultivar of mandarin in Iran due to its special
taste, texture, and flavor. Here, we aimed to firstly, isolate
and taxonomically identify the fungal endophytes associat-
ing leaf, stem, trunk, and root of C. reticulata; and secondly
to determine the spatiotemporal impacts on fungal endo-
phytes diversity. Since no published documents are available
dealing with the fungal endophytes diversity in mandarin,
this study can provide a platform for other researchers work-
ing on efficiency of the endophytes against biotic and abiotic
stresses.

Materials and Methods
Sampling Sites and Mandarin Host Species

During May 2016 to February of 2017, a total of 86 trees of
Citrus reticulata from four geographically isolated mandarin
growing areas of Hormozgan province (Iran) were explored
individually to isolate and taxonomically identify endophytic
fungi (Table 1). Regarding probable seasonal dynamism of
endophytes and to reach the maximum diversity, the sam-
pling was repeated seasonally from May 2016 to February

2017. To do so, the fresh tissues of leaf, stem, trunk, and root
of mature (5-8 years old) and healthy mandarin trees were
collected and processed for endophyte isolation separately.

The samples were rinsed gently in running water to
remove dust and debris and then cut into 1 X 0.5 cm pieces
with/without midribs. The stem, trunk, and root samples
were cut into 0.5-1.0 cm pieces. Each sample was disin-
fected with 75% ethanol for 1 min followed by immersion
in Sodium hypochlorite (NaOCl 3% for 3—5 min, depending
on the type of samples, i.e., 3 min for leaves and 5 min for
stems, trunk, and roots) and then once again in 75% ethanol
for 30 s.

About 3—4 segments of each vegetative organ were placed
onto Potato Dextrose Agar (PDA) containing Petri plates.
Accordingly, a total of 2187 plant segments from 86 man-
darin plants were investigated. The petri plates were sealed
with parafilm and incubated at 27 +2 °C for 4-6 weeks.
Most fungal growth was initiated within 10 days after inocu-
lation. The fungi that grew out from the segments were peri-
odically isolated and identified by transferring the hyphal
tips to fresh PDA plates.

Endophyte Identification

The endophytes were identified either morphologically
based on characteristics of the fungal culture, or geneti-
cally through analysis of the internal transcribed spacer
regions of nuclear ribosomal DNA (ITS1-5.8S-ITS4 rDNA
sequence). Fungal growth was obtained by placing the fun-
gal endophytes onto the PDA culture medium. The plates
were checked continuously for spore formation. For DNA
extraction, the colony of each fungal isolate was grown in
150 ml Erlenmeyer flasks containing 20 ml Potato Dextrose
Broth (PDB; Merck, Germany) at 28 °C, at 90 rpm. After
15 days, genomic DNA of each isolate was extracted using
SDS-CTAB method [57] and subjected to Polymerase Chain
Reaction (PCR) to amplify ITS1-5.8S-ITS4 rDNA region
using following universal primers, ITS1 (5'-TCCGTAGGT

Table 1 Collection ID, GPS coordinates, latitude, and mean annual rainfall precipitation of the sampling cites in Hormozgan province of Iran

Location Geographic coordi-  Altitude (m) Mean annual rainfall Seasonal mean of minimum and
nates precipitation (mm) maximum temperature (in °C)
N E Mean Max. Mean Min.
Siyahoo (SI) 27.74 56.33 2120 354.4 Su=43 Au=32 Su=18.6 Au=6.6
Sp=40 Wi=24 Sp=12.3 Wi=0.3
Ahmadi (AH) 28.03 56.75 1419 340 Su=41.5 Au=31 Su=19 Au=3.6
Sp=38 Wi=25.7 Sp=7.8 Wi=0.5
Sikhoran (SK) 27.83 56.47 920 354 Su=43 Au=3] Su=20.2 Au=5.6
Sp=39 Wi=26 Sp=7.6 Wi=0.7
Roudan (RD) 27.36 57.41 720 282.9 Su=49 Au=37 Su=28 Au=15.3
Sp=45 Wi=30 Sp=22 Wi=7.6

Su summer, Au autumn, Sp spring, Wi winter
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GAACCTGCGG-3') and ITS4 (5'-TCCTCCGCTTATTGA
TATGC-3") [51]. Each 50 pl reaction mixture included 4 ul
of DNA, 25 ul of Tag DNA Polymerase (amplicon), 2 pl of
primers (Pishgam, Iran), and 17 ul ddH20. The PCR assay
was performed in a Techne TC-572 thermocycler (Eppen-
dorf, Hamburg, Germany) programmed for 94 °C for 5 min,
35 cycles of 94 °C for 45 s, 53 °C for 30 s, and 72 °C for
1 min, and 72 °C for 5 min. PCR products were subjected to
electrophoresis on 1% agarose gel, stained with SYBR Green
(SYBR safe CinnaGen, Tehran, Iran). All positive PCR
products were sequenced directly by Macrogen Sequenc-
ing Service (Seoul, South Korea). The aligned and edited
sequences were deposited in the GenBank database under
accession numbers MH260421-53 (Table 2). The identifica-
tions were also confirmed by microscopic studies on mor-
phological characteristics of the fungal colonies. The fungal
isolates were archived as living vouchers at 4 °C, and are
available upon request.

Statistical Data Analysis

The colonization frequency (CF) was calculated as the total
number of segments colonized by endophytic fungi divided
by the total number of incubated segments. The relative spe-
cies frequency (RF) was calculated as the number of isolates
of one species divided by the total number of isolates [52].

Table 2 Number and percentage of colonized segments of C. reticu-
lata according to plant organ and sampling season

Plant organ Season of No. of Isolates  Colonization
sampling studied gener- frequency (%)
tissues ated (CF)
Leaf Spring 88 20 22.7
Summer 119 17 14.2
Autumn 151 50 33.1
Winter 160 28 17.5
Total 518 115 222
Stem Spring 104 29 27.8
Summer 140 24 17.1
Autumn 167 58 34.7
Winter 176 44 25
Total 587 155 26.4
Trunk Spring 103 42 40.7
Summer 101 48 47.52
Autumn 130 81 62.30
Winter 153 60 39.21
Total 487 231 47.43
Root Spring 112 45 40.17
Summer 140 40 28.57
Autumn 167 64 38.32
Winter 176 52 29.54
Total 595 201 33.78

The Shannon—Weaver diversity index (H') [39] was used
to show diversity of the endophytic fungal species and was
calculated as: H'=—2Xp, Inp,. Shannon evenness (E) was cal-
culated as H/H,,,,, where H_,,, =In(S), S is the total number
of taxa in the subsample. Simpson’s diversity (D=1 —Zpi?,
where pi is the proportion of isolates assigned to the ith taxa,
that is P;=n;/N) [40] was calculated to compare the species
richness. A Simpson diversity index close to 1 means that
the sample is highly diverse. Diversity parameters was cal-
culated for each location, season, and tissue type using PAST
software (http://folk.uio.no/ohammer/past/).

The base substitution model was implemented using
MrModeltest2 [29]. To estimate invariant sites, a gen-
eral time reversible model based on Akaike criterion was
included among-site rate heterogeneity (GTR + G +1), in
phylogenetic analyses. Phylogenetic relationships and the
related tree were constructed using MrBayes v3.1.2 [35].
After discarding burn-in (25% of the samples) samples and
evaluating convergence, the remaining samples, were kept
for further analysis. To determine the equilibrium distribu-
tion and estimation of the Bayesian posterior probabilities
of clades, the Markov chain Monte Carlo (MCMC) method
within a Bayesian framework was run for 10 million gen-
erations [22] using the 50% majority rule. The Bayesian
posterior probability values higher than 0.50 are presented
on appropriate clades. The phylogenetic was inferred and
re-drawn using Dendroscope V.3.2.8 (https://www-ab.infor
matik.uni-tuebingen.de/software/dendroscope) and Corel-
DRAW version X7, respectively.

Results
Species Diversity

During 2016-2017, a total of 702 endophytic fungal iso-
lates were recovered from 2187 plant tissue segments of C.
reticulata in Hormozgan province of Iran (Fig. 1). Of these,
115, 155, 231, and 201 isolates were recovered from leaves,
stems, trunks, and roots, respectively (Table 2). Overall,

1:6,000,000

Fig.1 Map of the four regions in Hormozgan province of Iran where
C. reticulata was sampled
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endophyte colonization frequency in C. reticulata tissues
was 32.05%. The maximum colonization rate occurred in
trunk (47.43%), followed by root (33.78), stems (26.4%), and
leaves (22.2%). Sampling Season influenced fungal coloni-
zation rate; the maximum colonization rate was observed
in autumn followed by spring, summer, and winter. In all
seasons, the CF index in leaves was significantly lower than
that of the other plant tissues.

The relationship between the number of isolated strains
(Table 3) and sampling sites was also investigated. Results
show that Siyahoo and Ahmadi yielded the highest numbers
of isolates per sampling site, regarding number of strains
(276 and 252, respectively) (Table 3). Also, when consid-
ering the number of sampling campaigns in each location,
Siyahoo was more diverse than the other sites, because
from 736 investigated tissues 276 isolates were obtained
from samples of Siyahoo. The maximum colonization rate
occurred in Siyahoo (37.5%) followed by Ahmadi (32. 8),
Sikhoran (25.05%), and Roudan (26.25%).

Phylogeny

A total of 702 endophytic fungal isolates were recovered
seasonally from the asymptomatic leaf, stem, trunk, and
root tissues of spatially separated mandarin orchards. Prior
to molecular identification, the isolates were morphologi-
cally grouped and divided into 26 distinct taxa. Then a sin-
gle isolate of each unidentified morphotype was subjected
to molecular identification and phylogenetic analysis. The
accession numbers of all 26 sequenced isolates besides other
supplementary information have been depicted in Table 4.
The phylogenetic tree inferred from ITS1-5.8S-1TS2
gene sequences is shown in Fig. 2. All endophytic taxa were
bunched in four Ascomycetous (Dothideomycetes, Sordario-
mycetes, Saccharomycetes, Eurotiomycetes) and one Basidi-
omycetous (Ustilaginomycetes) classes. A total of 97.2%
endophytic fungi belonged to the phylum Ascomycota and
2.28% to Basidiomycota (Table 4; Fig. 2). According to the
percentage of species composition (Table 4), the richest and
most abundant class was Dothideomycetes represented by
the orders Pleosporales (6 species), Dothideales (4 species),

Table 3 The numbers and percentages of colonized segments of C.
reticulata according to the sampling sites in Hormozgan province of
Iran

Location Number of No. of Isolates  Colonization
sampled studied gener- frequency (%)
plants tissues ated (CF)

Siyahoo 33 771 253 32.8

Ahmadi 30 736 276 375

Sikhoran 18 435 111 25.05

Roudan 10 240 62 26.25

@ Springer

and Capnodiales (2 species). Class Sordariomycetes repre-
sented by the orders Hypocreales (3 species), Togniniales
(1 species), Microascales (1 species), and Diaporthales (1
species) was ranked second in terms of species composition
and third for fungal frequency. Eurotiales (5 species) cor-
responded to Class Eurotiomycetes in which the identified
species had a high frequency. Saccharomycetes (Ascomy-
cota) and Ustilaginomycetes (Basidiomycota) represented by
the orders Saccharomycetales and Ustilaginales (each with
1 species), respectively, had the least richness. The dendro-
gram created using ITS sequences of endophytic taxa and
reference taxa retrieved from NCBI database shows that the
endophyte assemblages of C. reticulata included representa-
tive taxa of the Ascomycota and Basidiomycota (Fig. 2). All
The members of Ascomycota and Basidiomycota formed 18
different clades within the dendrogram.

Endophyte Communities in Leaf, Stem, Trunk,
and Root Tissues

Seven fungal species were found repeatedly in all four tis-
sue types. The maximum endophyte diversity was observed
in the trunk (22 taxa) in which the most frequent isolates
(from high to low) were Dothideomycetes sp. (26 isolates),
Aureobasidium pullulans (19 isolates), and Aspergillus pal-
lidofulvus (15 isolates). The leaves harbored 115 fungal iso-
lates belonged to 15 taxonomically different taxa (Table 5).
The most frequent isolates were Penicillium citrinum (16
isolate), Cladosporium cladosporioides (13 isolate), and
Dothideomycetes sp. (13 isolate). A total of 155 fungal
isolates belonged to 18 taxonomically different taxa were
found in the stem (Table 5). The genus Aureobasidium was
the most prevalent endophyte in the stem. The root endo-
phyte community consisted of 202 fungal isolates which
belonged to 16 taxonomically different taxa (Table 5). The
genus Fusarium (82 isolates) and Alternaria (74 isolates)
were the most repeated endophytes of the root.

Among the identified genera isolated from different
tissues, genus Aureobasidium, Fusarium, and Alternaria
had the maximum number of colonies. In contrast, Neose-
tophoma sp. and Pseudozyma flocculosa with the minimum
number of colonies (4 and 8 colonies, respectively) were
observed just in the stem samples.

Regional Endophytes Communities

Four sampling regions were different in terms of the endo-
phytes communities. The maximum number of isolates
were recovered from samples of Siyahoo (276 isolates, 24
taxa) followed by Ahmadi (253 isolates, 23 taxa), Sikhoran
(111 isolates, 21 taxa), and Roudan (62 isolates, 14 taxa)
(Table 5). Also, Siyahoo showed the highest percent of colo-
nization frequency (37.5%), followed by Ahmadi, Sikhoran,
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Table 4 Endophyte isolate code, accession numbers, and other supplementary information of the endophytic fungi associated with Mandarin (C.

reticulata) in Hormozgan province of Iran

Isolate Accession no. from  Taxa Fungal order Fungal phylum/class

this study
FM13 MH260432 Alternaria alternata Pleosporales Ascomycota/Dothideomycetes
FM12 MH260431 Alternaria brassicicola Pleosporales Ascomycota/Dothideomycetes
FM15 MH260433 Alternaria carthami Pleosporales Ascomycota/Dothideomycetes
FM35 MH260452 Ascochyta medicaginicola Pleosporales Ascomycota/Dothideomycetes
FM23 MH260441 Aureobasidium iranianum Dothideales Ascomycota/Dothideomycetes
FM22 MH260440 Aureobasidium melanogenum Dothideales Ascomycota/Dothideomycetes
FM25 MH260443 Aureobasidium pullulans Dothideales Ascomycota/Dothideomycetes
FM3 MH260421 Cladosporium cladosporioides Capnodiales Ascomycota/Dothideomycetes
FM4 MH260422 Cladosporium xanthochromaticum Capnodiales Ascomycota/Dothideomycetes
FM33 MH260451 Didymella microchlamydospora Pleosporales Ascomycota/Dothideomycetes
FM30 MH260448 Dothideomycetes sp. Dothideales Ascomycota/Dothideomycetes
FM27 MH260445 Neosetophoma sp. Pleosporales Ascomycota/Dothideomycetes

a Aspergillus niger Eurotiales Ascomycota/Eurotiomycetes
FM11 MH260429 Aspergillus pallidofulvus Eurotiales Ascomycota/Eurotiomycetes
FM10 MH260428 Penicillium citrinum Eurotiales Ascomycota/Eurotiomycetes
FM9 MH260427 Talaromyces purpureogenus Eurotiales Ascomycota/Eurotiomycetes
FMS8 MH260426 Talaromyces trachyspermus Eurotiales Ascomycota/Eurotiomycetes
FM12 MH260430 Meyerozyma caribbica Saccharomycetales Ascomycota/Saccharomycetes
FM20 MH260438 Fusarium oxysporum Hypocreales Ascomycota/Sordariomycetes
FM19 MH260437 Fusarium solani Hypocreales Ascomycota/Sordariomycetes
FM21 MH260439 Fusarium sp. Hypocreales Ascomycota/Sordariomycetes
FM26 MH260444 Myrothecium sp. Hypocreales Ascomycota/Sordariomycetes
FM17 MH260435 Phaeoacremonium parasiticum Togniniales Ascomycota/Sordariomycetes
FM16 MH260434 Phomopsis sp. Diaporthales Ascomycota/Sordariomycetes
FM28 MH260446 Scedosporium apiospermum Microascales Ascomycota/Sordariomycetes
FM7 MH260425 Pseudozyma flocculosa Ustilaginales Basidiomycota/Ustilaginomycetes

“Identification was based on fungal morphology

and Roudan with 32.8%, 26.25.5% ,and 25.05%, respectively
(Table 6). At both Siyahoo and Sikhoran, Aureobasidium
pullulans was the most prevalent isolate (24 and 15 isolates,
respectively) (Table 5). The endophyte Pseudozyma floc-
culosa was observed only in Roudan.

Seasonal Diversity of the Endophytes

Season effect was prominent with the maximum number of
isolates occurring in autumn (253 isolates, 25 taxa), followed
by winter (184 isolates, 24 taxa), and the minimum in sum-
mer (129 isolates, 19 taxa) (Table 5). Colonization frequency
(%) value varied with season with the highest in autumn
(41.13%), followed by spring (33.41%), winter (27.6%), and
summer (25.8%) (Table 5). At autumn, the majority of the
isolates were Dothideomycetes sp. (31 isolates), followed
by Aureobasidium pullulans (26 isolates), and Penicillium
citrinum (22 isolates). In summer, however, Cladosporium,
Fusarium, and Alternaria exhibited the highest frequencies,

as 30 isolates of Cladosporium, 30 isolates of Fusarium, and
24 isolates of Alternaria were isolated. Neosetophoma sp.
was observed only in autumn season.

Aureobasidium iranianum and Aureobasidium melano-
genum were observed only in autumn and winter (Table 5).

The diversity of the endophytic community isolated from
tissues and sampling sites was compared using indices of
a-diversity (Shannon—Wiener index and Simpson’s diversity
index) and their components, i.e., species richness and even-
ness (Table 6). The concentration of dominance or Simp-
son’s dominance of endophytic fungi was almost identical
in the leaves (0.09143) and stem tissues (0.09169) (Table 6).
Simpson’s diversity indices of 0.942, in trunk tissues, indi-
cate a high diversity of endophytes harbored by the host
plant in this organ. Shannon—Wiener diversity index were
higher in fungal endophytes of the trunk tissues (2.96) than
in the other tissues (Table 6). Higher species richness of the
endophytic fungi colonization was observed in the trunk (22)
compared with the other organs. However, species evenness
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Table 5 The rate of recovery and relative species frequency (RF) of the endophytic fungi from different Mandarin (C. reticulata) plant tissues
and sampling sites in Hormozgan province, i.e., SI, Siyahoo; AH, Ahmadi; SK, Sikhoran; RD, Roudan

Taxa Tissue type Location Season Total RF
Leaf Stem Trunk Root SI AH SK RD Spring Summer Autumn Winter

Alternaria alternata 8 - 10 12 10 12 5 3 3 10 10 7 30 4.27
Alternaria brassicicola 6 - 3 10 7 8 2 2 2 4 5 8 19 2.70
Alternaria carthami 6 - 14 14 9 1 1 4 10 3 25 3.56
Ascochyta medicaginicola 1 6 5 7 7 6 4 2 5 - 5 9 19 2.70
Aureobasidium iranianum 5 8 12 - 19 - 6 - - - 16 9 25 3.56
Aureobasidium melanogenum - 19 6 - - 17 3 5 - - 17 8 25 3.56
Aureobasidium pullulans 10 17 19 18 24 19 15 6 13 4 26 21 64 9.11
Cladosporium cladosporioides 13 9 10 7 17 12 8 2 10 16 8 5 39 5.5
Cladosporium xanthochromaticum 5 7 14 7 14 12 7 - 8 14 3 33 4.7
Didymella microchlamydospora - 19 9 - 9 12 7 - 8 - 15 28 3.98
Dothideomycetes sp. 13 12 26 13 24 20 13 7 9 6 31 18 64 9.11
Neosetophoma sp. - 4 - - 4 - - - - - 4 - 4 0.56
Aspergillus niger 10 9 14 17 16 19 8 7 12 15 13 10 50 7.1
Aspergillus pallidofulvus 7 - 15 - 5 15 2 - 5 2 9 6 22 3.1
Penicillium citrinum 16 12 14 8 18 23 7 2 9 7 22 12 50 7.1
Talaromyces purpureogenus 8 1 5 - 5 8 1 - 5 1 5 3 14 1.9
Talaromyces trachyspermus 4 2 8 - 8 6 - - 5 2 2 5 14 1.9
Meyerozyma caribbica - 3 2 8 5 1 - 3 - 9 2 14 1.9
Fusarium oxysporum 2 - 12 19 14 14 5 - 2 12 10 9 33 4.70
Fusarium solani - - - 21 9 6 2 4 5 9 4 3 21 2.99
Fusarium sp. - - 5 23 6 7 7 8 5 9 6 8 28 3.98
Mpyrothecium sp. - 17 5 - 16 6 - - 13 - - 9 22 3.13
Phaeoacremonium parasiticum - - - 13 7 1 5 - 3 2 5 3 13 1.85
Phomopsis sp. - 2 8 11 7 9 - 5 6 3 7 5 21 2.99
Scedosporium apiospermum - - 17 - 8 7 2 - 1 1 7 8 17 242
Pseudozyma flocculosa - 8 - - - - - 8 - 2 6 - 8 1.1
Total 114 155 231 202 276 253 111 62 136 129 253 184 702
Table 6 The results of species diversity indices for aggregate data based on location, season, and tissue
index By tissue type By location By season

Leaf Stem Trunk Root ST AH SK RD Spring  Summer Autumn Winter
Species richness 15 17 22 16 24 23 21 14 22 19 25 24
Shannon_H 2.556 2.613 2.966 2.665 3.05 3.006 2.801 2.492 293 2.67 3.029 2.99
Simpson_1-D 09143 09169 0.9423 09251 09472 0.9455 0.928 0.909 0.94 0.9203  0.9445 0.9396
Evenness 0.8591 0.8026 0.8786  0.898 0.8798 0.8784 0.7836 0.8636  0.8516  0.7649  0.7514  0.8025
Dominance_D  0.08572 0.08312 0.05785 0.07494 0.05277 0.05448 0.07196 0.09095 0.06001 0.079 0.0554  0.0603
CF% 22.2 26.4 474 33.7 37.5 32.8 26.25 25.05 33.41 25.8 41.13 27.66

S1 Siyahoo, AH Ahmadi, SK Sikhoran, RD Roudan

was higher in tissues of the roots. Dominance showed an
inverse relationship with diversity indices, i.e., maximum
to leaf (0.085) followed by stem (0.083) and least to trunk
(0.057) (Table 6).

By comparing four sampling sites, we found the high-
est value of Shannon and Simpson indices in SI and AH

followed by SK (2.81 and 0.928) and RD (2.749 and 0.909)
(Table 6). However, the Dominance index was higher in RD
(Table 6).

In comparison, among the four different seasons, maxi-
mum Shannon and Simpson indices were found in samples
from autumn (3.029 and 0.9445), followed by winter (2.99
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and 0.9396). In addition, the Dominance index was higher
at summer (Table 6).

Discussion

It is estimated that 70,000-80,000 species of fungi exist on
the planet [46]. These species may be advantageous for plant
in coping with physiological disturbances, or tolerating envi-
ronmental changes [43, 44]. Due to the possible existence
of different morpho/biotypes of fungi within a single fungal
species, traditional morphological and biochemical methods
are unable to differentiate various morpho/biotypes of fungi
[28]. By contrast, DNA analyzing method is shown to be
objective, reproducible, and a rapid approach for identifica-
tion, especially in non-sporulating endophytes [23, 55]. The
ITS1-5.85-ITS4 is an extremely conserved region in fungi
and able to differentiate higher taxonomic levels, whereas
ITS regions are highly variable and can be used for analy-
sis of lower taxonomic ones [45]. Thus, herein, we used
ITS1-5.8S-ITS4 rDNA region sequences for identification
of endophytic fungi in mandarin trees.

Our results indicated that the majority of the recovered
endophytic fungi (97.2%) in C. reticulata belonged to the
Ascomycota, which seems to be a general characteristic
of the endophytic mycobiota of other woody plants [2, 27,
32], as well as the Citrus trees [10]. A total of 2.8% of the
isolates belonged to Basidiomycota in our study. Indeed,
the introduced endophytic fungi belonged to 10 different
fungal orders from 5 fungal classes, i.e., Saccharomycetes
(Saccharomycetales), Eurotiomycetes (Eurotiales), Doth-
ideomycetes (Capnodiales, Pleosporales, Dothideales), and
Sordariomycetes (Diaporthales, Hypocreales, Microascales,
Togniniales), all from Ascomycota, and Ustilaginomycetes
(Ustilaginales) from Basidiomycota. Endophytic domi-
nance of Dothideomycetes and Sordariomycetes in Cupres-
saceae, Sordariomycetes in Fagaceae, and Leotiomycetes in
Pinaceae appears to be coevolutionary phenomena [3, 42].
Here, the endophytic community was dominated by Dothide-
omycetes followed by Sordariomycetes, which is similar to
a pattern seen in Citrus limon as well [10]. Pleosporales and
Eurotiales both had the most endophytic species in associa-
tion with mandarin. Members of these orders in association
with Citrus plants have been mentioned by Douanla-Meli
et al. [10] and Duran et al. [11]. It seems that these fungi
form an important, intimate, and long-lasting relation with
C. reticulata. These data may indicate coevolution of those
fungi and Citrus species.

Considering the fungal species, the endophytic com-
munity of C. reticulata comprised taxa belonging to the
genera Alternaria, Penicillium, Phomopsis, and Clad-
osporium which are previously reported as endophytes of
Citrus trees [5, 10, 11, 14]. Other genera that were found
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in the present study and have not been commonly isolated
included Pseudozyma, Talaromyces, Meyerozyma, Phaeo-
acremonium, Aureobasidium, Myrothecium, Neosetophoma,
Scedosporium, Dothideomycetes, Didymella, and Ascochyta.
However, the taxa Aureobasidium pullulans, Penicillium cit-
rinum, Dothideomycetes sp. were the most frequent fungi
in the present study. P. citrinum has been shown to be a
common fungus isolated from different environmental con-
ditions, ranging from permafrost sediments to agricultural
fields and forest soils [13, 44]. P. citrinum is a well-known
species due to producing mycotoxin citrinin, cellulose-
digesting enzymes like cellulase, endoglucanase, and xylu-
lase [12, 49] and gibberellins [17, 21].

Aureobasidium pullulans has been used as a microbial
antagonist against a diverse array of grapevine pathogens,
including postharvest fungi [30, 36, 37] due its competition
for nutrients and space, production of pectolytic enzymes,
polysaccharides, or antimicrobial metabolites [13, 26].
Dothideomycetes sp. is also capable of producing second-
ary metabolites and a large amount of 2-hydroxymethyl-
3-methyl-cyclopent-2-enone, a useful scaffold for organic
synthesis [6].

The genus Fusarium represented the most abundant endo-
phytic fungi recovered from roots of C. reticulata nearly in
all sampling sites. The species of Fusarium are among the
most frequently isolated endophytes in tropical plants [48]
and able to descend subsequent invasions made by aggres-
sive fungi through niche partitioning [25].

In this study, it is found that some endophytic species
were restricted only to one vegetative part. For instance, Sce-
dosporium apiospermum and Pseudozyma flocculosa were
isolated only from trunk and branches, respectively. Also,
Phaeoacremonium parasiticum and Fusarium solani were
limited only to plant roots. The tissue-dependent specializa-
tion in host—endophyte relations is not unusual and has been
evidenced in other plants. It may be stemming from high
affinity of endophytes to establish within a specific chemis-
try or texture of different host tissues [33, 34].

According to our findings, the maximum diversity of
endophytes occurred in the trunk tissue. The root, stem, and
leaf were ranked the next (from high to low). Low coloniza-
tion frequency (%) in mandarin leaves is also observed in
leaves of many other tropical plants [9, 24], as well as the
other Citrus species [10]. Possibly, long-term exposure of
the trunk can provide an appropriate opportunity for associa-
tion of endophytic fungi. In our study, the total colonization
frequency and species richness of endophytic fungi in stems
were slightly higher than the leaves which is in line with
former studies [16, 46]. Shorter life time of leaves compared
with the other vegetative organs may explain the low colo-
nization frequency and species richness of the endophytes
in this organ. Furthermore, the structure and substrates of
the stem can influence infection of the endophytic fungi and
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increase their colonization frequency and species richness
[15, 34, 46].

We also found difference in endophyte colonization
among various sampling sites. For instance, the endophyte
colonization in Roudan was lower than Siyahoo and Sikho-
ran. The ecological and environmental conditions such as
lower annual rainfall and comparatively low annual tempera-
ture may affect colonization of host tissues by endophytes.
In particular, sampling from plants in their biogeographic
areas of origin would reveal the ways in which introduction
to novel environments changes the fungal associations with
which economically important plants species associate. It
is reported that cupressaceous trees cultivated in non-native
areas, maintained a lower diversity of fungal endophyte than
the native species [20]. Siyahoo region is attributed with
tropical climate accompanied with heavy and comparatively
long spanned annual rain fall. Thus, maximal diversity index
and species richness at Siyahoo is in concordance with the
favorable conditions found there for fungal growth and dis-
persion. The high dominance and low richness in the fungal
endophyte community of C. reticulata in Roudan can be
attributed to the extremely hard environment conditions,
such as drought. Other reason could be the fact that man-
darin trees in this sampling site are subjected to excessive
fungicide sprays annually, that may decrease endophyte col-
onization. We also observed location-specific distribution of
certain endophytes at least at species level. Neosetophoma
sp. was specific to Siyahoo, likewise Pseudozyma flocculosa
was exclusively isolated from Roudan whereas Aureoba-
sidium iranianum and Myrothecium sp. were restricted to
Siyahoo and Ahmadi. Space limited distribution of these
taxa indicates spatial structuring of endophytic communities.

Fungal endophytes colonization was also influenced
by season in our study. We found high colonization fre-
quency of most endophytic species in autumn followed by
winter and spring. The season of sampling affected either
colonization frequency and species richness or type of taxa
throughout the sampling season. In summer, Cladosporium,
Fusarium, and Alternaria exhibited the highest frequencies.
Aureobasidium iranianum and Aureobasidium melanogenum
were observed only in autumn and winter. Further, increase
in frequencies of Penicillium citrinum and Dothideomycetes
sp, in autumn indicates seasonal effect on fungal endophytic
communities. Environmental factors, such as temperature,
humidity, and ecological niches may affect endophyte vari-
ation and have a determinant role in spread and germination
success of endophytic fungal spores [39]. This seasonal vari-
ation in the fungal endophytic communities is in accordance
with former reports [16, 27]. Greater species richness of
mandarin trees in autumn compared to spring could be due
to higher rainfall. Rain splashes help in release of inocu-
lum materials, and high humidity and low temperature help
fungal spore germination and reproduction, causing high

infection rate and fungal establishment in autumn and winter
seasons. There is a discrepancy regarding the effect of sea-
sons on colonization frequency. For instance, it is reported
the highest endophyte colonization frequency in needle of
Pinus tabulaeformis occurred in spring [16]. Findings of
Collado et al. [8] in Quercus ilex also confirmed the high-
est species richness of endophytes in spring. In contrast,
Helander et al. [19] showed that season of sampling has no
effect on colonization frequency of endophytes in old nee-
dles of Scots pine, whereas in young needles the coloniza-
tion frequency was increased in summer.

Overall, our findings indicate that the fungal endophytes
in the mandarin tree can be affected by the tissue type, host
plant location, and season. Although this is the first work on
fungal endophytes of the mandarin tree and on factors that
may structure their communities, more research is required
to identify the functional and ecological significance of
these fungal endophytes. Some of the species identified
have been described as having antagonistic characteristics
and potentials to promote plant growth. Therefore, a bet-
ter understanding of this complex network of interactions
between the mandarin tree and fungal endophytes and/or
the consequence of these interactions would help to enhance
mandarin’s productivity and sustainability.
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