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 Cantharellus is one of the most widely used ectomycorrhizal fungus in the 
world, which forms mycorrhizal communities with various plant species and 
plays a major ecological role in forest ecosystems. The present study is the 
first report to know the extent of genetic diversity and differentiation of 
Zarde-Kija mushroom populations using microsatellite markers within the 
internal transcribed spacer (ITS). In this study, 70 fungal samples were 
collected from six populations of this species in the Hyrcanian Forest 
(Gorgan, Neka, Sari, Noor, Chalous, and Rasht populations) and its genetic 
diversity and structure were measured. The number of observed alleles ranged 
from 5 to 7 and the expected heterozygosity ranged from 0.320 to 0.864. 
AMOVA analysis showed that the largest portion of the genetic variation was 
among individuals within the population (95%), whereas 5% was among 
populations. The mean coefficient of differentiation (FST) was 0.096, which 
indicates the medium genetic differentiation between the populations under 
study. The mean inbreeding value (FIS) and gene flow (NM) were 0.853, 
2.509, respectively. Most loci showed deviation from Hardy–Weinberg 
equilibrium due to the excess of heterozygotes in all populations. The genetic 
landscape shape plot revealed that high pairwise genetic distances among 
individuals in central populations of the Hyrcanian forest. This study revealed 
that the effective population size of Zarde-Kija has been decreased in the 
Hyrcanian forest and emphasizes the need to develop an effective strategy for 
the conservation of this species. However, it is suggested that research on this 
species be repeated using stronger markers and more populations to increase 
the accuracy of the results. 
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Introduction 

Mushrooms play a very important role in the 
functioning of an ecosystem because of their 
importance in the nutrient cycle of plants and 
animals, forest diseases, as well as the 
coexistence of two different organisms (Smith 
and Read, 2008). Most mushrooms form 
mycorrhizal communities with various plant 
species (Jany et al., 2006). Communities of 
symbiosis formed between mycorrhizal 

mushrooms (EM) and most forest trees are one 
of the most common forms of symbiosis in forest 
ecosystems (Molina et al., 2001). This group of 
mushrooms develops into symbiotic 
communities with the micro-roots of trees that 
form ectomycorrhizae (EM) (Koch and Aime, 
2018). Their existence is essential to the survival 
and exploitation of forestry (Pilz et al., 2003). 
As a result, forest management activities and the 
overexploitation of fungi may negatively affect 
production continuity (Lu et al., 2018). 
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Zarde-Kija (Cantharellus spp.) is one of the 
most widely used ectomycorrhizal fungus in the 
world, found in nearly all continents that have 
adapted host trees, and is considered a bio-
indicator of forest health (Parad et al., 2018). 
Concerns about the survival and sustainability of 
Zarde-Kija populations in the Hyrcanian forests, 
due to the increasing trend towards deforestation 
and the need to prioritize important areas is 
increasing and requires careful planning to 
secure its genetic diversity. Many studies are 
carried out on species of the genus Zarde-Kija 
worldwide, primarily to identify its various 
species using molecular markers (Bergemann 
and Largent, 2000).  Some studies have been 
conducted on the genetic diversity of species in 
this genus using microsatellite markers (c). 
Dunham et al. (2003 a, b) studied the genetic 
diversity of Cantharellus formosus in 6,400 
hectares of Oregon's forests with five 
microsatellite markers to provide an appropriate 
management plan to protect threats. The results 
showed that the observed heterozygous ranged 
from 23 to 70 percent and was expected to range 
from 54 to 83 percent.  
However, at a higher level, forest managers 
should have sufficient information about spatial 
patterns associated with intragroup genetic 
diversity, because these patterns can provide 
important clues about the evolution of the 
environment and population events in the past 
and present, especially for species that are not 
easily visible during their lifetime (Wang et al., 
2019). Therefore, exploring the genetic variation 
especially in the macro-fungi population is an 
important phase in conservation ecology to find 
a reasonable conservation strategy. 
The main purposes of this study were to 
understand the genetic diversity and population 
structure of Cantharellus spp. using SSR 
markers, and relationships of this species in 
different ecological groups. This study provides 
valuable information on the genetic parameters 
of Zarde-Kija for the first time. 

Materials and Methods 

Sampling and SSR amplification  

Six populations of Zarde-Kija were chosen along 
with the geographic ranges of Hyrcanian forests 
(Fig. 1).  To avoid a genetic relationship among 

individuals, the samples were taken at least 20 
meters’ distances from each other as the protocol 
was described by Rochon et al. (2011). 
Total DNA was extracted from the internal parts 
of the basidiomycetes using a K protein protocol 
(0.8 M Tris-HCl, 0.2 M (NH4)2SO4, 0.2% w/v 
Tween-20; Solis BioDyne, Tartu, Estonia) in a 
lysing pad (Parad et al., 2018; Loit et al., 2019). 
Five SSR markers with high polymorphism and 
successful amplification were chosen based on 
Dunham et al. (2003a) (Table 1). PCR 
amplifications were performed in a total volume 
of 15μL containing 0.5μL of genomic template 
DNA, 0.2 μL of 10 pmol forward primer with a 
fluorescence dye, 0.2 μL of 10 pmol reverse 
primer, 1.0 μL (with 2.5 mM MgCl2) of PCR 
buffer, 0.2 μL (each 10 mM) of dNTPs, and 0.05 
μL (5 U/μL) of Taq DNA polymerase (Incline 
Biotech, Gyeonggi-do, Korea). PCR conditions 
were an initial denaturation at 95°C for 3 min; 
followed by 35 cycles at 95°C for 45 seconds 
(initial denaturation), annealing at 56°C for 1 
min, extension at 72°C for 1 min, and a final 
extension at 72°C for 5 min. PCR amplicons 
were visualized on 8% acrylamide gel and allele 
size was scored using GeneMapper ver. 5.0. 

Statistical analysis 

The presence of null alleles at each locus was 
calculated by the expectation-maximization 
algorithm (Dempster et al., 1977) using FreeNA 
(Chapuis and Estoup, 2007). The genetic 
diversity parameter number of alleles (NA), the 
effective number of alleles (NE), observed 
heterozygosity (HO), the expected heterozygosity 
(HE), Fixation Index (F value), and the 
inbreeding coefficient (FIS) measured GenAlEx 
6.5 (Peakall and Smouse, 2012). 
Inbreeding coefficients (FIS) for each population 
over all loci, and each locus across all 
populations were calculated using FSTAT 
2.9.3.2 (Goudet, 2001) with 1000 permutations 
and p values were adjusted using sequential 
Bonferroni corrections. Departures from Hardy-
Weinberg equilibrium at each locus were 
assessed by GenAlEx 6.5 (Peakall and Smouse, 
2012). Pairwise FST values, gene flow (NM), and 
analysis of molecular variance (AMOVA) were 
computed using GenAlEx 6.5 (Peakall and 
Smouse, 2012). 
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Fig. 1. Geographic sample points of the Cantharellus sp. populations under study (left) and the fungi in natural 
habitats (right). 
 

Table 1. Characteristics of Zarde-Kija microsatellites. 

Primer Name Primer sequence (5′→3′) Annealing temperature (˚C) Allele size range 
1 Cf339F GAATCGGGTTCGCAGAAG 55 173-182 

 Cf339R CTTAGCCCAAGCGTCTTC 55  
2 Cf126F GCTTGTGCGGGATGACGG 55 221-231 

 Cf126R CGAACACGCCCTACTGCC 55  
3 Cf113F CGATCTCGCTGTTATTGGAG 55 96-120 

 Cf113R GCTAGAGCGACAATAACCTC 55  
4 Cf642F CTATGCAAATCCGCCAGC 55 275-279 

 Cf642R GATACGTTTAGGCGGTCG 55  
5 Cf145F GTACGAAACTGATTGGATGG 55 342-373 

 Cf145R CATGCTTTGACTAACCTACC 55  
 

Results 

Genetic diversity analysis 

From the five SSR markers understudy, four 
markers showed a polymorphic pattern. The 
genetic parameters of the investigated loci are 
shown in Table 2. The number of alleles per 
primer ranged from a minimum of 2 (CF339 and 
CF640 markers, Sari and Chalous populations) 
to a maximum of 10 (CF339 marker, Neka 
population) with an average count of 10.5 alleles 
per primer. The inbreeding coefficient among 
populations (FIT) values ranged from 0.707 
(CF126 primer) to 1.000 (CF640), with a mean 
of 0.853 (Table 3). The values for HO ranged 
from 0.000 (CF113, CF339, CF640 markers 
from Nour population, CF339, CF126 and 

CF640 from Sari population, CF640 marker 
from Neka and Chalous population, CF113, 
CF339 and CF640 markers from Rasht 
population, CF113 and CF640 markers from 
Gorgan population) to 0.571 (CF126 markers 
from Rasht population), with an overall mean of 
0.113, while the values of HE ranged from 0.320 
(CF339 marker from Sari population) to 0.864 
(CF339 marker from Neka population), with a 
general mean of 0.728. In all studied locus, all 
populations showed excess homozygosity. The 
average number of migrants per generation (NM) 
in the whole population and across all the loci 
was found to be 2.50 (Table 3). In all 
populations under study, lower than 5% of the 
loci did not differ significantly (p >0.05) 
departure from the HWE (Table 2). 
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Structure analysis 

The pairwise Nei’s genetic distances (DS) 
among populations ranged from 0.171 (Noor and 
Neka populations) to 0.747 (Chalous and Noor 
populations) (Table 4, above the diagonal). The 
highest and lowest pairwise FST were observed 
between Nour and Chalous population (0.103) 

and Neka and Nour population (0.025), 
respectively (Table 4, below the diagonal). 
AMOVA analysis showed that the largest 
portion of the genetic variation was among 
individuals within the population (95%), 
whereas 5% was among populations (Table 5).  

 

Table 2. Genetic variability of microsatellite loci in six populations of Zarde-Kija. 
 CF113 CF339 CF126 CF640 Mean 
Gorgan NA 4 7 6 4 5 

NE 3.240 5.765 4.378 2.909 4.073 

HO 0.000 0.143 0.111 0.000 0.031 

HE 0.691 0.827 0.772 0.656 0.737 

(F value) 1.000 0.827 0.856 1.000 0.921 

pHw *** *** * *** - 
Neka NA 6 10 8 4 7 

NE 4.737 7.377 6.081 3.073 5.317 

HO 0.133 0.133 0.200 0.000 0.117 

HE 0.789 0.864 0.836 0.675 0.791 

(F value) 0.831 0.846 0.761 1.000 0.859 

pHw *** * *** * - 
Sari NA 7 2 6 4 5 

NE 4.900 1.471 4.829 3.571 3.693 

HO 0.143 0.000 0.000 0.000 0.036 

HE 0.796 0.320 0.793 0.720 0.657 

(F value) 0.821 1.000 1.000 1.000 0.955 

pHw *** *** *** *** - 
Nour NA 6 6 8 3 6 

NE 3.273 3.667 5.647 2.880 3.867 

HO 0.000 0.000 0.417 0.000 0.104 

HE 0.694 0.727 0.823 0.653 0.724 

(F value) 1.000 1.000 0.494 1.000 0.873 

pHw ** ** *** *** - 
Chalous NA 7 6 6 2 5 

NE 5.042 4.629 4.082 1.658 3.853 

HO 0.545 0.222 0.100 0.000 0.217 

HE 0.802 0.784 0.755 0.397 0.684 

(F value) 0.320 0.717 0.868 1.000 0.726 

pHw *** *** ns *** - 
Rasht NA 6 5 6 4 5 

NE 5.000 4.571 4.900 3.556 4.507 

HO 0.000 0.000 0.571 0.000 0.143 

HE 0.800 0.781 0.796 0.719 0.774 

(F value) 1.000 1.000 0.282 1.000 0.821 

pHw *** ** *** *** - 
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Table 3. NM, FST and FIS index of four microsatellite loci in six populations for Zarde-Kija. 
Locus CF113 CF339 CF126 CF640 Mean 
NM 2.664 1.898 3.619 1.855 2.509 
FST 0.089 0.116 0.065 0.119 0.096 

FIS 0.820 0.884 0.707 1.000 0.853 
 

Table 4. Pairwise Nei’s (above the diagonal) and Fst (below the diagonal) genetic distances between geographical 
populations of Zarde-Kija. 

Population Gorgan Neka Sari Nour Chalous Rasht 

Gorgan - 0.200 0.314 0.365 0.612 0.400 

Neka 0.028 - 0.352 0.171 0.566 0.343 

Sari 0.059 0.060 - 0.321 0.473 0.445 

Nour 0.052 0.025 0.060 - 0.747 0.517 

Chalous 0.091 0.079 0.091 0.103 - 0.305 

Rasht 0.051 0.039 0.072 0.063 0.050 - 
 

Table 5. Summary of the AMOVA results for 71 specimens of Zarde-Kija. 
Source of variation DF SS MS VC POV 
Between populations 5 50.510 10.102 0.345 5% 
Within populations 65 393.251 6.050 6.050 95% 
Total 70 443.761  6.395 100% 

DF: Degree of freedom; SS: Sum of squares; MS: Mean of squares; VC: Variance component; POV:  Percentage of variation. 
 

Genetic landscape shape plot showing patterns 
of spatial genetic distance for 6 populations of 
Cantharellus sp (Fig. 2). X and Y axes 
correspond to geographic coordinates and the Z-
axis (height) corresponds to the genetic distance 
between individuals. Peaks are indicative of 
areas with high pairwise genetic distances and 
valleys are indicative of areas with low pairwise 
genetic distances. 

Discussion 

The present study is the first genetic analysis of 
Cantharellus along a latitudinal gradient in the 
southern Caspian Sea. Based on the economic 
and nutritional importance of Cantharellus 
species and its ecological value in Hyrcanian 
forests, we evaluated the genetic diversity of this 
ectomycorrhizal mushroom in six different 
geographic habitats. Our results indicated that 
the Neka population had the highest alleles 
average (7 alleles) and effective alleles (NE) 
values (5.317). The mean observed and expected 
heterozygosity (HO and HE) in all Zarde-Kija 
mushroom populations is 0.108 and 0.728, 
respectively.  This value for Ho is very low, even 
in comparison with the amount of observed and 
expected heterozygosity in Cantharellus 
formosus, reported by Dunham et al. 2003. 
Temperature and humidity along with the type of 
vegetation are the main factors for the presence 
of Zarde-Kija in the Hyrcanian forest. These 

conditions are more available in the central and 
eastern part of the Hyrcanian forest (Except for 
some microhabitats in the western part) and due 
to this reason, it is expected to have habitats with 
high density and possibly high diversity on this 
side of the Hyrcanian forest.  
To date, most of the forest area dominated by 
Zarde-Kija especially in the plain region in the 
southern Caspian Sea is under severe human 
impacts. Although Zarde-Kija is used by the 
villagers in all areas of the Hyrcanian forest, its 
use is much greater in the central and eastern 
parts of the Hyrcanian forest. Therefore, human 
disturbances and the mating system could be the 
major causes for the lower degree of genetic 
diversity of Zarde-Kija in the Hyrcanian forest.  
Deviation from the Hardy-Weinberg 
disequilibrium for the understudy species could 
be happened by a Wahlund effect, presence of 
null alleles, a propensity to autogamy, or any 
mix of these reasons (Fiore-Donno and Martin, 
2001; Dunham et al., 2003a; Wadud et al., 2006; 
Roy et al., 2008; Shirmohammadli et al., 2018). 
Another reason explained by Dunham et al. 
(2003a) and Jany et al. (2006) is the low 
efficiency of ITS microsatellite markers in 
ectomycorrhizal fungi due to the lack of 
repetitive sequences at the genome level of these 
species.  
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Fig. 2. Genetic landscape shape plot showing patterns of spatial genetic distance for 6 understudy populations. 
 

The results indicate an excess of homozygotes 
and thus high inbreeding depression in Zarde-
Kija populations. Self-fertilizes or mates with a 
relative are often made homozygous, and thus an 
inbreeding depression occurs in an outcrossing 
species (Gao and Gao, 2016). Also, inbreeding 
and thus excessive homozygotes could be a 
result of the rapidly decreased population sizes 
in the wild population (Gao, 2003). 
Inbreeding cause reduces heterozygosity, 
resistance to diseases, survival, and ultimately 
weakens the local population (Lu et al., 2018). In 
most basidiomycetes, a change in Hardy-
Weinberg equilibrium is rare (10-20%) (Wang et 
al., 2015; Mi et al., 2016; Koch and Aime, 
2018). However, in all populations of the present 
study, a shift in balance was observed. The 
heterozygote deficiency suggests a deviation 
from Hardy–Weinberg Equilibrium, which is 
observed under non-random mating and in the 
absence of selection and migration (Mi et al., 
2016). In our study, the presence of high null 
alleles, the closeness of sampling areas in each 
population, or crossbreeding could be the main 
reason for deviation in Hardy-Weinberg 
equilibrium (Danham et al., 2003; Mi et al., 
2016). In line with our study findings, results of 
Xu et al. (1997), Mi et al. (2016), Tsykun et al. 
(2017), and Lu et al. (2018), respectively on 
Agaricus bisporus, Trogia venenata, Armillaria 
cepistipes, and Leucocalocybe mongolica 
showed deviation on Hardy-Weinberg 
equilibrium in some loci. 

Conclusion 
Due to the favorable climatic conditions in the 
north of Iran and the existence of different 
ectomycorrhizal hosts species like Fagus 
orientalis, Quercus castaneifolia, Carpinus 
betulus, Alnus subcordata, and Alnus glutinosa, 
we expected the spread, abundance, and genetic 
diversity of Zarde-Kija mushroom should be in a 
better situation, but unfortunately, in recent 
decades, its habitats severely damaged due to 
deforestation, illegal logging, wood smuggling, 
the presence of livestock and recreational 
activities which influence genetic diversity and 
survival of this species at different regions of 
Hyrcanian forests. 
 The present study is the first report to know the 
extent of genetic diversity and differentiation of 
Zarde-Kija mushroom populations using ITS 
microsatellite markers. Despite the different 
habitat conditions and geographical distance of 
the studied populations, the level of genetic 
differentiation between the populations was low. 
The main reasons for the reduction of genetic 
diversity of fungal populations are the 
degradation of habitat, the same climatic 
conditions, the same seas, and as well as long-
distance spore and mycelium distribution (Zhao 
Meng-ran et al., 2016). On the other hand, low 
genetic differentiation among Zarde-Kija 
populations could be due to the high genetic 
exchange between the populations, especially 
due to human activities. However, to obtain 
more accurate information about the genetic 
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diversity of this fungus, it is suggested that in 
future research, markers of other gene regions 
along with larger populations of this fungus be 
used. 
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