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The colonization of 120 plant species by dark septate endopytes (DSE) in the valley-type savanna of 
Jiansha River, southwest China was investigated. It was found that about 84% of plants were colonized 
by DSE to some extent. Morphological polymorphism of DSE was observed and 8 plant families were 
recorded as potential hosts for DSE. High colonization rate of DSE in the savanna vegetation implies 
that these fungi may play an important role in the adaption of plants to the dry-hot stress environment. 
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INTRODUCTION  
 
Dark septate endophytes (DSE) are a group of hetero-
geneous root-associated endophytic fungi which are 
characterized by melanized intercellular and intracellular 
runner hyphae and so-called microsclerotia (aggregation 
of dark, thick-walled, closely packed inflated cells) within 
epidermis and cortex of plant roots (Jumpponen and 
Trappe, 1998; Wilson et al., 2004; Mandyam and 
Jumpponen, 2005a; Muthukumar et al., 2006; Silvani et 
al., 2008). Moreover, their existence has been found pre-
valent all over the world (Jumpponen and Trappe, 1998; 
Wang and Zhao, 2005; Šraj-Kržič et al., 2006). Although, 
confusions of their taxonomic affinity and obscure effects 
on hosts remain a problem due to little understanding of 
their teleomorph (most DSE rarely sporulate or remain 
absolutely sterile under culture conditions) and their 
variable impacts on hosts ranging from positive to 
negative in different experimental conditions (Horton et 
al., 1998; Jumpponen, 2001; Girlanda et al., 2002; 
Urcelay, 2002; Grünig et al., 2004; Korhonen et al., 2004; 
Addy et al., 2005). It is likely that they may have a role as 
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a mutualist in a degenerate ecosystems, for that they 
colonize in plant roots without obviously virulent effects 
on the hosts and even may confer benefits to the host. 
The proposed benefits could be facilitation of plant 
nutrient absorption and water uptake, protection of plants 
against pathogen and herbivores, and reinforcement of 
plant tolerance to stress conditions. (Grünig et al., 2002; 
Frenot et al., 2005; Mandyam and Jumpponen, 2005b; 
Korhonen et al., 2004). So far, most of the studies have 
been concerned about their omnipresence, especially 
their occurrence in stressful cold and drought environ-
ments (Robinson, 2001; Olsson et al., 2004; Frenot et al., 
2005; Mandyam and Jumpponen, 2005a; Wu et al., 
2009). Their cryptic ecological functions as mycorrhizae 
or compensate (or alternative) of mycorrhizae imply their 
latent ecological significance in these areas (Addy et al., 
2005; Beauchamp et al., 2005; Schulz and Boyle, 2005; 
Weishampel and Bedford, 2006; Kapoor et al., 2008). But 
little attention has been paid to their occurrence in the 
savanna vegetation.  

Valley-type savanna locates in the valleys of different 
rivers in southwest China, among which Jiansha River 
valley-type savanna is the most typical one. It is an 
endangered type of savanna around the world with its 
own peculiarity and diversity of  vegetation  (Jin  and  Ou, 
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Table 1. The natural conditions and numbers of the samples collected in the sample sites. 
 

Sampling site Location 
AT  

(°C) 

AP  

(mm) 

No. of plant 
families 

No. of plant 
species 

No. of plant sample 
(w/h) 

P 
102°13' to 102°57'E   
25°24' to 26°22'N 

15.6 963.9 28 46 46(16/30) 

X 
102°47' to 103°18'E 
25°47' to 26°32'N 

20.2 700 12 29 29 (2/27) 

Y 
101°35' to 102°06'E 
25°23' to 26°06'N 

21.9 629 29 67 67(12/55) 

Total 
   

41 120 142(30/112) 
 

P, Pudu River; X, Xiao River; Y, Yuanmou; AT, annual mean temperature; AP, annual mean precipitation; w/h, numbers of woody 
samples/numbers of herbaceous samples. 

 
 
 
2000). The occurrence of DSE in this special savanna 
vegetation was investigated and the morphological poly-
morphism of DSE and its ecological role in this stressful 
ecosystem was also discussed in the present study.  
 
 
MATERIALS AND METHODS 
 
Study sites 

 
Dry-hot valleys in Jiansha River lie in the southwest of China 
(25°40’-28°15’N, 100°30’-103°30’E), mainly in Yunnan and Sichuan 
provinces. The annual mean temperature and precipitation are 20 
to 27°C and 600 to 800 mm, respectively (mainly from June to 
October). The evaporation is almost six times as much as its pre-
cipitation. The valley-type savanna vegetation which is composed of 
grasses and dwarf bushes is developing in these dry-hot valleys 
(Jin and Ou, 2000; Zhao, 2006; Li et al., 2007). In the present study, 
three valley-type savanna communities, Pudu River (P), Xiao River 

(X) and Yuanmou (Y) developing in Jiansha River in Yunnan 
province were chosen as study sites. The locations and climatic 
information of the study sites are shown in Table 1. 
 
 
Sample collecting and processing 
 
Plants in the sample areas were randomly collected and taken back 
to the lab for further processing. The numbers of plant samples 

collected from each site are shown in Table 2. Roots of each sam-
ple were washed under running tap water to remove contaminants 
and then fixed in 1/2 FAA (formalin: glacial acetic acid: 70% ethanol 
= 1:1:18 V/V/V, diluted twice when using). 

 
 
Estimation of dark septate endophytes (DSE) colonization in 
plant roots 

 
The fixed roots were taken out and cleared in 10% KOH in a water 
bath of temperature 90°C for 1 to 2 h. Then the root samples were 
processed with the method as described by Berch and Kendruch 
(1982). The stained roots were cut into short pieces of about 2 cm 
and put onto slides to examine the fungal colonization under a light-
compound microscope (Olympus BX-31) at 400× magnification. 
The colonization extent of hyphae (H%) and microsclerotia (MS%) 
was estimated according to the magnified intersection method 

(McGonigle et al., 1990) and the fungal morphologic characters 
were photographed under a light-compound microscope (Olympus 
BX-51). 

Statistical analysis  

 
Difference of colonization extent of DSE among three sample sites, 
and between woody and herbaceous plants in each site was 
analyzed by the package of SPSS 12.0. Data on percentage of 
DSE colonization were arcsine transformed to fulfill the assumption 
of normality and homogeneity of variances before analysis. 

 
 
RESULTS 
 
Colonization of dark septate endophytes (DSE) in 
plant roots 
 

The colonization status of DSE in dry-hot valleys of 
Jiansha River was shown in Table 2. About 84% 
(119/142) of plant specimens investigated were colonized 
by DSE in the valley-type savanna of Jiansha River. The 
colonization frequency of DSE in P, X and Y were 94% 
(43/47), 72% (21/29) and 82% (55/67), respectively 
(Table 2). The colonization extent of most plants (70%) 
was below 30% (Table 3). There were 8 plants whose 
hyphal colonization extent was above 50% with the 
maximal colonization extent of 93% in Nouelia insignis 
(P) (Tables 2 and 3). Meanwhile, the occurrence of 
microsclerotia was only found in 52 plant samples, 
among which the colonization extent of 39 samples was 
below 5% (Tables 2 and 3). The colonization extent of 
microsclerotia in Laggera alata (P), Cymbopogon distans 
(P), Reinwardtia indica (P), Desmodium microphyllum (Y) 
was above 10%. The highest reached 33% in 
Cymbopogon distans (Tables 2 and 3).   

Eight (8) plant families, Agavaceae, Amaranthacae, 
Coriariaceae, Gesneriaceae, Musaceae, Pteridaceae, 
Thymelaeaceae and Verbenaceae were recorded as 
DSE hosts for the first time in the present study. It was 
noticed that plants of two domain plant families, 
Asteraceae and Poaceae, were extensively colonized by 
DSE. The non-existence of fungal structures was found 
only in four samples of Bidens bipinnata (X), Laggera 
pterodonta (X), Arthraxon hispidus (Y) and Paspalidium 
flavidium (Y) in the two families (Table 2).  

The  mean  hyphal  colonization  extent  of  herbaceous 
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Table 2. Colonization extent of DSE in the valley-type savanna in southwest China. 
 

Plant 
Sample 

site 
H% MS% Plant 

Sample 
site 

H% MS% 

Acanthaceae 
   

Asteraceae 
   

Barleria cristata P 57.33 2 Xanthium sibiricum  X 0.67 0 

  Y 45.95 0   Y 5.33 0 

Strobilanthes cusia P 22 5.33 Zinnia elegans Y 11.33 0 

Adiantaceae 
   

Bignoniaceae 
   

Adintum philipense Y 4.67 0 Incarvillea arguta  P 2 0 

Agavaceae  
   

  Y 10.67 0 

Agave americana Y 35.33 0.67 Boraginaceae 
   

Amaranthacae 
   

Cynoglossum laceolatum  Y 9.88 0 

Achyranthes aspera P 0 0 Brassicaceae 
   

  Y 3.75 0 Sophora davidii  P 2.74 0 

Amaranthus spinosus X 2 0 Cactaceae 
   

A. viridis Y 0 0 Opuntia stricta X 15.33 0.67 

Asclepiadaceae 
   

Chenopodiaceae 
   

Calotropis gigantea X 11.19 0 
Chenopodium 
ambrosioides   

P 0.67 0.67 

   Y 21.33 2   X 0 0 

Cryptolepis buchananii  P 21.53 0   Y 0 0 

Asteraceae 
   

Convolvulaceae 
   

Artemisia roxburghiana X 39.33 2.67 Ipomoea batatas Y 28.92 1.2 

Bidens bipinnata X 0 0 Porana racemosa  X 12 0 

  Y 28 0 Coriariaceae 
   

Blainvillea acmella Y 4.67 0 Coriaria sinica P 17.31 0 

Conyza. blinii Y 4 0.67 Cyperaceae 
   

C. anadensis  Y 22 1.33 Cyperus niveus           Y 10.67 0.67 

C. japonica X 2 0 C. rotundus X 54.67 0.67 

Eupatorium adenophorum  P 8.33 0    Y 21.33 0 

Helianthus annuus     Y 3.33 0 Eriophorum comosum Y 44 2 

Laggera alata P 1.33 10.67 Equisetaceae 
   

  X 34 6 Equisetum diffusum  Y 3.33 0 

 L. pterodonta X 0 0 Euphorbiaceae 
   

     Y 1.33 0 Acalypha acmophylla Y 25.33 0.67 

Nouelia insignis P 92.67 0.67 Elsholtzia cypriani  Y 7.33 0 

Parthenium hysterophorus Y 12.67 2.67 Euphorbia antiquorum P 21.33 0 

Siegesbeckia orientalis P 0.67 0 E. heterophylla Y 2.67 0 

  X 22 0.67 E. hirta X 11.27 0.7 

        Y 10 0.67   Y 19.33 0.67 

Sonchus oleraceus Y 8.67 0 E. royleana     Y 52.21 1.47 

Tridax procumbens X 0 0 
    

Euphorbiaceae 
   

Moraceae 
   

E. thymifolia Y 57.33 4 Ficus tikoua  P 25.33 5.33 

  X 0 0 Musaceae 
   

Glochidion puberum P 6.67 0 Musa nana Y 1.33 0.67 

Ricinus communis   Y 0 0 Myrtaceae  
   

Gesneriaceae 
   

Eucalyptus citriodo Y 0 0 

Corallodiscus flabellatus Y 0.67 0 Nyctaginaceae  
   

Labiatae 
   

Boerhavia diffusa Y 10.53 1.05 

Elsholtzia rugulosa P 20.67 0 Oleaceae 
   

E. stachyodes X 1.39 0 Fraxinus malacophylla P 56 0 

Ocimum basilicum  Y 6.67 0 Poaceae    
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Table 2. Contd. 
 

Paraphlomis lancidentata X 21.33 0 Andropogon yunnanensis P 8.67 7.33 

Rabdosia sculponeata  P 6 0.67    X 0.67 0 

Leguminosae 
   

Arthraxon hispidus X 0 0 

Acacia farnesiana Y 30 2.67 Bothriochloa pertusa X 20.67 9.33 

 Albiazia kalkora  Y 1.74 0   Y 64.67 10 

Alysicarpus vaginalis Y 10.71 0 Chloris virgata X 14.67 2 

Atylosia scarabaeoides Y 41.33 1.33 Cymbopogon distans X 34.67 4.67 

Arachis hypogaea   Y 4 0    P 0.67 32.67 

Cajanus cajan Y 39.33 0 Digitaria cruciata X 48 0 

Crotalaria reynaudiana  Y 0 0 Heteropogon contortus X 4 0.67 

Dalbergia yunnanensis  P 29.33 0   Y 0.67 0.67 

Desmodium microphyllum Y 25.33 17.89 Neyraudia reynaudiana P 23.33 0 

D. multiflorum X 0 0    Y 42.67 0.67 

Flemingia strobilifera P 23.33 0 Paspalidium flavidium  Y 0 0 

Glycine max   Y 0.67 0 Setaria plicata P 4.67 1.33 

Indigofera linifolia X 29.33 0 Tripogon bromoides P 20.67 0.67 

Tamarindus indica  Y 4 0   Y 37.33 6.67 

Tephrosia purpurea    Y 0 0 Zea mays Y 0.67 0 

Vigna aconitifolia  Y 5.33 0 Polygonaceae 
   

Linaceae 
   

Polygonum hydropiper X 0 0 

Reinwardtia indica  P 2.3 10.34 P. statice Y 0 0 

Malvaceae 
   

P. urophyllum P 3.33 0 

Abutilon indicum Y 16 0 Pteridaceae 
   

Sida acuta Y 5.33 0 Onychium lucidum P 18 0 

S. szechuensis P 4 0 Pteris vittata  P 2 0 

  X 2.31 0 Rhamnaceae 
   

   Y 0 0 Ziziphus mauritiana  Y 4.67 0 

Urena procumbens P 0 0    P 62.67 6.67 

Rosaceae 
   

Thymelaeaceae 
   

Agrimonia nepalensis P 8 2 Wikstroemia canescens P 18 0 

Spiraea martinii  P 40 0 Ulmaceae 
   

Rubhceae 
   

Trema angustifolia  P 16 0 

Emmenopterys henryi  P 14 0 Urticaceae 
   

Rubia cordifolia P 22 0.67 Debregeasia edulis P 0 0 

Rutaceae 
   

Pouzolzia sanguinea  P 4 0 

Boenninghausenia 
sessilicarpa 

P 2.67 1.33 Verbenaceae 
   

Sapindaceae 
   

Verbena officinalis  P 8 2 

Dodonaea anfustifolia Y 14 2 Vitex negundo  P 15.87 0 

Selaginellaceae  
   

   Y 18 0 

Selaginella davidii P 12 0 Zygophyllaceae  
   

S. pulvinata  Y 24 2 Tribulus terretris   Y 0 0 

S. sinensis Y 30 6 
    

Solanaceae  
       

Capsicum annuum  Y 0 0 
    

Datura stramonium Y 0 0 
    

Solanum indicum    P 8 0 
    

S. verbascifolium P 20.67 0 
     

P, Pudu River; X, Xiao River; Y, Yuanmou; H%, colonization extent of hyphae in root samples; MS%, colonization extent of microsclerotia in root 
samples. 
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Table 3. Colonization extent of hyphae and microsclerotia in the different sites. 
 

Colonization extent of 
hyphae 

NC in sampling sites Colonization extent of 
microsclerotia 

NC in sampling sites 

P X Y P X Y 

0 3 8 12 0 29 19 42 

0 to 30% (≤30%) 38 16 45 0 to 5% (≤5%) 10 8 21 

30 to 50% (≤ 50%) 1 4 7 5 to 10% (≤10%) 4 2 3 

50 to (>50%) 4 1 3 10 to (>10%) 3 0 1 

Max 92.67% 54.67% 64.67% Max 32.67% 9.33% 17.89% 
 

 P, Pudu River; X, Xiao River; Y, Yuanmou; NC, Numbers of plant samples being colonized. 

 
 
 
Table 4. Hyphal colonization extent of woody and herbaceous plants in the different sites 

 

Sampling 
site 

woody  

  
  
  

herbaceous 

  
  
  

woody+herbaceous 

  Mch (%) Mcm (%) Mch (%) Mcm (%) Mch (%) Mcm (%) 

P 26.9±6.3 1.2±0.5 9.7±1.6 2.5±1.1 15.7±0.7 2.0±0.8 

X 6.8±4.4 0.0±0.0 13.6±3.2 1.0±0.4 13.2±3.0 1.0±0.4 

Y 11.7±3.9 0.5±0.3 14.6±2.3 1.2±0.4 14.0±2.0 1.0±0.3 

P+X+Y 19.4±3.9 0.8±0.3 13.0±1.4 1.5±0.4 14.4±1.4 1.4±0.3 
 

P: Pudu River; X: Xiao River; Y: Yuanmou; Mch (%): mean colonization extent of hyphe in root samples ± SE; Mcm (%): mean colonization extent of 

microsclerotia in root samples ± SE. 

 
 
 
plant roots of the dry-hot valleys in Jiansha River was 
13%, lower than that of woody plants (20%). For each 
site alone, the colonization extent of herbaceous plants 
was higher than that of the woody plants in X and Y, but 
the situation was contradictory in P. The mean hyphal 
colonization extent of woody plants in P was 27%, which 
was the highest in the three sites (Table 4). 

According to analysis of variance (ANOVA), there was 
no difference of H% and MS% among three sites 
(pH%=0.398>0.05, pMS%= 0.586>0.05). Moreover, the 
colonization extent between woody and herbaceous in 
each site showed rare difference. Significant difference of 
hyphal colonization between woody and herbaceous 
plants was only found in P (pH%=0.013<0.05). 
 
 
Morphologic observation of dark septate endophytes 
(DSE) in roots 
 
The characterized darkly melanized, septate hyphae and 
microsclerotia formed by tightly packed swollen cells with 
thick-walls were the most common and distinguished 
anatomic structures in roots under microscope (Figure 
1A). Relatively, slightly pigmented hyphae and 
microsclerotia were also observed (Figure 1E). Mean-
while, some special structures were noticed, including 
hyphal coils around the inner wall of the cells (Figure 1B), 
the spore-like swells of hyphae (Figure 1F), brain-like 
microsclerotia (Figure 1H), mycelial labyrinth formed by a 
great deal of hyphae spreading over the roots (Figure 
1G), hyaline microsclerotia-like structures packing in the 

cell (Figure 1D), and strands of spores-like cells (Figure 
1C). 
 
 
DISCUSSION 
 
Occurrence of dark septate endophytes (DSE) in dry-
hot environments  
 
Ubiquity of DSE in arid environments was demonstrated 
in previous studies. DSE have been reported to form 
symbiotic association with oak trees and Carex species, 
respectively in the Whetstone Savanna in Jackson 
County, Oregon and a prairie savanna community in 
northeastern Illinois (Miller et al., 1999; Valentine et al., 
2002). The abundant and consistent colonization of 
dominant shrubs and grasses in arid southwestern USA 
rangelands by DSE was reported by Barrow and 
Aaltonen (2001). Barrow further illustrated the extensive 
colonization of DSE in this area in 2003 and 2004 
(Barrow, 2003, 2004). In a recent study of mycorrhizal 
and dark septate endophytic fungi under the canopies of 
desert plants in Mu Us Sandy Land of China, Wu et al. 
(2009) indicated a good establishment of DSE in the 
desert ecosystem, in which all the 20 dominant plant 
species examined were colonized by DSE.  

Colonization of plants belonging to Asteraceae and 
Poaceae by DSE was frequently observed (Väre et al., 
1992; Cázares et al., 2005; Menoyo et al., 2007). 
Newsham et al. (2009) reviewed that DSE were often 
recorded to  associate   with   plant   species   of  the  two 

http://dict.zhuaniao.com/en/mycelial+plaque/
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Figure 1. Morphological polymorphism of DSE in plant roots of dry-hot valleys in Jiansha River. A, 
Dark hyphae and microsclerotia in Zizyphus yunnanensis; B, hyphal coils in Euphorbia 

thymifolium; C, strands of spore-like cells in Tripogon filiformis; D, hyaline microsclerotia-like 

structures in Ipomoea batatas; E, slightly colored hyphae and microsclerotia in Laggera alata; F, 
spore-like swells of hyphae in Conyza Canadensis; G, mycelial labyrinth in Euphorbia royleana; H, 
brain-like microslerotia in Laggera alata; Bar, 50 µm.  

http://dict.zhuaniao.com/en/mycelial+plaque/
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families in Arctic and sub-Arctic ecosystems. Prevalence 
of DSE in plants of Asteraceae in the Chaco Serrano 
Woodland from central Argentina was documented by 
Fracchia et al. (2009). Among the 21 plants of 
Asteraceae they collected, there were only two non-
colonized plants. Thus, plants of these two families could 
be common hosts of DSE as shown in our study. 
Moreover, plants in the families of Agavaceae, 
Amaranthacae, Coriariaceae, Gesneriaceae, Musaceae, 
Pteridaceae, Thymelaeaceae and Verbenaceae, which 
were not included in the host range of DSE listed by 
Jumpponen and Trappe (1998), were also colonized by 
DSE in the present study. This result suggested that the 
host ranges of DSE and their distribution might be far 
beyond our knowledge. 

DSE has been assumed to form mutualistic association 
with plants in arid ecosystems (Addy et al., 2005), as they 
might improve plant fitness through their direct 
participation in water uptake of plant roots or promotion of 
plant performance in the ecosystems with threat of aridity 
(Mandyam and Jumpponen, 2005a). Our results were 
consistent with several previous field data from arid 
stress. In the present study, above 80% of plants in the 
valley-type savanna of Jiansha River were colonized by 
DSE, which suggested that DSE might form mutualistic 
association with plants in arid ecosystems (Addy et al., 
2005). Otherwise, their occurrence in some other arid 
areas might also suggest the good adaption of DSE and 
their positive influence on water absorption of plants 
(Mandyam and Jumpponen, 2005a). This is a good 
argument for the point of view that DSE may have 
beneficial impacts on plants in arid ecosystems. 

It was supposed that the difference of micro-
environment in three sites might lead to differentiation of 
fungal colonization, but no significant difference was 
detected in the present study. Additionally, discrepancy of 
colonization extent between woody and herbaceous 
plants was found only in hyphal colonization extent in P. 
This might shed light on the non-specificity of host of 
DSE, as they have been found widely colonized in woody 
and herbaceous plants (Grünig et al., 2002; Addy et al., 
2005; Schulz and Boyle, 2005). 
 
 
Polymorphism of dark septate endophytes (DSE) 
 

DSE were easily distinguished from traditional 
mycorrhizal fungi for their non-stained darkly melanized 
hyphae running inter- or intracellularly in root epidermis 
and cortex (Mandyam and Jumpponen, 2005a; Silvani et 
al., 2008). Microsclerotia with dark colors spread in the 
epidemic and cortical cells and were variable in size and 
shape. However, morphologic variations in squashed 
roots have been described by many researchers (Barrow 
and Aaltonen, 2001; Yu et al., 2001; Barrow, 2003). 
Light-color or even hyaline hyphae and microsclerotia 
which were poorly stained were simultaneously seen 
along     with    the    darkly    melanized     hyphae     and  

 
 
 
 
microsclerotia (Haselwandter and Read, 1982). This 
might illustrate that the formation and deposition of 
melanin in fugal cell walls was a consistent gradual 
course and could be considered as a mechanism of 
protection of fungi from harsh environments, such as 
droughty in our study, as melanin was hypothesized to 
enhance the rigidity of fungal cell walls as well as fungal 
resistance against irradiation, high temperature and 
desiccation (Butler and Day, 1998; Robinson, 2001; 
Vrålstad et al., 2002; Suryanarayanan et al., 2004; Addy 
et al., 2005; Zhan et al., 2011). It was quite possible that 
the pigmentation of hyphae accelerated when the 
environmental stress intensified, as researchers 
speculated that melanized fungal structures became 
dominant when the activity of host decreased (Barrow 
and Aaltonen, 2001; Barrow, 2003). The microsclerotia 
may be available propagula of the fungi in resistance to 
stress (Barrow and Aaltonen, 2001; Yu et al., 2001; Wu 
et al., 2009). And the hyaline hyphae may be physically 
active in interaction with host roots as sites of resource 
exchange (Barrow and Aaltonen, 2001). Moreover, some 
brain-like microsclerotia slightly different from 
microsclerotia usually reported in relevant studies were 
observed (Horton et al., 1998; Barrow and Aaltonen, 
2001; Girlanda et al., 2002; Rains et al., 2003). There 
was no exact elucidation of significance of these hyphal 
dysmorphosis in their lifecycles in plant roots, but the 
polymorphism of DSE might to some extent involved in 
the enhancement of fungal adaptation in xeric ecosystem 
and implied the complicated interactions between fungi 
and the host plants. 
 
 
ACKNOWLEDGEMENTS 
 

We would like to thank all the colleagues in our lab for 
helping us with the field work. We also thank Prof. Shu-
gang Lu (Biology Department, Yunnnan University) for 
identification of the plants specimen and Shi-fu Li for his 
help with statistical analysis. This research was financially 
supported by the National Natural Science Foundation of 
China (NSFC31160009; NSFC41161083). 
 

 
REFERENCES  
 

Addy HD, Pieredy MM, Currah RS (2005). Microfungal endophytes in 
roots. Can. J. Bot., 83: 1-13.  

Barrow JR, Aaltonen RE (2001). Evaluation of the internal colonization 
of Atriplex canescens (Pursh) Nutt. roots by dark septate fungi and 

the influence of host physiological activity. Mycorrhiza, 11:199-205. 
Barrow JR (2003). Atypical morphology of dark septate fungal root 

endophytes of Bouteloua in arid southwestern USA rangelands. 

Mycorrhiza, 13:239-247. 
Barrow JR (2004). Unique characteristics of a systemic fungal 

endophyte of native grasses in arid southwestern rangelands. Proc. 

USDA Forest Service, Las Cruces, pp. 54-56. 
Beauchamp VB, Stromberg JC, Stutz JC (2005). Interactions between 

Tamarix ramosissima (saltcedar), Populus fremontii (cottonwood), 

and mycorrhizal fungi: Effects on seedling growth and plant species 
coexistence. Plant Soil. 275:221-231. 

Berch   SM,   Kendrick  B  (1982).  Vesicular–arbuscular mycorrhizae  of  



 
 
 
 
southern Ontario ferns and fern-allies. Mycologia, 74: 769-776. 
Butler MJ, Day AW (1998). Fungal melanins: a review. Can. J. 

Microbiol., 44 (12):1115-1136  

Cázares E, Trappe JM, Jumpponen A (2005). Mycorrhiza-plant 
colonization patterns on a subalpine glacier forefront as a model 
system of primary succession. Mycorrhiza, 15:405-416. 

Frenot Y, Bergstrom DM, Gloaguen JC, Tavenard R, Strullu DG (2005). 
The first record of mycorrhizae on sub-Antarctic Heard Island: a 
preliminary examination. Antarctic Sci., 17:205-210. 

Girlanda M, Ghignone S, Luppi AM (2002). Diversity of sterile root-
associated fungi of two Mediterranean plants. New Phytol., 155: 481-
498. 

Grünig CR, Sieber TN, Rogers SO, Holdenrieder O (2002). Genetic 
variability among strains of Phialocephala fortinii and phylogenetic 
analysis of the genus Phialocephala based on rDNA ITS sequence 

comparisons. Can. J. Bot., 80: 1239-1249.  
Grünig CR, McDonald BA, Sieber TN, Rogers SO, Holdenriedera O 

(2004). Evidence for subdivision of the root-endophyte Phialocephala 

fortinii into cryptic species and recombination within species. Fungal 

Genet. Biol., 41: 676-687. 
Haselwandter K, Read DJ (1982). The significance of a root-fungus 

association in two Carex species of High-Alpine. Oecologia (Berl), 

53:352-354. 
Horton TR, Cázares E, Bruns TD (1998). Ectomycorrhizal vesicular-

arbuscular and dark septate fungal colonization of bishop pine (Pinus 
muricata) seedlings in the first 5 months of growth after wildfire. 

Mycorrhiza, 8:11-18. 

Korhonen J, Kytöviita MM, Siikamäki P (2004). Are resources allocated 
different to symbiosis and reproduction in Geranium sylvaticum under 

different light conditions. Can. J. Bot., 82:89-95.  

Jin ZZ, Ou XK (2000). Yuanjiang. Nujiang, Jinshajiang, Langcangjiang 
vegetation of dry-hot valley. Yunnan University Press and Yunnan 
Science and Technology Press. Kunming, China 

Jumpponen A, Trappe JM (1998). Dark septate endophytes: a review of 
facultative biotrophic root-colonizing fungi. New Phytol 140: 295-310. 

Jumpponen A (2001). Dark septate endophytes-are they mycorrhizal? 

Mycorrhiza 11:207-211. 
Kapoor R, Sharma D, Bhatnagar AK (2008). Arbuscular mycorrhizae in 

micropropagation systems and their potential applications. Sci. Hortic 

116: 227-239. 
Li LF, Zhang Y, Zhao ZW (2007). Arbuscular mycorrhizal colonization 

and spore density across different land-use types in a hot and arid 

ecosystem, southwest China. Plant Nutri. Soil Sci., 170:419-425. 
Mandyam K, Jumpponen A (2005a). Seeking the elusive function of the 

root-colonising dark septate endophytic fungi. Stud. Mycol., 53: 173-

189. 
Mandyam K, Jumpponen A (2005b). Diversity and function of fungal 

endophytes of a tallgrass prairie. Proc. Ann. Meet. Mycol. Soc. 
Japan, 49:156. 

Mandyam K, Jumpponen A (2008). Seasonal and temporal dynamics of 
arbuscular mycorrhizal and dark septate endophytic fungi in a 
tallgrass prairie ecosystem are minimally affected by nitrogen 

enrichment. Mycorrhiza,18:145-155. 
McGonigle TP, Miller MH, Evans DG, Fairchild GL, Swan JA (1990). A 

new method which gives an objective measure of colonization of 

roots by vesicular–arbuscular mycorrhizal fungi. New Phytol., 115: 
495-501. 

Menoyo E, Becerra AG, Renison D (2007 ). Mycorrhizal associations in 
Polylepis woodlands of Central Argentina. Can. J. Bot., 85: 526-531.  

Miller RM, Smith CI, Jastrow JD, Bever JD (1999). Mycorrhizal status of 
the genus Cares (Cyperacese). Am. J. Bot., 86:547-553. 

Muthukumar T, Senthilkumar M, Rajangam M, Udaiyan K (2006). 
Arbuscular mycorrhizal morphology and dark septate fungal 
associations in medicinal and aromatic plants of Western Ghats, 

Southern India. Mycorrhiza, 17:11-24. 
 

 
 
 
 
 

Zhang et al.         5347 
 
 
  
Newsham KK, Upson R, Read DJ (2009). Mycorrhizas and dark septate 

root endophytes in polar regions. Fungal Ecol., 2:10-20. 
Olsson PA, Eriksen B, Dahlberg A (2004). Colonization by arbuscular 

mycorrhizal and fine endophytic fungi in herbaceous vegetation in the 
Canadian High Arctic. Can. J. Bot., 82:1547-1556.  

Rains KC, Nadkarni NM, Bledsoe CS (2003). Epiphytic and terrestrial 

mycorrhizas in a lower montane Costa Rican cloud forest. 
Mycorrhiza, 13:257-264. 

Robinson CH (2001). Cold adaptation in Arctic and Antarctic fungi. New 

Phytol., 151: 341-353. 
Fracchia S , Aranda A , Gopar A , Silvani V , Fernandez L, Godeas A 

(2009). Mycorrhizal status of plant species in the Chaco Serrano 

Woodland from central Argentina. Mycorrhiza, 19:205-214. 
Schulz B, Boyle C (2005). The endophytic continuum. Mycol. Res., 109: 

661-686.  

Silvani VA, Fracchia S, Fernández L, Pérgola M, Godeas A (2008). A 
simple method to obtain endophytic microorganisms from field-
collected roots. Soil Biol. Biochem., 40: 1259-1263. 

Suryanarayanan TS, Ravishankar JP, Venkatesan G, Murali TS (2004). 
Characterization of the melanin pigment of a cosmopolitan fungal 
endophyte. Mycol. Res., 108:974-978. 

Šraj-Kržič N , Pongrac P, Klemenc M, Kladnik A, Regvar M, Gaberščik 
A (2006). Mycorrhizal colonisation in plants from intermittent aquatic 
habitats. Aquat Bot., 85: 331-336. 

Urcelay C (2002). Co-occurrence of three fungal root symbionts in 
Gaultheria poeppiggi DC in Central Argentina. Mycorrhiza 12:89-92. 

Valentine LL, Fiedler TL, Haney SR, Berninghausen HK, Southworth D 
(2002). Biodiversity of Mycorrhizas on Garry Oak (Quercus garryana) 

in a Southern Oregon Savanna. In Standiford RB, McCreary D, 
Purcell KL (eds). Proceedings of the fifth symposium on oak 

woodlands: oaks in California’s changing landscape. USDA Forest 
Service General Technical Report PSW-GTR-184, 151-157. 

Vrålstad T, Schumacher T, Taylor A FS (2002). Mycorrhizal synthesis 
between fungal strains of the Hymenoscyphus ericae aggregate and 

potential ectomycorrhizal and ericoid hosts. New Phytol., 153:143-
152. 

Väre H, Vestberg M, EuroIa S (1992). Mycorrhiza and root-associated 
fungi in Spitsbergen. Mycorrhiza, 1:93-104. 

Wang K, Zhao ZW (2005). Occurrence of Arbuscular Mycorrhizas and 

Dark Septate Endophytes in Hydrophytes from Lakes and Streams in 
Southwest China. Int. Rev. Hydrobiol., 91:29-37 

Weishampel PA, Bedford BL (2006). Wetland dicots and monocots 

differ in colonization by arbuscular mycorrhizal fungi and dark septate 
endophytes. Mycorrhiza, 16:495-502. 

Wilson BJ, Addy HD, Tsuneda A, Hambleton S, Currah RS (2004). 
Phialocephala sphaeroides sp. nov., a new species among the dark 

septate endophytes from a boreal wetland in Canada. Can. J. Bot., 
82: 607-617. 

Wu YQ, Liu TT, He XL (2009). Mycorrhizal and dark septate endophytic 

fungi under the canopies of desert plants in Mu Us Sandy Land of 
China. Agr. China 3: 164-170. 

Yu T, Nassuth A, Peterson RL (2001). Characterization of the 
interaction between the dark septate fungus Phialocephala fortinii 
and Asparagus officinalis roots. Can. J. Microbiol., 47:741-753.  

Zhao DD (2006). Study on Abuscular Mycorrhizas in the Dry-hot Valley 

of Jinsha River (Pudu and Xiao Rivers), Master Dissertation, Yunnan 
University, China. 

Zhan FD, He YM, Zu YQ, Li T, Zhao ZW (2011). Characterization of 
melanin isolated from a dark septate endophyte (DSE), Exophiala 
pisciphila. World J. Microbiol. Biotechnol., 27: 2483-2489. 

 


