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Abstract Improved understanding of the spatial patterns of
desert soil resources and the role of dark septate endophytes
(DSE) is required to measure plant growth in desert areas.
Spatial dynamics of DSE and soil factors were investigated
inWuhai, Urad Back Banner and Alxa Left Banner, located in
Inner Mongolia, China. Soil samples in the rhizosphere of
Ammopiptanthus mongolicus were collected. Sampling sites
and soil depth had a significant influence on the morphology,
distribution and infection of DSE. Hyphae, microsclerotia and
total root infection of DSE reached their maxima in the 0–
20 cm soil layer. Microsclerotial infection at Wuhai and
Alxa Left Banner was higher than that at Urad Back Banner.
Hyphal infection was significantly positively correlated with
amounts of organic matter and available nitrogen, and activi-
ties of soil alkaline phosphatase, acid phosphatase and urease.
Microsclerotial infection was significantly positively correlat-
ed with amounts of soil organic matter and available nitrogen.

Root infection had no significant correlation with soil factors.
We concluded that the dynamics of DSE have a highly spatial
pattern, and were influenced by nutrient availability and en-
zymatic activity. This study suggests that the morphology and
infection of DSE are useful indicators for evaluating soil qual-
ity and function of desert ecosystems.
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1 Introduction

Ammopiptanthus mongolicus (Maxim. ex Kom.) S. H. Cheng
is the only evergreen broad-leaf legume shrub found in the
desert area of northwestern China (Feng et al. 2001; He
et al. 2006). This species is usually used as a windbreak to
protect soil from water loss or wind erosion. In addition, ex-
tracts from A. mongolicus are the source of valuable material
for anti-freezing protein research (Wei and Wang 2005).
Ammopiptanthus mongolicus is particularly well suited for
the revegetation of degraded lands to maintain soil structure
and reduce erosion and desertification.

Plant roots are colonized by different fungi, including
saprotrophic or weakly pathogenic fungi. These fungi have
symptomless endophytic or biotrophic phases in their life cy-
cles that are not apparent to casual observation (Parbery
1996). Jumpponen and Trappe (1998) reviewed reports of
dark septate endophytes (DSE) that colonized a wide range
of plant species in stressful ecosystems and included common
soil, saprotrophic and rhizoplane fungi, as well as known
pathogens. DSE are often mitotic or sterile, differ morpholog-
ically from conventional mycorrhizal symbionts, and are iden-
tified primarily by stained or pigmented hyphae.
Microsclerotia of DSE grow inter- and intra-cellularly within
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the cortex. The characteristic dark color of DSE is the result of
the incorporation of melanin, a natural dark pigment and com-
mon fungal wall component (Addy et al. 2005; Grünig et al.
2008; Sieber and Grünig 2006).

DSE have been found in many ecosystems stressful to
plants, such as deserts and arid grasslands (Jiang et al. 2014;
Newsham 2011; Smith and Read 2008), neotropical cloud
forests (Muthukumar and Tamilselvi 2010; Rains et al.
2003), frigid environments (Bjorbækmo et al. 2010;
Kytöviita 2005; Newsham 2011; Upson et al. 2009), acidic
organic soils (Wurzburger and Bledsoe 2001), peat bogs and
fen meadows (Fuchs and Haselwandter 2004). In subarctic
alpine regions (Kauppinen et al. 2014; Ruotsalainen et al.
2002), plant roots are frequently colonized by DSE. The eco-
logical role of DSE fungi is currently unresolved. However,
their widespread occurrence in cold or drought-prone ecosys-
tems, their potential to function as mycorrhizal fungi and the
extensive internal infection by active structures suggests that
these endophytes are significant components of stressful eco-
systems (Jumpponen 2001; Takeshi et al. 2012).

The main objectives of this work were to study the spatial
status of DSE in the rhizosphere of A. mongolicus in Inner
Mongolia, China, and assess the effects of soil factors on these
DSE. The data will help elucidate the natural history of these
fungi. The utilizing of DSE resources for managing desert
ecosystems is also discussed.

2 Materials and methods

2.1 Study sites

The sampling sites were located in the arid and semi-arid
region of northwest China. The climate is temperate mid-con-
tinental, with the lowest monthly mean temperature of −7.5 °C

in January and the highest monthly mean of 21.8 °C in July.
The annual average temperature is 5 °C and the annual aver-
age precipitation reaches 280mm, with 60% occurring during
July–September. The studied soils were Entisols and Aridisols
(Eswaran et al. 2002). The three selected plots were Wuhai,
Urad Back Banner and Alxa Left Banner – all on the south-
western edge of the sandy region in Inner Mongolia,
China(Table 1), where A. mongolicus is abundant. Distances
between sites were <50 km.

2.2 Collection of soil and root samples

Four patches of 1 m2 were selected randomly in natural pop-
ulations of A. mongolicus in the sandy region. The soil and
fine root samples in the rhizosphere of A. mongolicus were
collected in 1 for each patch for four replicates in June 2012.
The distance between patches was ≥200 m. Soil samples were
collected from a depth of 50 cm at each patch and divided into
sections corresponding to depths of 0–10, 10–20, 20–30, 30–
40 and 40–50 cm. Soil samples were placed in sealed plastic
bags and transported to the laboratory in an insulated contain-
er. Before processing, all samples were sieved (<2 mm mesh
size) to remove stones, coarse roots and other litter. Then, the
fine roots were collected from each sample. Soil samples for
enzyme analyses were dried under cool conditions (15–
25 °C), and stored in sealed plastic bags at 4 °C until analysis.
Other subsamples were air-dried and used for determination of
soil physico-chemical properties. The root samples were im-
mediately processed for DSE morphological observation and
infection measurement.

2.3 Soil analysis

Soil pH was determined with a digital pH meter (PHS-3C,
Shanghai Lida Instrument Factory, China) on soil:water

Table 1 Environmental condition in the three sampling sites in Inner Mongolia, China

Wuhai Urad back banner Alxa left banner

Longitude/latitude(E/N) 39°43′ N, 106°51′ E 41°41′ N, 106°59′ E 38°54′ N, 105°45′ E

Altitude(m) 1134 1422 1561

Precipitation(mm/year) 162 141 150

Average temperature(°C) 9.55 3.9 8.3

Soil type sandy gray desert sandy brown calcium subalpine meadow, grey brown

Vegetation type xeric shrubs, semi shrubs desert grassland, desert shrubs xerophytic, super xerophytic shrub,
saline, half shrubs, small shrubs

Soil pH 7.36A 7.27A 7.22B

Soil organic carbon (mg / g) 0.78C 1.54A 1.08AB

Soil Available N (mg / g) 23.67B 21.08B 35.06A

Soil Available P (mg / g) 2.05A 1.84A 1.35B

The data within the same line followed by different capital letters are significantly different in different sites (P<0.05)
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(1:2.5) suspension. Soil organic carbon was calculated from
the percent organic carbon estimated by oxidization in the
presence of sulfuric acid (Rowell 1994). Olsen phosphorus
(P) was de te rmined by ch loros tannus- reduced–
molybdophosphoric blue color method by extraction with
0.5 M sodium bicarbonate for 30 min (Olsen et al. 1954).
Available nitrogen (N) was measured using the alkaline hy-
drolysis diffusion method. Soil acid phosphatase and alkaline
phosphatase activity were determined by the method reported
by Tarafdar and Marschner (1994). The unit of phosphatase
activity (Eu) was μmol p-nitrophenyl phosphate (pNPP) g−1

soil h−1 that was released by phosphatase. Soil urease activity
was determined using the method of Hoffmann and Teicher
(1961), and the results of urease activity were expressed as μg
of NH4

+-N released during 3 h from 1 g of soil.

2.4 Isolation, identification and infection quantification
of DSE fungi

Fresh roots were separated from soil, washed in tap water and
cut into 0.5-cm long segments. The segments were cleared
with 10 % (w/v) potassium hydroxide and stained with
0.5 % (w/v) acid fuchsin solution (Phillips and Hayman
1970). Assessment of fungal infection was conducted on each
sample by the glass slide method, in which 50 randomly se-
lected 0.5 cm root segment units were examined microscopi-
cally (Giovannetti and Mosse 1980). Root infection (%), hy-
phal infection (%) and microsclerotial infection (%) were
expressed respectively as the percent of fine root segments
infected for each root sample.

Endophytic fungi were isolated according to Liu (2011),
classified and identified according to colony morphology, in-
cluding colony size, color, surface features, characteristics of
matrix and individual characteristics, such as hyphal and spore
morphology (Addy et al. 2005; Barneit and Hunter 1977;
Grünig et al. 2009; Reblova et al. 2011; Wei 1979).

2.5 Statistical analysis

The effects of spatial changes on measured variables were
tested by one-way analysis of variance, and comparisons
among means made with the Least Significant Difference
(LSD) test (p<0.05). Stepwise regression analysis was used
to test the correlation and principal component analysis of soil
factors on DSE fungal infection. Principal components analy-
sis (PCA) was used to extract comprehensive index of multi-
ple index system, so as to select the main influencing factor of
the soil desert habitat. Correlations were considered signif-
icant at p<0.05 and p<0.01. Statistical procedures were
carried out with the software package of SPSS 19.0 for
Windows.

3 Results

3.1 Morphological characteristics and identification
of endophytic fungi

Microscopic and colonial morphology of endophytic fungi are
shown in Fig. 1.

Figure 1a, a: At the beginning, a white colony turned green
gray, loose colonies, powder, uplift with entire margins.
Hyphae almost completely entered into the culture medium.
The outstanding characteristic of the endophytic fungi is the
conidiophores formed directly from vegetative hyphae, shape
of different sizes, 2×5 μm short stakes like to clavate 5×
15 μm, a typical conidiophores and conidia chain, as well as
some conidia powder spores. Spores were relatively small,
colorless or light brown, with 0–1 septa and were nearly
spherical or ovate in single droplets or clustered into chains.
As a result, this was identified as Exophiala.

Figure 1b, b: Colonies were black, middle uplift, density
with the surface granular and the margin was entire and white.
The top produced conidia, conidiophores were erect stems,
short or reduced to small terrier, and were light brown.
Spores were solitary, fascicled or in chains, ovoid, dark, with
0–1 septa, were simple or branched, top has obvious collar,
produced its ownmucus in small terrier. This was identified as
Phialophora.

Figure 1c, c: Colony was olive green in color, loose, blan-
ket, flat, margins were entire, formed a round collar bottle
terrier, bottle-shaped stems were often white or transparent,
long cylindrical, head of the trunk spore production, primary
spores ovoid, oblong, spherical 1–5.2×1–2.5 μm, secondary
spore spherical, set into the big head of mucus. It was identi-
fied as Phialocephala.

According to the relevant literature, Exophiala,
Phialophora and Phialocephala are typical DSE (Addy
et al. 2005; Grünig et al. 2009; Reblova et al. 2011).

3.2 Morphology of DSE association in A. mongolicus roots

Acid fuchsin staining microscopy confirmed the ubiquity of
DSE hyphae and microsclerotia-like structures in root tissues
(Fig. 2a, b and e). Dark hyphae of DSE colonized the epider-
mis and cortex of roots, and hyphae grew along the epidermis
or cortex parallel to the longitudinal axis of the roots (Fig. 2c
and f). Hyphae had dark red-brown to dark brown color, thick
lateral walls and frequent septa (Fig. 2a, b and d).
Microsclerotia could fill single cortical cells or were distribut-
ed in more than one cell (Fig. 2d, e and g). Swellings of
adherent hyphal tips were able to develop appressorium-like
structures and aggregated chlamydospore-like structures were
also observed wellw (Fig. 2c and h). These features indicated
that a symbiotic systemwas formed between DSE and roots of
host plants.
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Fig. 1 Morphological characteristics of endophytic fungi isolated from the rhizosphere of A. monglicus (shown in longitudinal section, bar=10 μm). a,
b, c. Microscopic morphology of endophytic fungi. a,b,c. Colonial morphology of endophytic fungi
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Fig. 2 Dark septate endophytic fungal association in A. monglicus roots
(shown in longitudinal section, bar=10 μm) a, b. DSE hyphae and
microsclerotia. c. Appressorium-like structures in root cortex. d.
Superficial DSE hyphae and microsclerotia in epidermis and cortex of
roots. e. Microsclerotia full of the whole or part of the organization of the

cell. f. Colonization of dark hyphae in epidermis and cortex, and hyphae
growing along the epidermis or cortex parallel to the longitudinal axis of
the roots. g. Initiation, development and formation of microsclerotia. h.
Infection of dark hyphae in epidermal cells with some chlamydospore-
like structures
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The changes of DSE morphology in A. mongolicus roots in
the three sites are shown in Fig. 3. Hyphal color was shallow,
separation was not obvious, with visible bending or random
dendritic branching at Wuhai (Fig. 3a). Hyphal color deep-
ened, thick and deformation, at the top of expansion at Urad
Back Banner (Fig. 3b and c). Hyphal color was darker and
septa were shorter and conspicuous at Alxa Left Banner
(Fig. 3d). Microsclerotia were similar to the chlamydospore
structures gathered, small and scattered at Wuhai (Fig. 3e).
Microsclerotia were of leaf shape and annular cerebriform at
Urad Back Banner (Fig. 3f and g). Microsclerotia were similar
to labyrinth shape at Alxa Left Banner (Fig. 3h).

3.3 The spatial infection changes of DSE association

Hyphal and total root infection of DSE in the 0–40 cm soil
layer were significantly higher than in 40–50 cm at Wuhai,
and significantly higher in the 0–20 cm than the 30–50 cm
layer, at Alxa Left Banner. Hyphal and total root infection
were significantly higher in the 0–10 cm than the 30–50 cm
layer, and significantly higher in the 10–30 cm than the 40–
50 cm layer, at Urad Back Banner. In comparing the same soil
depths and different sites, total root infection in the 0–10 cm
layer was significantly higher at Urad Back Banner than at
Alxa Left Banner. Hyphal infection in the 30–40 cm layer
was significantly higher at Wuhai than at Alxa Left Banner
(Fig. 4a and c).

Microsclerotial infection order in the three sites was: Alxa
Left Banner > Wuhai > Urad Back Banner (Fig. 4b), and
decreased with increasing soil depth. Maximum values were
in the 0–10 cm soil depth (Fig. 4b). Microsclerotial infection
was significantly higher in the 0–10 cm layer than in other
layers at Wuhai, and it in 10–30 cm soil depth was significant-
ly higher than that in 10–30 cm soil depth (Fig. 4b) at Alxa
Left Banner. In comparisons of the same soil depth for the
three sample sites, microsclerotial infection in the 0–10 and
30–50 cm layers was significantly higher at Alxa Left Banner
and Wuhai than at Urad Back Banner (Fig. 4b).

3.4 Spatial changes of soil parameters

Activities of soil urease, acid phosphatase and alkaline phos-
phatase were closely related to sample sites and soil depth
(Fig. 4). Soil urease activity was significantly higher at Alxa
Left Banner than Urad Back Banner and Wuhai, with the
highest activity for the three sites in the 0–10 cm layer.
There were no significant differences across sites in the other
soil layers. The activities of soil acid phosphatase and alkaline
phosphatase were the highest at Urad Back Banner. The ac-
tivity of alkaline phosphatase was always highest in the 0–
10 cm layer for all sites, and activity decreased with increased
soil depth. In addition, soil acid phosphatase activity was usu-
ally greater in the 0–30 than the 30–50 cm layer.

B C D

E F HG

A

Fig. 3 Spatial changes of DSEmorphology inA.monglicus roots (shown
in longitudinal section, bar=10 μm) a. DSE hyphae of Wuhai. b, c. DSE
hyphae of Urad Back Banner. d. DSE hyphae of Alxa Left Banner darker

septate shorten and conspicuous. e.Microsclerotia of Wuhai,
chlamydospore-like structures. f,g. Microsclerotia of Urad Back Banner.
h. Microsclerotia of Alxa Left Banner, labyrinth shape
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Soil organic matter content differed significantly between
the sample sites, with the highest at Urad Back Banner and the
lowest at Wuhai. The content of soil organic matter in the 0–
10 cm layer was significantly higher than in the other layers at
Wuhai and Alxa Left Banner; and was significantly higher in
the 0–40 cm than the 40–50 cm layer at Urad Back Banner.
Soil available N was significantly higher at Alxa Left Banner
than at Urad Back Banner andWuhai. Soil pH was the highest
at Wuhai, and was significantly higher than that at Alxa Left
Banner. However, the significant difference was not

found in different sample sites and different soil layers
(Fig. 5) (Fig. 6).

3.5 Relationship between DSE and soil factors

3.5.1 Correlation analysis

The correlation analysis showed that DSE hyphae were sig-
nificantly positively correlated with activities of soil alkaline
phosphatase, acid phosphatase and urease and contents of or-
ganic matter and available N. Microsclerotia were significant-
ly positively correlated with soil organic matter and available
N. The percentage of root infection was not significantly cor-
related with the soil factors (Table 2).

3.5.2 PCA of soil factors

According to the eigenvalues of the correlation matrix was
greater than 1, the principle of the accumulative variance con-
tribution rate was greater than 85 %, selected the three princi-
pal components. The PCA results are shown in Table 3. The
accumulative contribution rate was 89.92 %, the extraction of
principal components could reflect all index information. On
the first principal component, soil organic matter, alkaline
phosphatase and available N had higher weightings (in the
range of 0.935–0.962), acid phosphatase times (0.869). On
the second principal component, soil pH and urease had
higher weightings; and on the third principal component,
available P had higher weightings. However, the first principal
component accounted for a large amount of information.
Thus, organic matter, phosphatase and available N were the
main factors.

4 Discussion

4.1 DSE infection in A. mongolicus roots

Fungal symbionts, comprising mainly mycorrhizal fungi and
fungal endophytes, are ubiquitous in terrestrial plant roots.
They are beneficial to plants by regulating host nutrition, me-
tabolites and stress response (Baldi et al. 2008; Rai et al. 2004;
Redman et al. 2002). Fungal endophytes colonize the internal
tissues of living plants without causing any external disease
symptoms. Such associations can go back millions of years
(Krings et al. 2007; Rodriguez et al. 2008), benefitting both
fungus and host plant.

Among root-associated fungi, DSE are ubiquitous and
found in a wide range of plant species. The abundance of
DSE in arctic, alpine and temperate habitats has been investi-
gated extensively (Mandyam 2008; Newsham et al. 2009;
Schmidt et al. 2008). DSE are known to colonize the intra-
and extra-cellular tissues of host plants with no apparent
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negative effects (Jumpponen 2001). The dark hyphae, typical
of these fungi, are considered to be important for the host to
survive stressful conditions, because cell wall melanin can
trap and eliminate oxygen radicals generated during abiotic
stress (Richier et al. 2005). DSE, characterized by dark-
pigmented and septate hyphae, particularly confer traits that
improve their hosts’ tolerance to unfavorable environmental

conditions (Hesse et al. 2003). In this study, microscopy re-
vealed that DSE were ubiquitous in A. mongolicus roots, and
showed that the dominant infection by microsclerotia (large
sclerotium-like structures inside the root cortex) and other
small sclerotium-like structures co-existed with dark septate
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hyphae. Some DSE species occupy the whole cortical cell
volume, and the chlamydospore-like structures of
A. mongolicus roots by DSE might confer tolerance to envi-
ronmental stress, and carbon absorption, or signal exchange
with the host and important place.

Read and Haselwandter (1981) found that the colonization
of Austria alpine area including many plants sedge was DSE.
In high altitude areas, colonizing by DSE might provide some
advantages to plants. Casanova-Katny et al. (2011) investigat-
ed the colonization of 23 species of fungi in different altitude
habitats in the Andes Mountains. Their results indicated that
the DSE infections might have advantages for plant growth
and resistance function. In the present study, DSE colonization
in A. mongolicus roots followed the order of Alxa Left Banner
> Wuhai > Urad Back Banner, and gave direct support to the
above views. With changes in elevation and precipitation of
the sampling environment, DSE hyphal color deepened grad-
ually, changing from thin to thick and hyphae had more
branches. The hyphae were deformed, apically dilated, and
the d iaphragm was more common and shor te r.
Microsclerotia showed diversity, a simple leaf-like form be-
came a ring cerebriform and labyrinth. DSE behavior was
based upon the intra- and/or extra-cellular colonization of host
plant roots. DSE, characterized by dark-pigmented and septate
mycelia, may confer traits that improve tolerance to unfavor-
able environmental conditions in the host (Hesse et al. 2003;

Jumpponen and Trappe 1998). The results showed that
A. mongolicus formed a symbiosis with DSE.

4.2 The spatial colonization of DSE and soil factors

The general vegetation analysis showed that the sampling sites
were relatively similar, although the soil parameters indicated
subtle differences. Generally, pH and nutrient availability
strongly affects the colonization of fungi (Deacon 2006).
Colonization of DSE hyphae and microsclerotia reached max-
ima in the 0–20 cm soil layer at the different sample sites, and
then decreased with increasing soil depth. The contents of the
surface soil available N, available P and organic matter in the
A. mongolicus rhizosphere were higher than elsewhere, and
plant roots were significantly positively correlated with DSE
hyphae and microsclerotia. This correspondence showed that
plant growth was closely related to soil nutrients and DSE.
DSE have been reported to be prevalent in dry habitats
(Mandyam and Jumpponen 2005), and some authors hypoth-
esized that DSE might be involved in plant drought tolerance
(Barrow 2003; Pennisi 2003). The DSE fungal infection in
A. mongolicus roots on the sand dunes in Inner Mongolia also
supported this hypothesis.

DSE are a miscellaneous group of ascomycetes and colo-
nize root tissues intra- and inter-cellularly without causing any
apparent negative effects on the host plant (Jumpponen 2001;
Silvani et al. 2008;Wilson et al. 2004). DSE associations have
been recognized in about 600 plant species of 320 genera in
114 families, including non-mycorrhizal species (Jumpponen
and Trappe 1998). DSE might benefit their host plants by
promoting absorption by plants of mineral nutrients (including
N and P) and water (Caldwell and Jumpponen 2003), and
suppressing infection by plant pathogens (Narisawa et al.
2004). One DSE, Heteroconium chaetospira, was reported
to transfer N to host plants (Usuki and Narisawa 2007). In this
study, PCA indicated that soil available N was one of the
important soil factors affecting DSE in the desert ecosystem
of Inner Mongolia. Correlation analysis also showed that DSE
activity was closely related to soil factors, and colonization of
hyphae and microsclerotia was highly positively correlated.

Soil enzymes are active organic components of soil, and
are largely indicative of soil microbial metabolic processes

Table 2 Correlation coefficients
between DSE and soil factors Item Organic

matter
Available
P

Available
N

pH Alkaline
phosphatase

Acid
phosphatase

Urease

Hypha 0.682** 0.125 0.330** 0.014 0.430** 0.350** 0.335**

Microsclerotia 0.315* −0.233 0.302* −0.102 −0.121 −0.107 −0.109
Total root infection −0.107 −0.155 0.301 −0.136 −0.126 −0.201 −0.155

The data in the table is correlation coefficients between DSE fungi and soil factor

* means the correlation is significant at P<0.05

** means the correlation is very significant at P<0.01

Table 3 Principal component loading matrix, eigenvalue and
contribution rate

Physico-chemical factor PC1 PC2 PC3

pH −0.302 0.688 0.356

Organic matter 0.962 −0.085 0.359

Available P 0.612 0.501 0.561

Available N 0.935 −0.096 −0.058
Kaline phosphatase 0.956 −0.090 0.235

Acid phosphatase 0.869 0.285 −0.014
Urease −0.256 0.612 −0.111
Eigenvalue(λ) 3.933 1.216 1.024

Contribution rate /% 67.025 15.661 7.231
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(Zhou 1987). DSE infection, mediated through soil enzyme
activity, can affect the host metabolic activity. The hyphal
phosphatase catalyzes the hydrolysis of soil phosphate esters
and phosphoric acid to esters, promoting hydrolysis of organic
phosphate to plant-available inorganic phosphate. Plants can
then take up this form of P (He et al. 2011). Urease regulates
urea transformation to ammonium, which can be taken up by
both mycorrhizal fungi and plants (Zhou 1987). In this study,
the infection of hyphae had a significant positive relationship
with activities of soil alkaline phosphatase, acid phosphatase
and urease. This further illustrated the hypothesis that the DSE
might be involved in changing soil composition and soil fer-
tility through soil enzyme action, thus improving soil structure
and health.

5 Conclusion

In this study, a symbiosis was found between A. mongolicus
and DSE fungi in the Inner Mongolian desert. The dynamics
of DSE fungi had a highly correlated spatial pattern, which
further correlated with soil nutrient availability and enzymatic
activity. DSE morphology and infection might be useful indi-
cators for evaluation of soil quality and function of desert
ecosystems. Future research should investigate the function
of DSE associations in different plants and would be valuable
to improve understanding of the role of DSE fungi in desert
ecosystems.
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