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Abstract This study first described the composition and

characteristics of culturable endophytic bacteria isolated

from wild alpine-subnival plant species growing under

extreme environmental conditions (i.e., on the border of a

glacier with frequently fluctuating and freezing tempera-

tures, strong wind, and high ultraviolet radiation). Using

a cultivation-dependent approach and 16S rRNA gene

amplification techniques, 93 bacterial isolates showing dif-

ferent phenotypic properties were obtained from 20 differ-

ent subnival plant species, of which gram-positive bacteria

(61.5%), psychrotolerant bacteria (67.3%), and pigmented

isolates (70.9%) accounted for a large proportion. All these

characteristics of endophytes were closely related to the

survival environment of their host plants and were in good

agreement with microbes occurring in other cold environ-

ments. Phylogenetic analysis indicated that the endophytic

isolates consisted of five phylogenetic groups comprising

a-proteobacteria, c-proteobacteria, the high G?C content

gram-positive bacteria, the low G?C content gram-positive

bacteria, and Flavobacterium–Bacteroides–Cytophaga. The

largest generic diversity was found in the HGC group, while

Clavibacter, Agreia, Rhodococcus, Sphingomonas, and

Pseudomonas were the most prevalent genera. Of all iso-

lates, 46.4% showed a high sequence similarity (98–100%)

to strains discovered from other cold environments such as

glaciers, tundra, and polar seas. Furthermore, 36.4% of the

isolates produced Indole-3-acetic acid and 76.3% were able

to solubilize mineral phosphate, which revealed that endo-

phytic bacteria with multiple physiological functions were

abundant and widespread in subnival plants. These results

are essential for understanding the ecological roles of

endophytes and as a foundation for further studying the

interactions with plants and environment.

Introduction

Bacteria that reside within plant tissues without doing any

harm to the plant are termed endophytic bacteria, and can be

isolated from surface-disinfected tissues or extracted from

internal plant tissues [20, 21]. These endophytic microor-

ganisms can reside within cells [17], in the intercellular

spaces [37] or in the vascular system [7], where their con-

centrations can vary between 2.0 and 6.0 log10/g fresh

weight (FW). Being in a very close association with cells of

the host plant, beneficial endophytic bacteria increasingly

get scientific and commercial interest for their potential to

improve plant quality, e.g., by growth promotion [6, 18, 31,

33], biological control of plant diseases and pests [2, 9],

nitrogen fixation [12], and phytoremediation [5, 14]. In

addition, interactions between endophytes and their host

plant have also been researched in recent years [30].

However, studies mentioned above mainly focused on

agricultural crops, economically important crops, and some
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trees [18, 24, 27, 35]. Of these, cotton, potato, rice, wheat,

and sweet corn were extensively studied, whereas plant

species growing in extreme conditions and having impor-

tant officinal values such as Saussurea involucrata (snow

lotus), which is a typical alpine plant and also a rare and

precious officinal plant growing on the crags of high-alti-

tude mountains covered with snow [10, 34], have not been

investigated with respect to their associated microbial

community. Very little is known about the diversity,

structure, and functions of endophytes within alpine-sub-

nival plants that grow on the border of glacier and can

survive under the conditions of frequently fluctuating and

freezing temperatures, strong wind, and intense ultraviolet

(UV) radiation [1].

The objective of this study was to: (1) isolate endo-

phytes from alpine-subnival plants growing in the freeze–

thaw tundra on glacier margins in the Tianshan Mountains,

where the average temperature is below zero during the

growth period from June to September, using a conven-

tional culture method, and determine physiological char-

acteristics of the isolates; (2) analyze the abundance,

diversity, and community structure of bacterial endophytes

in this environment by 16S rRNA gene amplification

techniques and make comparisons with microbes from

other temperate and cold environments; and (3) evaluate

the potential ability of isolates to promote plant growth. To

our knowledge, this study is the first to describe indigenous

endophytic bacteria within alpine-subnival plants, which is

essential not only for understanding their ecological roles

and the interaction with plants, but also for revealing some

phenomena and relationships among glacier, tundra (or

soil), plant, microorganisms, and environment.

Materials and Methods

Growth Conditions and Sample Collection

of the Alpine-Subnival Plants

All samples used in this study were collected from an ice-

free cirque (43�050N, 86�490E; 3800–3900 m) near the No.

1 glacier in the source area of the Urumqi River in the

Tianshan Mountains, Xinjiang, China (Fig. 1), where the

annual average temperature is less than 5�C during the day

and -4�C at night. The temperature fluctuates from almost

4 to -10�C during the favorable growth period, and the

plants are able to survive even when covered by snow. In

addition, those subnival plants are also subjected to strong

wind and high UV radiation [3].

A total of 20 alpine-subnival plant species were sampled

in August 2005 (Table 1), of which 4–5 healthy individuals

per species were sampled. The plants showed substantial

dwarfism, generally being only 3–5 cm in height, and the

leaves were usually glomerate; most species had showy or

colorful flowers due to the influence of the extremely harsh

climate and strong UV radiation.

We collected all individuals’ leaves and stems of each

plant species and put them together to survey the presence

of endophytic bacteria with consideration of the above-

mentioned morphological features of the subnival plants.

Isolation and Physiological Characteristic

Determination of Endophytic Bacteria

The isolation and culture conditions of endophytes in

subnival plants, including the efficiency of surface-sterili-

zation (which was verified by placing both sterilized tissue

pieces and aliquots of water from the final rinse onto

plates), growth conditions, incubation temperature, and

medium type (e.g., TSA, NA, and R2A), were explored and

optimized prior to isolating endophytes from all samples.

Only those materials having no contaminants were selected

and used for further isolation. The types and population

size of isolates were optimal when cultured on TSA

Fig. 1 The schematic map of the research area
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medium at 20–25�C for most isolates, so these culture

conditions were applied to all isolates. The healthy plant

materials (leaves and stem) were surface-sterilized in 70%

ethanol solution for 40 s, then rinsed in 3% sodium

hypochlorite (NaClO) containing 0.1% Tween20 for

2–3 min, followed by five washes in sterile water. All

samples were homogenized with a sterile mortar and pestle,

serially diluted with sterile 0.85% NaCl, and plated onto

TSA medium. Plates were incubated for 5–7 days at

20–25�C. Colony-forming units (cfu) were counted and the

similar bacterial isolates were divided into groups on the

basis of morphological characteristics (shape, pigmenta-

tion, margin, surface, and texture), the representatives of

which were selected for RFLP analysis.

In addition, the Gram reactions were performed and the

growth ability at different temperatures including -2, 0, 4,

10, 15, 25, 37, and 45�C were determined.

Screening for IAA-Producing and Mineral Phosphate

Solubilizing Endophytic Bacteria

Indole-3-acetic acid (IAA) production was determined

using a modification of the qualitative method developed

by Bric et al. [8]. Four strains per plate were plated onto

TSA medium amended with 5 mM L-tryptophan, overlaid

with a nitrocellulose membrane, and incubated at 25�C for

48 h. After bacterial growth the membrane was removed

from the plate and treated with Salkowski reagent (2%

0.5 M FeCl3 in 35% perchloric acid) for 15 min at room

temperature. Bacteria producing IAA were identified by the

presence of a red halo on the membrane corresponding to

the position of the IAA-producing colony.

Mineral phosphate solubilization activity was assayed

according to references [22, 36]. The isolates were plated

onto agar medium containing inorganic phosphate and

incubated at 25�C for up to 48 h, solubilization of mineral

phosphate being characterized by a clear halo around

bacterial colonies with phosphate solubilization capacity.

DNA Extraction and 16S rRNA Gene Amplification

Genomic DNA of bacteria was isolated by using a CTAB

method [19]. Amplification of the 16S rRNA gene was

performed in a 50 ll final volume containing 1 ll of total

genomic DNA, 0.2 lM of 27f primer (50–30 AGA GTT

TAG TCC TGG CTC AG), 0.2 lM of 1492r primer (50–30

TAC GGC TAC CTT GTT ACG ACT T), 200 lM of each

dNTP, 5 ll of 109 buffer, and 2 U of Taq DNA poly-

merase. A negative control (PCR mixture without DNA)

was included in all PCR amplifications. The reaction pro-

cedure was as follows: one cycle of 5 min at 94�C, fol-

lowed by 30 cycles of denaturation at 94�C for 40 s,

annealing at 58�C for 50 s, and primer extension at 72�C

for 1 min. Amplification was terminated by a final exten-

sion step of 7 min at 72�C and then maintained at 4�C.

Amplification products were electrophoresed on a 1.0% (w/

v) agarose gel (Promega, USA) in 0.59 TBE buffer. Gels

were stained with ethidium bromide and photographed

under an UV transilluminator (UVP.com).

RFLP Analysis

For RFLP analysis, 5 ll of PCR products were digested for

12 h at 37�C with AluI, RsaI, and Hin-6I restriction

enzymes simultaneously. Restriction fragments were sep-

arated in 2.0% agarose gel prepared with 0.59 TBE buffer,

stained and photographed as described above, and the band

patterns for each sample were compared.

Sequence Analysis and Phylogenetic Tree Construction

The isolates with distinct RFLP profiles were selected for

sequencing with the primers used above. The nucleotide

sequences obtained in this study and one closest match for

each sequence were aligned, and phylogenetic relationships

were analyzed with BLAST, ClustalX, and MEGA3 soft-

ware package using the Kimura two-parameter method for

distance matrix calculations and the neighbor-joining

method for tree construction [23].

Table 1 Numbers of endophytic bacteria isolated from different

alpine-subnival plants

Host plant Types of

isolates

Population density

(cfu/g FW)

Aster alpinus 5 2.74 9 105

Cancrinia chrysocephala 5 1.60 9 104

Carex sp. 4 1.11 9 104

Chorispora bungeana 6 5.35 9 104

Draba Nemorosa 4 1.19 9 105

Gentiana sp. 6 3.55 9 105

Kobresia sp. 2 4.78 9 105

Leontopodium leontopodioides 11 9.69 9 105

Papaver croceum 3 3.10 9 104

Pedicularis sp. 7 3.00 9 104

Poa attenuata subsp. vivipara 4 8.40 9 104

Polygonum viviparum 13 6.88 9 105

Potentilla chinensis 1 1.00 9 104

Primula sinensis 5 1.40 9 104

Rhodiola coccinea 0 0

Saussurea involucrata 4 1.20 9 104

Saussurea superba 7 3.00 9 104

Saxifraga stolonifera 2 3.00 9 103

Sibbaldia tetrandra 5 3.60 9 104

Thalictrum aquilegifolium 6 2.17 9 104
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The 16S rRNA gene sequences were deposited in

GenBank (accession numbers are listed in Table 2).

Results

Isolation and Characteristic Determination

of Culturable Endophytes

Based on the optimized procedures of isolation and culti-

vation, a total of 93 isolates were obtained after phenotypic

analysis, and considerable variation in population size

between 103 and 105 cfu/g FW was detected, with the

exception that no isolates were obtained from Rhodiola

coccinea (Table 1). About 24 genera were identified from

55 endophytic isolates on the basis of RFLP and 16S rRNA

gene sequence analysis, of which the highest taxonomic

diversity and population density were observed in Polyg-

onum viviparum and Leontopodium leontopodioides, for

which 13 and 11 isolates, respectively, were isolated and

the population density attained 6.88 9 105 and

9.69 9 105 cfu/g FW, respectively. These findings indi-

cated that endophytic bacteria were ubiquitous and abun-

dant within alpine-subnival plants in an extreme

environment, and remarkable differences were observed in

the taxonomic diversity and population density of endo-

phytes among different subnival plant species.

In addition, the Gram reaction, growth temperature

range, and some physiological characteristics of isolates

were determined (Table 2). These results showed that

bacterial endophytes in subnival plants also displayed

abundance and diversity in their morphology and

Table 2 Sequence accession number and characteristics analysis of endophytic bacteria within subnival plants

Isolates Accession no. Ca (cfu/g FW) Colony

color

Gb Tc (�C) Isolates Accession no. C (cfu/g FW) Colony

color

G T (�C)

Enf17 DQ339612 2.0 9 103 White G? -2 to 37 Enf35 DQ339607 8.8 9 104 Yellow G? 0–37

Enf19 DQ339613 1.0 9 103 Yellow G? 4–25 Enf36 DQ339608 8.2 9 104 White G? 0–15

Enf21 DQ339582 1.0 9 103 Yellow G? -2 to 25 Enf37 DQ339609 9.2 9 104 Orange G? -2 to 37

Enf22 DQ339583 1.0 9 104 Yellow G- -2 to 37 Enf2 DQ339610 1.0 9 103 Yellow G- -2 to 37

Enf23 DQ339584 2.0 9 104 White – – Enf3 DQ322592 2.0 9 103 Pink G- 4–25

Enf24 DQ339585 1.0 9 103 Pink G- -2 to 25 Enf26 DQ339611 2.0 9 103 Yellow G- -2 to 37

Enf5 DQ339586 5.0 9 103 Yellow G- -2 to 37 Enf20 DQ339604 8.7 9 104 White G? 4–27

Enf6 DQ339587 5.0 9 103 White G? -2 to 37 Enf13 DQ339601 1.0 9 103 Pink G? -2 to 37

Enf7 DQ339588 3.0 9 103 Yellow G? -2 to 37 Enf15 DQ339602 8.0 9 103 Yellow – 4–27

Enf8 DQ339589 2.0 9 103 Orange G- 4–20 Enf16 DQ339603 1.0 9 103 Yellow G? -2 to 37

Enf29 DQ339605 3.0 9 103 White G- 4–37 Enf53 DQ339614 2.1 9 104 Yellow G- -2 to 37

Enf30 DQ339606 1.0 9 103 Yellow G- -2 to 37 Enf54 DQ339615 2.0 9 103 Yellow G? –

Ens31 DQ339626 1.4 9 104 Pink G? -2 to 37 Enf55 DQ339616 1.5 9 104 Orange G- 4–20

Ens32 DQ339627 4.5 9 103 Yellow G- -2 to 37 Enf56 DQ339617 2.0 9 104 White G? 4–27

Ens33 DQ339628 7.8 9 102 Kelly G? 4–37 Enf57 DQ339618 1.5 9 104 Yellow G? 4–27

Ens34 DQ339629 6.3 9 102 Orange G- -2 to 37 Enf45 DQ339634 8.8 9 104 Yellow G? 10–45

Ens35 DQ339630 2.2 9 103 White G? -2 to 37 Enf61 DQ339595 1.5 9 104 Pink G? -2 to 37

Enf4 DQ339631 1.2 9 104 Yellow G- 4–37 Enf62 DQ339596 2.0 9 103 Pink – –

Ens9 DQ339619 2.0 9 104 White G? -2 to 37 Enf63 DQ339597 2.0 9 103 White G? 4–27

Ens10 DQ339620 4.0 9 103 Hoar G? -2 to 37 Enf32 DQ339598 1.4 9 104 Hoar G? -2 to 37

Ens11 DQ339621 2.0 9 103 Orange G? -2 to 27 Enf33 DQ339599 1.0 9 105 Yellow G- 4–37

Ens13 DQ339622 1.0 9 103 Pink G? -2 to 37 Enf34 DQ339600 2.7 9 105 Yellow G- -2 to 37

Enf1 DQ314734 1.4 9 104 Orange G- -2 to 37 Ens24 DQ339623 6.5 9 103 Yellow G? -2 to 37

Enf10 DQ339590 3.0 9 105 Yellow G? -2 to 37 Ens25 DQ339624 1.9 9 102 Pink G- 4–25

Enf69 DQ339591 7.5 9 104 Yellow G? -2 to 37 Ens29 DQ339625 3.3 9 103 White G? -2 to 37

Enf11 DQ339592 5.0 9 104 Orange G? -2 to 27 Ens63 DQ339632 4.8 9 105 Hoar G- -2 to 37

Enf12 DQ339593 5.0 9 104 Pink G? -2 to 37 Enf38 DQ339633 2.0 9 103 White G- 4–25

Ens76 DQ339594 2.2 9 104 White G? -2 to 37

a Concentration of each isolate
b Gram reaction
c Temperature range for growth
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properties. Most of the isolates (70.9%) produced pigments

of yellow, orange, and pink coloration, and 67.3% of the

isolates belonged to psychrotolerant species as they still

grew well at -2�C. Moreover, gram-positive bacteria

(61.5%) were isolated more frequently than gram-negative

bacteria, and most strains (92.9%) were rod shaped.

Taxonomic Identification and Phylogenetic Analysis

of Selected Bacterial Endophytes

Based on 16S rRNA gene sequences, a dendrogram repre-

senting phylogenetic relationships of 55 endophytic isolates

and their closest related matches was constructed. As illus-

trated in Figs. 2 and 3, the endophytes in subnival plants

consisted of members of a-proteobacteria, c-proteobacteria,

Flavobacterium–Bacteroides–Cytophaga (CFB), the high

G?C content gram-positive bacteria (HGC), and the low

G?C content gram-positive bacteria (LGC). Of the 55

isolates analyzed, 24 bacterial genera were identified, of

which the HGC group formed the largest cluster and pos-

sessed the highest level of taxonomic diversity comprising

12 genera, and accounting for 55.4% of all isolates. Of these

genera, Clavibacter, Rhodococcus, and Agreia were the

most prevalent genera. a-Proteobacteria (17.9%) including

the genera Methylobacterium, Brevundimonas, Sphingo-

monas, etc. and c- proteobacteria (19.6%) containing spe-

cies of Pseudomonas, Stenotrophomonas, and Xanthomonas

were the second largest groups although the genus diversity

was relatively low. The members of Sphingomonas (six

isolates) in a-proteobacteria and Pseudomonas (eight iso-

lates) in c-proteobacteria were the most extensive popula-

tions. In contrast, only two isolates were obtained in the LGC

and CFB groups, which types of isolates and population

density were relatively low.

In the BLAST and phylogenetic analysis, we discov-

ered that some isolates were most closely related to

Fig. 2 Neighbor-joining tree

indicating the phylogenetic

relationships of

a-proteobacteria and

c-proteobacteria isolated from

alpine-subnival plants and their

closest related sequences based

on 16S rRNA gene sequences.

The numbers at the nodes

represent bootstrap values

[50% based on 100 data

replications. Endophytic

bacteria and their corresponding

accession numbers are shown in

bold

H. M. Sheng et al.: Endophytic Bacteria Within Subnival Plants 927

123



bacteria isolated from plants growing in a mild environ-

ment. For example, endophytes of cluster 3 in the

c-proteobacteria grouped with Pseudomonas graminis

(GenBank accession no. Y11150) obtained from grass;

members of subgroup 2 and subgroup 7 in the HGC group

were very similar with strains of Agreia pratensis (Gen-

Bank accession no. AJ310412) and Arthrobacter sp. Fa21

(GenBank accession no. AY131225) coming from sward

and strawberry, respectively. Most importantly, however,

many endophytic bacteria (46.4%) in subnival plants had

a high sequence similarity (98–100%) to the strains dis-

covered from other cold environments such as glaciers,

tundra, and polar seas. The largest cluster (subgroup 1),

including 12 isolates in the HGC group, was closely

related to a strain of glacial ice bacterium G50-PD1

(GenBank accession no. AF479348) from the Guliya

glacier on the Tibetan Plateau. The next-largest cluster

was subgroup 8, which was most closely related to

Rhodococcus sp. 5/1 (GenBank accession no. AF181689)

obtained from the Antarctic. Furthermore, subgroups 2, 4,

and 5 of a-proteobacteria and subgroup 1 of c-proteo-

bacteria shared 99 to 100% sequence similarity to strains

from lakes or seas, Antarctic soil, and deep-sea sediment.

It indicated that some microbes, with strong adaptability

Fig. 3 Neighbor-joining tree

indicating the phylogenetic

relationships of the HGC, LGC,

and CFB groups isolated from

alpine-subnival plants and their

closest related sequences based

on 16S rRNA gene sequences.

The numbers at the nodes

represent bootstrap values

[50% based on 100 data

replications. Endophytic

bacteria and their corresponding

accession numbers are shown in

bold
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to low temperature and high UV radiation, surely existed

in alpine-subnival plants.

In addition, we also observed that some endophytic

bacteria had a wide range of hosts, as they could colonize

many different subnival plant species. For example, Clav-

ibacter was distributed in about nine different plants spe-

cies such as Aster alpinus, Chorispora bungeana,

Saussurea involucrata, Thalictrum aquilegifolium, and so

on. Species of Pseudomonas (8 host plants) and Sphingo-

monas (5 host plants) also could reside in a large range of

plant species; and some strains isolated from different

kinds of subnival plants were highly homologous to each

other (99–100% similarity). For instance, the similarity

between Enf37 (from Gentiana sp.) and Enf16 (from

Saussurea involucrata), Enf55 (from Leontopodium leon-

topodioides) and Enf8 (from Saussurea superba) attained

100%, whereas certain bacteria colonized only a specific

host plant such as Enf10 (from Chorispora bungeana),

Enf69 (from Chorispora bungeana), and Enf36 (from

Gentiana sp.). Maybe these strains had a strong host

specificity or demanded rigorous growth conditions.

Screening for Potential Plant Growth-Promoting

Endophytic Bacteria

Predominant culturable endophytic bacteria (which means

the concentration of isolate is above 104 cfu/g FW and the

frequency of distribution in subnival plants is relatively

high) were analyzed for their ability to produce IAA and

solubilize phosphate in vitro in order to evaluate the

potential of the isolates for plant growth promotion

(Table 3, Fig. 4). The results showed that 36.4% of the

endophytic bacteria, mainly species of Pseudomonas and

Sphingomonas, produced IAA and 76.3% of the bacteria,

comprising about ten genera, were able to solubilize min-

eral phosphate. Of these, the members of Clavibacter and

Pseudomonas accounted for a large proportion. Moreover,

some strains, such as Enf53 and Enf34, showed the ability

to both produce IAA and solubilize mineral phosphate.

This indicated that endophytic bacteria possessing the

potential for plant growth promotion were common in

subnival plants.

Discussion

In recent years, approaches based on amplification of

extracted total DNA have been utilized in microbial

diversity studies, as they overcome the inability to culture

the majority of microorganisms from environmental sam-

ples. However, the greatest limitation of this method is that

the subsequent work cannot be progressed without isolates

or strains, and also the morphological and physiological

characteristics and functions of the microbes cannot be

adequately known and elucidated. Thus, culturing and

characterizing isolates is of particular importance for pro-

viding the possibility to explore the diversity with a poly-

phasic approach and to establish a large collection of

organisms. Given our interest in assessing the physiologi-

cal functions and ecological roles of strains in the future,

we therefore used conventional isolation and culture

methods in this study to analyze the abundance, diversity,

community structure, and the potential ability for plant

growth promotion of culturable endophytes within subnival

plants growing in an extreme environment. The results

demonstrated that a wide variety of bacteria comprising

about 24 genera were isolated from within 20 subnival

plant species, and the highest population density attained

9.69 9 105 cfu/g FW, which is comparable with other

reported endophytes [6]. It also implied that endophytes are

distributed ubiquitously in different subnival plant species,

and their types and numbers are much abundant and

diverse also in the same plant species.

However, differences are apparent in some phenotypic

properties and the community structure of indigenous

bacteria isolated from subnival plant species growing in an

extreme environment and plants or agricultural crops of

temperate environments (Table 3). For instance, gram-

positive bacteria (61.5%) and cold-tolerant bacteria

(67.3%) accounted for a large proportion of all isolates

Table 3 Characteristic comparisons between endophytic bacteria within subnival plants and bacteria from other different environments

Characteristics ASEB AVEB CEB

Population density 0–105 (cfu/g FW) 0–106 (cfu/g FW) 0–102 (cfu/ml)

2.5 9 105 cfu/g dw

Pigmented bacteria 70.9% – 39.6–79%

Growth temperature -2 to 37�C (67.3%) 10–48�C -2 to 37�C (82–85%)

G? bacteria 61.50% 0–25% 55–65%

IAA-producing bacteria 36.4% 34% –

PSB 76.3% 49% –

ASEB endophytic bacteria within alpine-subnival plants of Tianshan Mountains, AVEB endophytic bacteria within agricultural crops and

vegetables [21, 22, 24, 40], CEB bacteria in cold environments [4, 25, 26, 38], PSB mineral phosphate solubilizing bacteria
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from subnival plants, which agrees well with the results of

some studies that mainly focused on microorganisms of

glaciers and tundra [4, 26, 38, 39]. In contrast, endophytic

bacteria obtained from mesophilic plants, such as corn and

cotton, were 75 and 100% gram-negative, respectively [16,

24]. These results imply that microorganisms from similar

environments show similar characteristics. This is most

likely owing to their regional characteristic and environ-

mental selectivity. Moreover, most isolates (70.9%) pro-

duced a variety of pigments in culture and represented the

majority of the culturable bacterial community in subnival

plants. Some studies [29, 32] have demonstrated that bac-

teria producing certain pigments show stronger resistance

to UV radiation and low temperature than those of achro-

matous bacteria. Predominantly pigmented organisms have

been isolated from other cold environments [11, 26], and

Fong et al. [15] found a correlation between the production

of carotenoids and the cold adaptation of microorganisms,

possibly due to increased rigidity of the membranes. This

might permit endophytic bacteria to survive in an extreme

environment, and also possibly have a positive effect on

the UV radiation and cold tolerance mechanisms of sub-

nival plants. As Di Fiore and Del Gallo [13] described,

endophytic bacteria are a natural component of the mi-

croecology system of plants, and their existence improves

the adaptability of the host plant to adversity and enhances

the balance of ecosystems.

Interestingly, the percentage of isolates with the poten-

tial for plant growth promotion was higher than those of

other plant-associated bacteria in this study. Kuklinsky-

Sobral et al. [22] showed that 34 and 49% of endophytic

bacteria isolated from soybean possessed the capability to

produce IAA and solubilize immobilized mineral phos-

phates, respectively. This suggested that endophytic bac-

teria could enhance the host plant’s absorption of

phosphate and improve the fitness of the plant–bacterium

interaction [36]. In contrast, 36.4 and 76.3% of isolates

from subnival plants were able to produce IAA and solu-

bilize mineral phosphates, respectively, which revealed

that in subnival plants the endophytic bacteria with mul-

tiple physiological functions were more abundant and

widespread than in plants from other environments. This

would be very propitious for vigorous plant growth in a

harsh climate and infertile soil.

Regarding the population structure, endophytes in sub-

nival plants principally belonged to five large groups

comprising a-proteobacteria, c-proteobacteria, CFB,

HGC, and LGC. The largest generic diversity and popu-

lation density was found in the HGC group, consisting of

12 genera and accounting for 55.4% of the isolates ana-

lyzed, followed by the a-proteobacteria and c-proteobac-

teria groups, which included 17.9 and 19.6% of all isolates,

respectively. Of the latter two groups, species of

Sphingomonas and Pseudomonas were the most extensive

population whereas the types of isolates and population

density in the LGC and CFB groups were relatively lower.

Many of our isolates were related to genera such as

Methylobacterium, Rhodococcus, Sphingomonas, Arthro-

bacter, and Frigoribacterium, representatives of which

have been found in other permanently cold environments

[25, 38]. This is consistent with the suggestion that the

occurrence of related phenotypes in geographically diverse

cold environments is possibly due to similar strategies to

survive freezing and remain active at low temperature [28].

Microbes associated with plants that grow in more mild

environmental conditions mainly consisted of a-proteo-

bacteria, b-proteobacteria, c-proteobacteria, HGC, LGC,

and CFB groups and were dominated by the genera

Pseudomonas, Bacillus, Enterobacter, and Agrobacterium

[22, 41]. These obvious differences also indicated that the

environmental conditions have a strong selective effect on

the population structure of microbes. Furthermore, poten-

tially new bacterial species or new strains with important

functions might be discovered from this study, given that

the sequence similarity was lower than 96% for Enf15 and

Enf54, for example.

The source or origin of endophytic bacteria isolated in

this study is uncertain as their host plants grow in a com-

plicated terrain belt with a changeable climate. Several

studies reported that the primary source of endophytic

bacteria was from soil, and most of these bacteria com-

prised a variety of edaphons such as Pseudomonas,

Bacillus, Enterobacter (which is also a typical component

of the human microbiota), and Agrobacterium [24, 41].

However, no species of Enterobacter and Agrobacterium

were isolated among our endophytes. Bai et al. [4], who

investigated the bacterial diversity and population structure

of subnival soil in the Tianshan Mountains, suggested that

the variety and population density of bacteria were rela-

tively low in soil. Their findings show remarkable

Fig. 4 Distribution frequency of mineral phosphate solubilizing

bacteria (PSB) and IAA producing bacteria in subnival plants
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differences to our results, because isolates in subnival soil

mostly belonged to the HGC and CFB groups, and mem-

bers of Arthrobacter accounted for a large proportion.

Moreover, sequence alignment showed that many endo-

phytes (46.4%) exhibited high sequence homology to

bacteria from other cold environments such as glaciers,

Antarctic soil, lakes, and polar seas. Therefore, some

relationships or special transportation route might exist in

these microbes and environments. Most importantly,

however, the plant species included in this study experi-

ence frequently fluctuating and freezing temperatures and,

therefore, are repeatedly subjected to the freeze–thaw

process, together with strong wind and hailstones, which

may cause wounding of leaves and stems; at the same time,

frequent precipitation during the growth season can create

a humid and hydric environment. All of these factors may

facilitate the deposition and invasion of bacteria trans-

ported by wind and particles in the atmosphere. Thus,

based on the above conclusions and some previous find-

ings, we speculate that the endophytic bacteria within

subnival plant tissues are of mixed origin and most likely

come from the external environment of plant. Of course,

additional investigation is needed in order to verify this

hypothesis.

In addition, when the microorganisms transported by

wind and dust in the atmosphere are deposited on sub-

strates including a glacier (No. 1 glacier), soil, or subnival

plant, plant tissues would be a more suitable environment

for survival and propagation of the microbes than a glacier

and soil, as they provide not only sufficient nutrition but

also protection from the impact and damage from unfa-

vorable environmental conditions. Consequently, we con-

sider that microbial information contained by subnival

plants should be very rich, and would better reflect and

reveal some information in a certain period at this area if

combined with a survey of glacial and edaphic

microorganisms.

In conclusion, our study proved that alpine-subnival

plants host large populations of endophytic bacteria from a

diverse range genera and species, which not only enriches

the microorganism resource, but also provides a sound

foundation for further research on the relationship between

plants and microbes. However, many aspects, including the

ecological roles of endophytic bacteria, the relationship

between endophytes and plant resistance mechanisms to

extreme environmental stress, and the relationship of

microbes among glaciers, tundra, and subnival plants, need

to be further explored and investigated, as this study about

endophytes in alpine-subnival plants represents just the

beginning.
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