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ABSTRACT

Microbial lipids, which are also known as single cell oils (SCO), are produced by oleaginous
microorganisms including oleaginous bacteria, yeast, fungus and algae through converting carbohydrates
into lipids under certain conditions. Due to its unique environment having extremely low temperature and
anoxia, the Tibetan Plateau is amongst the regions with numerous rare ecotypes such as arid desert, salt
marsh, alpine permafrost, hot spring, and lawn. By using a rapid, convenient screening method, we
identified 31 strains of oleaginous microorganisms from different habitats in the Tibetan Plateau, which
include wetlands, lawn, hot spring, alpine permafrost, and saline-alkali soil. Molecular identity analysis
showed that they belong to 15 different species, 7 of which are reported for the first time as lipid-producing
microorganisms, that is, Cladosporium sp., Gibberella fujikuro, Ochrobactrum sp., Plectosphaerella sp.,
Tilletiopsis albescens, Backusella ctenidia, and Davidiella tassiana. The distribution of the oleaginous
microorganisms varies with habitats. 11 strains were found in hot spring (35.5%), 10 in farmland (32.3%), 6
in lawn (19.4%), 2 in sand (6.4%), 1 in wetland (3.2%), and 1 in permafrost (3.2%,). Carbon utilization
analysis indicated that most of these filamentous fungi can use xylose and carboxymethyl cellulose (CMC)
as carbon source, where Backusella ctenidia, Fusarium sp. and Gibberella fujikuroi have the strongest

capability.
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INTRODUCTION

Lipid is the transient and storage form of energy needed
for metabolism. However, it is not only the energy provider for
an organism but also the important building block. For
example, phospholipid is one of the most important compounds
of biomembrane. Under certain

conditions, some

microorganisms transform carbohydrate, hydrocarbon and
normal lipid into lipids within the cells (15). Previous studies
suggested that oleaginous microorganisms are mainly bacteria,
yeast, filamentous fungi and microalgae. It was also reported
that the lipid content in microalgae, yeasts and filamentous
fungi was higher (70%-90%) than that in bacteria (20%-50%)
(19).
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The Tibetan Plateau is referred to as "the third pole" of the
Earth due to its unique natural and geographical characteristics.
Extremely harsh conditions, such as low temperature,
oligotrophy, hypoxia, and strong ultraviolet and magnetic
radiation, breed abundant extreme microorganisms. These
extreme microorganisms have special genetic characteristics of
physiological and biochemical adaptation mechanisms that
enable them to survive in such a bad environment. Up till now,
there has been no report on the biodiversity of the oleaginous
microorganisms in the Tibetan Plateau.

Previous studies indicated that most of the oleaginous
microorganisms can only utilize glucose as carbon source to
produce lipids. However, the cost of the biodiesel produced by
these microorganisms is so high that its sustainable
development is limited. As a result, one of the most important
questions in the microbial fermentation of lipids is substrate
utilization. Chen et al. identified that some oleaginous yeasts
could tolerate the hydrolyzates of lignocellulose while
producing microbial lipids (3, 5). However, whether this is true
for filamentous fungi remains elusive.

The conventional method used for lipid determination is
Sudan Black B or Sudan III staining (18), however, the
proportion of false-positive is relatively high, and the amount
of lipid particles is not consistent with lipid content (7). At
present, many studies on oleaginous microorganisms focus on
the screening of unknown strains, the discovery of new
oleaginous microorganisms and the optimization of
fermentation conditions (3, 8, 9, 12, 14). However, there are
very few reports on the biodiversity of the oleaginous
microorganisms in different habitats (7, 13). In this study, we
established a new method based on different growth rates in
medium lack of carbon and identified some new oleaginous
microorganisms from different habitats in the Tibetan Plateau.
The study on the biodiversity of the oleaginous
microorganisms enriched and provided the distribution of
oleaginous microorganisms in different habitats in the Tibetan

Plateau.

Biodiversity of the oleaginous microorganisms

MATERIALS AND METHODS

Soil sample collection

26 soil samples were collected 5-20 cm below the surface
from hot spring, permafrost, wetland, sand, lawn, saline-alkali
soil, high-radiation soil and farmland in Haibei, the Tibetan

Plateau, and were stored at 4°C until use.

Reagents

Ex-Taq polymerase and PMD18-T Plasmid were obtained
from TaKaRa (Japan). All other reference substances and
chemicals were purchased from Sinopharm Chemical Reagent
(China), and were of analytical grade unless otherwise
specified.
Enrichment of oleaginous microorganisms: 1g of soil sample
was added into a 250 mL flask containing 50 mL sterilized
enrichment medium to obtain a mixture. The enrichment
medium contains (g/L) glucose 100, yeast extract 1, NH,CI 1,
KH,PO, 2, MgS0,.7H,0 0.75, CaCl,.2H,0 0.05, ZnSO,.7H,0
0.01, FeCl3.6H,0 0.01 and Na,HPO, 1, and it has a pH of 7.4.
The mixture was cultured at 28°C, 180rpm for 48h to allow the
amount of oleaginous microorganisms and the content of lipids

to reach a certain levels.

Screening and isolation of oleaginous microorganisms

1 mL enriched sample was serially (1:10) diluted with
sterilized water, and then 0.1 mL of the diluent was spread
evenly on a screening plate. The screening medium does not
have carbon, but contains (g/L): yeast extract 1, NH,Cl 1,
KH,PO, 2, MgS0,.7H,0 0.75, CaCl,.2H,0 0.05, ZnSO,.7H,0
0.01, FeCl;.6H,O 0.01 and Na,HPO,4 1. The screening medium
was adjusted to a pH of 7.4 and was kept in an incubator at
28°C for 1-4 days. The strains that appeared the earliest and
grew the fastest were picked for further study.

Activation and fermentation of oleaginous microorganisms
Of the oleaginous microorganisms obtained, filamentous

fungi were activated on PDA for 72 h, yeasts on YEPD for 48
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h and bacteria on LB for 48 h before being added into a 250
mL flask containing 100 mL fermentation medium (glucose 60,
yeast extract 1, NH,Cl 1, KH,PO, 2, MgSO,.7H,O 0.75,
CaCl,.2H,0 0.05, ZnSO4.7H,0 0.01, FeCl;.6H,O 0.01,
Na,HPO, 1g/L, pH 7.4.) The medium mixed with the
oleaginous microorganisms was cultured at 28°C, 200 rpm for
6 days, where triplicate samples were set up to determine

biomass, dry weight and lipid content.

Determination of biomass (dry weight) of oleaginous
microorganisms

Zymotic fluid was spun down at 6,000 g for 10 minutes to
collect thalli before it was washed twice with sterilized water
and centrifuged again. The thalli were kept at 80°C for 24 h

before biomass (dry weight) was determined.

Extraction of lipid compounds

Lipids were extracted by the advanced Bligh and Dyer
method (1).
centrifuged at 5,000 g for 10 min to obtain thalli. The collected

Briefly, 100 mL of the zymotic fluid was

thalli were then transfered to a 50 mL centrifugal tube and
washed twice with sterilized water. 15 mL of 4 M HCI were
added to the thalli and the mixture was kept at room
temperature for 30 min before it was dipped in liquid nitrogen
for 10 min and subsequently in boiling water for 10 min. This
freezing/thawing process was repeated 3 times in order to
break up the cells. 30 mL chloroform/methanol (1:1) was
added into the tube, shaked vigorously with a vortex oscillator
and then centrifuged at 5,000 g for 10 min. The lipid-
containing chloroform layer (the lower layer) was dried in a
decompression device before it was weighed to obtain the

content of lipids.

Iodine value determination of microbial lipids

The advanced Hanus method was used (7).

Saponification value determination of microbial lipids

Lipids were mixed with excess amount of potassium

Biodiversity of the oleaginous microorganisms

hydroxide ethanol solution for saponification. With
phenolphthalein as an indicator, hydrochloric acid standard
solution was used to titrate the remaining potassium hydroxide.
Blank control was performed at the same time. The amount of
potassium hydroxide consumed in saponification marked the

saponification value of the microorganism lipids.

Analysis of carbon utilization of oleaginous microorganisms

The substrate-using medium formula was as follows (g/L):
NH,Cl 5 g, KH,PO4 2 g, MgS0,4.7H,0 0.75 g, CaCl,.2H,0
0.05 g, ZnS0,4.7H,0 0.01 g, FeCl;.6H,0 0.01 g, Na,HPO, 1 g,
agar 15 g, pH 7.4. Besides, CMC, xylose, soluble starch and
sucrose as the single carbon source respectively were added
and the final concentration was 10 g/L. The isolated strains
were inoculated into these media. The result with “+” suggests
that a strain could utilize the substrate. The more “+” a result is
labeled with, the better the utilization is, and the faster the
growth is. The symbol “-” suggests that a strain could not

utilize the substrate.

Molecular identification of oleaginous microorganisms

The genomic DNA of each strain was extracted by the
SDS-Proteinase K-CTAB method (16). All DNA samples were
treated with RNase A and examined on ethidium bromide-
stained 1% agarose gels. Primers NL1 and NL4 were used to
amplify 26S D1/D2 fragment of yeast (6); primers EF3 and
EF4 to amplify 18S sequence of fungi (17); and primers F27
and R1492 to amplify 16S sequence of bacteria (10). The
amplified PCR products were sequenced by Invitrogen

Corporation (Shanghai, China) and the results were blasted in

NCBI. For PCR primers, see Table 1.

Statistical analysis

All the experiments were performed in triplicates and the
data were analyzed using one way analysis of variance
(ANOVA). considered

Differences with p<0.05 were

statistically significant.
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Table 1. Ribosomal primers used in this study

Biodiversity of the oleaginous microorganisms

Primer Sequence(5’-3’) Specificity or target Reference
NL1 GCATATCAATAAGCGGAGGAAAAG Yeast 6
NL4 GGTCCGTGTTTCAAAGACGG Yeast 6
EF3 CCTCTAAATGACCAAGTTTG Fungus 17
EF4 GGAAGGG(G/A)TGTATTTATTAG Fungus 17
F27 AGAGTTTGATC(A/C)TGGCTCAG Bacteria 10
R1492 TACGGYTACCTTGTTACGACTT Bacteria 10

RESULTS

Isolation of oleaginous microorganisms

31 strains were identified at the first screening, based on

the time they appeared and their growth rate on a screening

plate without carbon (Table 2). A series of parameter

Table 2. Characterization of the 31 oleaginous microorganisms

determination was performed, including biomass, lipid yield,

lipid content,

iodine value

and

saponification value

determination (Table 2). All the data obtained were expressed

as the average of three determinations. As shown in Table 2,

the initial lipid content of the microorganisms was 15%-45%,

which suggests the reliability of the isolation method.

Strain Soil Name Biomass Lipid yield Lipid content Iodine Saponification
No. type (g/L) (g/L) (%) value value
2-1 farmland Fusarium sp. 11.424+0.51 3.16£0.14 27.6£1.23% 92+3 185+2
2-2 farmland Plectosphaerella sp. 11.92+0.49 3.12+0.16 26.2+1.34% 67+2 22143
3-1 farmland Cryptococcus adeliensis 9.29+0.37 2.98+0.12 32.1+£1.29% 140+4 151+£2
4-1 sand Gibberella fujikuroi 8.32+0.21 3.38+0.17 40.7+2.04% 170+3 20442
4-2 sand Ochrobactrum anthropi 7.15+£0.32 1.52+0.06 21.2+0.84% 102+2 191+2
8-1 farmland Gibberella fujikuroi 6.54+0.24 2.34+0.09 35.8+1.38% 9543 189+1
8-2 farmland Agrobacterium tumefaciens 10.25+0.43 2.35+0.11 22.9+1.07% 89+1 17843
8-3 farmland cryptococcus adeliensis 5.16£0.19 1.71£0.05 33.2+0.97% 4042 15742
9-1 farmland Plectosphaerella sp. 16.40+0.54 4.43+0.19 27.0£1.16% 81+3 155+4
10-1 farmland Tilletiopsis albescens 12.4440.46 2.92+0.08 23.5+0.64% 94+1 182+2
10-2 farmland Plectosphaerella sp. 9.524+0.39 1.81+0.12 19.0+1.26% 69+2 143+1
12-1 lawn Cryptococcus adeliensis 5.98+0.17 1.64+0.09 27.3£1.51% 7542 179+3
12-2 lawn Tilletiopsis albescens 5.45+0.23 1.22+0.05 22.3+0.92% 9642 180+2
13-1 lawn Backusella ctenidia 14.64+0.67 3.41+0.13 23.3+0.89% 674 173+£2
13-2 lawn Fusarium sp. 4.16+0.14 0.69+0.04 16.5+0.96% 98+2 18444
13-3 lawn Ochrobactrum sp. 7.10+£0.25 1.19+0.07 16.8+£0.99% 79+1 181+2
13-4 lawn Tilletiopsis albescens 6.58+0.31 1.05+0.07 15.9+1.06% 80+3 175+3
18-1 wetland Cryptococcus adeliensis 7.43+0.27 2.46+0.09 33.1+£1.21% 70+1 17743
18-2 farmland Rhodotorula mucilaginosa 6.50+0.44 1.70+0.10 26.2+1.54% 83+2 170+£2
19-1 hotspring Cladosporium sp. 8.63+0.32 1.43+0.06 16.5+0.70% 762 168+2
19-2 hotspring Aspergillus fumigatus 15.83+0.71 2.41+0.07 15.2+0.44% 801 181+4
20-1 hotspring Aspergillus fumigatus 16.13+0.62 5.21+0.06 32.3+0.37% 84+3 1872
20-2 hotspring Penicillium radicum 6.74+0.15 1.45+0.09 21.5+£1.34% 88+4 194+2
20-3 hotspring Fusarium sp. 6.79+0.29 1.21+0.05 17.8+£0.74% 65+1 16743
20-4 hotspring Fusarium sp. 9.74+0.38 1.69+0.04 15.4+0.41% 77+2 17945
20-5 hotspring Ochrobactrum sp.. 7.72+0.34 1.31£0.03 16.9+0.39% 79+1 184+1
21-1 hotspring Davidiella tassiana 17.78+0.75 4.37+0.19 24.6+1.07% 82+2 176+4
21-2 hotspring Aspergillus fumigatus 12.05+0.39 2.90+0.08 24.1+0.66% 93+2 188+2
21-3 hotspring Fusarium sp. 8.36+0.36 1.62+0.06 19.4+0.72% 10343 17042
22-1 hotspring Penicillium decumberns 17.724+0.48 4.13+0.17 23.3+0.96% 85+1 191+3
26-1 permafrost Gibberella fujikuroi 18.24+0.64 5.86+0.21 32.1£1.15% 79+2 187+1
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Carbon utilization of oleaginous microorganisms
As shown in Table 3, nearly all filamentous fungi can
utilize xylose, CMC, starch and sucrose as carbon source;

while yeasts and bacteria can only utilize xylose, starch and

Table 3. Carbon utilization of oleaginous microorganisms

Biodiversity of the oleaginous microorganisms

sucrose but not CMC. Strains 13-1, 13-2, 20-3 and 26-1 can
utilize CMC well, suggesting the potential of using agricultural

waste in microbial lipid production.

Strain No. CMC Xylose Soluble starch sucrose
2-1 +++ ++++ -+ -
2-2 + + + +
3-1 — ++ ++ ++
4-1 — — ++ +
4-2 — +++ ++ +H+
8-1 + + ++ +
8-2 — ++ — ++
8-3 — ++ ++ ++
9-1 + + ++ ++
10-1 + ++ + —
10-2 + ++ ++ ++
12-1 — ++++ ++++ ++++
12-2 + + + +
13-1 -+ - A+ A+
13-2 -+ 4+ A+ A+
13-3 — — — —
13-4 + + + +
18-1 — +++ +++ +++
18-2 — 4+ + +++
19-1 — — _ L
19-2 ++ ++ ++++ ++
20-1 -+ - A+ -+
20-2 + + + +
20-3 4+ +++ -+ -+
20-4 +H+ ++ ++ ++
20-5 — ++ + ++
21-1 — — _ .
21-2 +++ +++ ++++ +++
21-3 +++ ++ +++ +++
22-1 ++ 4+ -+ -+
26-1 -+ -+ -+ -+

+ suggests that the strain could utilize the substrate, the more + suggests the utilization is better, the growth is faster; - suggests that

the strain could not utilize the substrate.

Molecular identification of oleaginous microorganisms
The results of 16S, 18S and 26S sequencing and BLAST
indicated that 31 strains we identified belong to 15 different

species (Table 4). Seven out of 15 are reported for the first time

as lipid-producing microorganisms, that is, Cladosporium sp.,
Gibberella fujikuro, Ochrobactrum sp., Plectosphaerella
sp.,Tilletiopsis albescens, Backusella ctenidia, and Davidiella

tassiana.
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Table 4. The identification of the 31 oleaginous microorganisms

Biodiversity of the oleaginous microorganisms

Strain Name. Accession  Strain Name. Accession
No. No. No. No.
2-1 Fusarium sp. HQ871880 13-4 Tilletiopsis albescens HQ871890
2-2 Plectosphaerella sp. HQ871881 18-1 Cryptococcus adeliensis HQ871905
3-1 Cryptococcus adeliensis HQ871902 18-2 Rhodotorula mucilaginosa HQ871906
4-1 Gibberella fujikuroi HQ871882 19-1 Cladosporium sp. HQ871891
4-2 Ochrobactrum anthropi HQS871876 19-2 Aspergillus fumigatus HQ871892
8-1 Gibberella fujikuroi HQS871883 20-1 Aspergillus fumigatus HQ871893
8-2 Agrobacterium tumefaciens HQ871877 20-2 Penicillium radicum HQ871894
8-3 cryptococcus adeliensis HQ871903 20-3 Fusarium sp. HQ871895
9-1 Plectosphaerella sp. HQ871884 20-4 Fusarium sp. HQ871896
10-1 Tilletiopsis albescens HQ871885 20-5 Ochrobactrum sp.. HQ871879
10-2 Plectosphaerella sp. HQ871886 21-1 Davidiella tassiana HQ871897
12-1 Cryptococcus adeliensis HQ871904 21-2 Aspergillus fumigatus HQS871898
12-2 Tilletiopsis albescens HQS871887 21-3 Fusarium sp. HQ871899
13-1 Backusella ctenidia HQ871888 22-1 Penicillium decumberns HQ871900
13-2 Fusarium sp. HQ871889 26-1 Gibberella fujikuroi HQ871901
13-3 Ochrobactrum sp. HQS871878

DISCUSSION

Isolation of oleaginous microorganisms

The Dbasic mechanism of lipid accumulation in
microorganisms has been well studied. When the culture
medium contains sugar but low nitrogen, lipid accumulates (2,
4, 8, 11). In order to isolate oleaginous microorganisms, Sudan
Black B staining is usually used to determine lipid content (18).
However, this method only roughly indicates the presence of
microbial lipids, and it provides no quantification of the lipid
content. So there are many false-positive results (3, 7) that
make isolation difficult. In the present study, oleaginous
microorganisms were firstly enriched in high C/N medium,
allowing them to accumulate a certain amount of lipids. Then
strains were selected based on the time they appeared and their
growth rate on medium without carbon. Results (Table 2)
showed that the initial lipid content was 15%-45%. The time
the stain appears is coherent with the lipid content. The earlier
it appears, the more lipids it contains. This indicated the
reliability of this method. Moreover, the results of iodine value
and saponification value determination (Table 2) suggest that

the compounds of microbial lipids are similar to those of

vegetable oil.

Biodiversity of the oleaginous microorganisms

Previous studies showed that many species of
microorganisms can accumulate lipids efficiently, such as
Schizochytrium sp., Arthrobacter sp., Bacillus sp., Candida sp.,
Cryptococcus sp., Aspergillus sp., etc. (15) Pan et al. obtained
13 different oleaginous yeasts from soil (7), although most of
them had already been reported. Oleaginous microorganisms
we obtained belong to 15 different species (Table 4), among
which 8 species have been reported and the other 7 species are

newly discovered, that is, Cladosporium sp., Gibberella

Sfujikuro, Ochrobactrum sp., Plectosphaerella sp., Tilletiopsis

albescens, Backusella ctenidia, and Davidiella tassiana. Our

data indicated that the biodiversity of oleaginous

microorganisms in special habitats in the Tibetan Plateau is

extremely rich.

Relationship between oleaginous microorganisms
distribution and habitats
The environment with high C/N ratio is good for lipid

accumulation. 31 oleaginous microorganisms we obtained are
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from 6 different habitats (Table 2). As shown in Table 2, 11
strains (35.5%) were isolated from hot spring samples, most of
which are filamentous fungi; 10 strains (32.3%) were isolated
from farmland samples, some of which are yeasts and bacteria;
6 strains (19.4%) were isolated from lawn samples. However,
there are a few oleaginous microorganisms in wetland, sand
and permafrost samples, while there are no oleaginous
microorganisms in alkali soil and highly radiated soil. It
suggests that oleaginous microorganisms may distribute in a
nutrient-rich environment and high temperature has a positive

effect on the lipid accumulation of oleaginous microorganisms.

Biodiversity of the oleaginous microorganisms on carbon
utilization

Most of the oleaginous microorganisms reported utilize
glucose to produce lipids (8, 9, 14). However, using glucose in
microbial lipid production will increase the cost greatly, which
limits its application. Previous studies reported that some
oleaginous yeasts could use the hydrolyzates of methyl
cellulose in lipid production (3, 5). However, there are no
relevant reports on filamentous fungi. The substrate utilization
of 31 strains we obtained indicates that most of the filamentous
fungi can utilize xylose and CMC, among which Backusella
ctenidia, Fusarium sp., Gibberella fujikuroi can utilize xylose
and CMC well, suggesting the potential of using agricultural
waste in microbial lipid production. The results in this current
study laid a solid foundation for using these strains in

producing microbial lipid from agricultural wastes.
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