
PRIMARY RESEARCH PAPER

Chlorella thermophila (Trebouxiophyceae, Chlorophyta),
a novel thermo-tolerant Chlorella species isolated
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Abstract Open rooftop incubators may provide a

cost-effective way for producing microalgal biomass

for biodiesel production without requiring large land

areas. While cultivating a Chlorella vulgaris strain

with high oil content in a rooftop incubator, we

identified an invading thermo-resistant green alga,

which replaced the original culture. The isolated strain

HTA1-65 had the typical Chlorella morphology with

spherical cells and a cup-shaped parietal chloroplast.

The protoplast contained a single pyrenoid traversed

by a double-layered thylakoid and enveloped by a

single starch sheath. The oil content of this strain was

only 21.5 %, one third of the original strain. This strain

grew at 42 �C, with an optimum of 33 �C. Heat

treatment of 45 �C for 3 h per day did not decrease its

growth rate, suggesting that it has a high potential in

biotechnological applications. Phylogenetic analyses

revealed that HTA1-65 belongs to the genus Chlorel-

la, but a specific relationship to any species was not

indicated by nuclear and chloroplast small subunit

rRNA genes. However, based on at least one com-

pensating base change (CBC) and a few hemi-CBCs in

the ITS2 secondary structure of closely related

species, we describe strain HTA1-65 as a novel,

thermo-tolerant Chlorella species, C. thermophila.

Keywords Chlorella vulgaris � Chlorella
thermophila �Microalgae � Invading species � Rooftop
incubator � Phylogenetic analysis

Introduction

Global energy consumption has been rapidly increas-

ing over the last few decades. A large part of this

consumption is derived from fossil fuels, and has

increased the atmospheric carbon dioxide concentra-

tion from approximately 278–384 ppm since the start

of the Industrial Revolution (Etheridge et al., 1996;

Raupach et al., 2007; Hare, 2009). The increase of

atmospheric CO2 concentration is even speeding up by

an average of 1.8 ppm per year. This means that by the

end of this century, CO2 levels will rise to over

550 ppm if no action is taken to reduce the current

rate of fossil fuels consumption (Hare, 2009).
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Development of renewable energy is a realistic way to

cope with global energy demand while limiting CO2

emission. Microalgae are recognized as one of the

most promising plants to provide renewable energy

through photosynthesis. They grow at an exceptional

fast rate that is 100 times faster than terrestrial plants

(Yang et al., 2011), and some microalgae strains

including Chlorella vulgaris are able to accumulate

large quantities of lipids, which can be converted to

biodiesel (Hu et al., 2008; Halim et al., 2011).

However, the growth of microalgae for biodiesel

production requires large amounts of surface area to

receive sufficient sunlight, and therefore competes

with traditional agriculture for acreage.

The huge area of rooftops in the cities may be a

potential surface for microalgae cultivation. We tried

to grow microalgal strains with high oil content in

rooftop incubators. However, most of our strains failed

to grow well due to high temperatures. One of the

strains was even replaced by an invading strain with

less oil content. However, the invading strain could

tolerate 3 h heat shock of 45 �C without decrease of

growth rate, and could grow at constant temperatures

as high as 42 �C, which provides clues for the breeding
of stress-resistant microalgal varieties. This study

describes the invading microalgal strain HTA1-65.

Materials and methods

Microalgae strains

The strain in which the invading HTA1-65 occurred

was C. vulgaris strain A1-65, isolated from the

Yunyue Lake in Hainan Province, China. The alga

was grown in Tris–Acetate-Phosphate (TAP) Medium

(Gorman & Levine, 1965) at 25 �C on a shaker at

120 rpm. Light was provided by daylight fluorescent

lamps at an intensity of 4000 lux with a 15/9 h

light/dark cycle.

The invading strain HTA1-65 was isolated from a

rooftop incubator culturing C. vulgaris A1-65. The

algal suspension was centrifuged, and the pelleted

cells were suspended with 5 % NaClO3 solution,

washed 3 times with sterilized water, and plated on

TAPmedium solidified with 1 % agar. Single colonies

were transferred to fresh plates containing the same

medium, and colonies free of bacteria and fungi were

further transferred to fresh medium.

Light microscopy (LM)

The algal cells were stained with Nile red (Chen et al.,

2009; Bertozzini et al., 2011 ) as described, and were

mounted on glass slides, examined and photographed

with a fluorescent microscope under normal light or

under an excitation light of 530 nm wavelength.

Transmission electron microscopy (TEM)

TEM observations were performed as previously

described (Ma et al., 2013) with minor modifications.

The cultured cells were harvested by centrifugation at

5000 rpm for 5 min, suspended in 2.5 % glutaralde-

hyde dissolved in 0.2 mol/L PBS buffer, and stored for

6–8 h at 4 �C. The suspension was centrifuged at

5000 rpm for 5 min. The cells were rinsed three times

in PBS buffer for each 10 min, and postfixed in 1 %

osmium tetroxide (aqueous solution) for 2 h at 4 �C.
They were then rinsed again three times in PBS buffer

and dehydrated by increasing concentrations of ace-

tone (50, 70, 80, 90 and 100 %, 10 min each) at room

temperature. The samples were then embedded in

Spurr’s resin (Spurr, 1969). Ultrathin sections were cut

with a diamond knife, mounted on formvar/carbon-

coated slots, sequentially stained with uranyl acetate

and lead citrate, and observed with a JEOL 1010

transmission electron microscope.

DNA extraction, PCR amplification,

and sequencing

Cells were collected by centrifuging the suspension

cultures and homogenized with a mortar and pestle in

liquid nitrogen. DNA was extracted with a universal

DNA isolation kit (TaKara, Dalian, China), using

extraction buffers and protocol recommended by the

manufacturer’s. Nuclear-encoded 18S rDNA, the ITS

sequence, and chloroplast 16S rDNA were amplified

as described previously (Ma et al., 2013). Oligonu-

cleotides were synthesized by TaKaRa Biotechnolo-

gies (Dalian) Co., Ltd. PCR products were purified

with a DNA cleaning kit (TaKaRa, Dalian, China) and

sequenced by BGI (Shenzhen, China). The sequences

were analyzed with MacVector� 12.7 (Accelrys

Software Inc.). The nucleotide sequences of 16S

rDNA, 18S rDNA, and the ITS sequence of strain

HTA1-65 were deposited in the GenBank database

under accession numbers KF661333, KF661334, and
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KJ002639, respectively. The 18S rDNA of C. vulgaris

A1-65 was deposited under accession number

KF661335.

Phylogenetic analyses

The phylogenetic analyses were performed essentially

as previously described (Ma et al., 2013). In brief, the

18S rDNA and ITS sequence of strain HTA1-65 was

concatenated and aligned with at least one represen-

tative of each Chlorella species and of closely related

genera included in the ‘‘Chlorella clade’’ sensu Luo

et al. (2010), for which 18S ? ITS sequences were

available. The alignment was performed manually

considering the secondary structures of 18S rRNA,

ITS1, and ITS2. Regions of unclear homology were

excluded for the analysis resulting in 2353 nucleotide

positions that were used for the calculations. The

partial chloroplast 16S rDNA sequence of strain

HTA1-65 was aligned with the most similar 16S

rDNA sequences of Chlorella species available as

determined from a Blast Search. In this dataset, 1139

positions were used for the analysis.

The PAUP* 4.0b 10 program of Swofford (2002)

was used to infer the maximum likelihood (ML) tree

topologies in Fig. 3, and to perform each 1000

bootstrap resamplings for neighbor joining (NJ) and

maximum parsimony (MP). The ML bootstraps (1000

resamplings) were calculated via the Web Server

embnet.vital-it.ch/raxml-bb which uses the RA 9 ML

algorithm (Stamatakis et al., 2008). Parachlorella

kessleri and Closteriopsis acicularis were used as

outgroup in both phylogenetic trees.

Effect of temperature on the growth of strain

HTA1-65

The cell density of strain HTA1-65 was adjusted to

2.8 9 105/ml in liquid TAP medium (Gorman &

Levine, 1965), and incubated separately in six growth

chambers of constant temperatures (25, 28, 30, 33, 37,

and 42 �C). Light of every growth chamber was set to

4000 lux and to a 15/9 h light/dark cycle. The cell

densities were measured after 10 days of incubation.

The experiment was replicated three times and the

significance of the temperature effects was analyzed

with one-way ANOVA at 5 % confidence level.

To test the effects of temporary heat shock on

the growth of strain HTA1-65, the algal cell

suspensions were incubated in a water bath of 45

or 50 �C for 0, 1, 2, and 3 h every day, and cultured

for the rest of the day on a shaker at 28 �C,
120 rpm, and at a light intensity of 4000 lux with a

15/9 h light/dark cycle.

Results

Description

Chlorella thermophila Ma, Han, Huss, Hu, Sun &

Zhang spec. nov

DIAGNOSIS: Algae microscopicae, viridae, solitari-

ae, terricolae. Cellulae globosae, 1.5–2.5 lm in

diametro. Paries cellulae laevis, 2-stratoso. Chro-

matophores fusiformis in cellulae iuvenales et pari-

etalis, patelliformis in cellulae adultae, cum pyrenoido

singulo 0.4–0.6 lm in diametro. Propagatio 2–4

autosporis globose vel ovalis.

This is a green solitary microalgae and terrestrial in

habitat. Cells are spherical or oval in shape of

1.5–2.5 lm in diameter. Cell walls are smooth and

double-layered. They possess parietal and cup-shaped

chloroplasts. A single pyrenoid of 0.4–0.6 lm in

diameter is found in each chloroplast, which is

traversed by a double-layered thylakoid and en-

veloped by a single starch sheath. It reproduces by

autosporulation. Sporangia mostly contained 2–4

spherical to ellipsoidal autospores.

HOLOTYPE: Deposited as strain HTA1-65 in

cryopreserved and active forms in the Microorganism

Collection Center of the Institute of Tropical Bio-

science and Biotechnology (ITBB), CATAS, Hainan,

China.

ICONOTYPE: Fig. 1.

ETYMOLOGY OF EPITHET: The species is

named after its thermo-tolerance.

TYPE LOCALITY: Haikou, Hainan Province,

China; GPS data 19� 5900800 N, 110� 1902600 E.
DISTRIBUTION: Rooftops at the type locality, not

known from elsewhere.

Isolation and morphological characterization of the

invading strain.

The original strain growing in the rooftop incuba-

tor, A1-65, had the typical morphological character-

istics of C. vulgaris. It contained 1–2 large oil droplets

plus some small oil bodies in the cells, which were
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visible either under the light microscope or fluorescent

microscope when stained with Nile red (Fig. 2A, B).

The oil content of C. vulgaris A1-65 was up to

63 % (dry weight) at optimum conditions in the

laboratory, but its growth in the rooftop incubator was

slow in summer, since the temperature in Hainan, a

tropical island of China, often exceeded its optimal

growth temperature (25–28 �C). However, one culture
flourished, which was assumed to be a natural

mutation of strain A1-65. To investigate whether the

flourishing microalgae came from a natural mutation

or from the contamination of another strain, a pure

microalgal strain designated as HTA1-65 was isolated.

Microscopic observation indicated that HTA1-65 had

the typical Chlorella morphology (Fig. 1A) with

spherical or ovoidal cells, 1.5–2.5 lm in diameter,

and parietal and cup-shaped chloroplasts. The cells

reproduced by autosporulation (Fig. 1B). Sporangia

mostly contained 2–4 spherical to ellipsoidal au-

tospores. However, strain HTA1-65 was apparently

different from strain A1-65 by a smaller cell size and

the absence of large oil droplets (Fig. 2C, D). By

fluorescent microscopy, only a few small oil bodies

could be observed (Fig. 2D). The oil content of HTA1-

65 was measured to be only 21.5 %, one third of the oil

content of strain A1-65.

TEM microscopy of HTA1-65 showed a single

pyrenoid of 0.4–0.6 lm in diameter in each chloro-

plast, which is traversed by a double-layered thylakoid

and enveloped by a single starch sheath (Fig. 1C, D),

characteristics forChlorella and closely related genera

(Huss et al., 1999; Němcová & Kalina, 2000).

Molecular characterization

The amplified length of the nuclear-encoded 18S

ribosomal rDNA of strains HTA1-65 and A1-65 was

1742 and 1744 bp, respectively, disregarding the PCR

primer sequences. While the sequence of strain A1-65

had just a single-base substitution compared to the type

Fig. 1 Light and electron microscopy ofChlorella thermophila

authentic strain HTA1-65. Amature and young cells growing in

TPA medium; B sprorangia with different numbers of au-

tospores; C and D TEM observation showing the starch sheath

and the thylakoids traversing the pyrenoid. Red bars represent

5 lm, and green bars 1 lm

Fig. 2 Microscopic observation of the oil droplets in Chlorella

vulgaris A1-65 stained with Nile red under normal light (A) and
under UV light (B), and, respectively, forC. thermophilaHTA1-
65 (C and D). Oil droplets show yellow fluorescence, while

chloroplasts fluoresce in red

cFig. 3 Maximum likelihood (ML) phylogenetic trees inferred

from concatenated nuclear 18S rRNA ? ITS (A) and chloro-

plast encoded 16S rRNA (B) gene sequences. Bootstrap support
for each 1000 resamplings is shown at nodes for NJ/MP/andML

(RAxML), if higher than 50 %. Thick lines indicate bootstrap

support higher than 95 % for all three methods. Branch lengths

reflect the evolutionary distances indicated by the scale.

GenBank accession numbers are given in brackets
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Chlorella thermophila HTA1-65 (KF661334+KJ002639)
Chlorella lobophora (FM205833)

Chlorella pituita (FM205856)
Chlorella vulgaris (FM205832)

Chlorella variabilis (FM205849)
Micractinium conductrix (FM205852)

Micractinium pusillum (FM205874)
Chlorella pulchelloides (FM205857)

Chlorella chlorelloides (FM205856)
Chlorella colonialis (FM205862)

Chlorella singularis (HQ111435)
Chlorella heliozoae (FM205850)

Chlorella rotunda (HQ111433)
Chlorella sorokiniana (FM205834)

Chlorella lewinii (FM205861)
Didymogenes palatina (FM205840)

Didymogenes anomala (FM205839)
Chlorella volutis (HQ111434)

Chlorella elongata (FM205858)
Coronastrum ellipsoideum (GQ507370)
Hindakia tetrachotoma (GQ487233)

Hindakia fallax (GQ487223)
Heynigia dictyosphaerioides (GQ487221)
Heynigia riparia (GQ487225)

Actinastrum hantschii (FM205882)
Actinastrum hantschii (FM205884)

Crucigenia lauterbornii (JQ356710)
Meyerella planktonica (AY543040+AY543045)
Hegewaldia parvula (FM205842)

Hegewaldia spec. (FM205844)
Closteriopsis acicularis (FM205847)

Parachlorella kessleri (FM205846)

0.01 substitutions/site

81/94/97

64/-/61

63/78/55

89/75/94

62/74/54

58/98/81

A

Chlorella thermophila HTA1-65 (KF661333)

Chlorella spec. SUN-2 (EF114678)

Chlorella variabilis (HQ914635)

Chlorella sorokiniana (X65689)

Chlorella vulgaris (X16579)

Chlorella vulgaris (D11347)

Parachlorella kessleri (X65099)

Closteriopsis acicularis (Y17632)

0.005 substitutions/site

-/58/68

96/77/96

54/-/85

B
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strain of C. vulgaris (GenBank accession number

FM205832), strain HTA1-65 had 16 nucleotide substi-

tutions and two deletions compared to A1-65,

confirming that HTA1-65 was distinct from the original

strain. Blast searches resulted in best hits of about 99 %

with different Chlorella species including C.

Fig. 4 Secondary structure model of the internal transcribed

spacer 2 (ITS2) of Chlorella thermophila HTA1-65. Helices I,

II, III, and IV are shown for C. thermophila; only the conserved

helix III is shown for the most closely related Chlorella species

for comparison. Full compensatory base changes (CBCs) are

indicated with red boxes
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sorokiniana, C. vulgaris, C. pituita, and C. variabilis.

Determination of the species affiliations of strain

HTA1-65 within the genus Chlorella was not possible

on the basis of 18S rDNA sequence comparison alone,

but required additional consideration of the much more

variable ITS region (Bock et al., 2011). We therefore

determined the sequence of the ITS region (ITS1, 5.8S

rDNA, and ITS2; 700 bp) and used a concatenated

dataset of 18S and ITS sequences for the phylogenetic

analysis shown in Fig. 3A. The tree topology is

consistent with a similar dataset published before

(Bock et al., 2011) and shows C. lobophora, C. pituita,

C. vulgaris, and C. variabilis next closely related to

HTA1-65, but without bootstrap support for a specific

relationship to any of these species. Comparison of a

partial chloroplast 16S rDNA sequence (1139 bp) with

the most closely related sequences available from

GenBank showed a similar result (Fig. 3B): HTA1-65

is closely related toC. variabilis,C. sorokiniana, andC.

vulgaris, but again, a specific species affiliation is

unclear.

To further determine the identity of strain HTA1-

65, secondary structures of the ITS2 sequences of

HTA1-65 and closely related species were constructed

and compared. The ITS2 sequence of HTA1-65

contained at least one compensatory base changes

(CBCs) in helix III compared to most related species

(Fig. 4); the other helices are more variable and not

shown in comparison. C. variabilis was most similar

to HTA1-65 and contained only one CBC and two

hemi-compensatory base changes (hCBCs) in helix

III; C. sorokiniana, C. lobophora, and C. pituita

contained two CBCs and one or two hCBCs, and C.

vulgaris contained three CBCs and one hCBC com-

pared to HTA1-65. These results suggested that strain

HTA1-65 represented a novel Chlorella species.

Thermo-tolerance of Chlorella thermophila

HTA1-65

We tested the upper temperature limit for strain

HTA1-65 and found growth at 42 �C at a relatively

low rate (Fig. 5). The cell density was 0.47 9 109/ml

after 10 days of culture at 42 �C. The optimum growth

temperature was 33 �C, at which the cell density

reached 2.98 9 109/ml after 10 days of culture. This

thermo-tolerant feature is similar to some C. sorokini-

ana strains (de-Bashan et al., 2008), and higher than in

other Chlorella species. Moreover, HTA1-65 could

tolerate a heat shock of up to 45 �C for at least 3 h per

day, and grew to high cell density without decrease of

growth rate when incubated at 28 �C for the rest of the

day (Table 1). However, when the heat shock tem-

perature was increased to 50 �C for 1 h, the growth of

the algae was significantly slowed down, the longer

the heat shock, and the slower the growth rate

(Table 1). HTA1-65 therefore represents a second

thermo-tolerant Chlorella species in addition to C.

sorokiniana, and is designated as C. thermophila.

Fig. 5 Effect of constant temperatures on the growth of HTA1-

65. The algal cell density was adjusted to 2.8 9 105 cells/ml,

and incubated in growth chambers of different temperatures;

other conditions were the same. The cell density was determined

after 10 days of incubation. The significance was tested by one-

way ANOVA at 5 % confidence level, and different letters on

the column indicate significant difference

Table 1 Influence of temporary heat shock on growth of

HTA1-65

Heat-shock length

(h/day)

Cell density after 10 day (109/ml)

45 �C 50 �C

0 2.836 ± 0.003 a 2.985 ± 0.034 a

1 2.827 ± 0.012 a 0.533 ± 0.034 b

2 2.799 ± 0.017 a 0.196 ± 0.027 c

3 2.818 ± 0.008 a 0.081 ± 0.030 d

The initial cell density of the algal suspension culture was

2.8 9 105/ml. The suspension was incubated at 45 or 50 �C in

a water bath for 0–3 h per day, and then incubated on a shaker

at 28 �C for the rest of the day. The significance was tested

with one-way ANOVA. Different letters indicate significance

at 5 % confidence level
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Discussion

Microalgae are one of the groups of organisms with

the most potential to provide renewable energy such as

biodiesels through photosynthesis (Huang et al., 2010;

Halim et al., 2011; Yang et al., 2011). Rooftop

incubators may provide a cost-effective way in many

countries of producing microalgal biomass without

requiring large land areas. However, our studies show

that the cultivation of selected microalgae in an open

environment, even in relatively clean rooftop incuba-

tors, faces the risk of contamination by different

strains better adapted to the given environmental

conditions. A C. vulgaris strain A1-65 with high oil

content cultivated in such an incubator was invaded,

overgrown, and finally replaced by a different mi-

croalgal strain HTA1-65 with low oil content, but

better adapted to the high temperatures during sum-

mertime. This invading strain was not a natural mutant

of strain A1-65, but was identified as a novel species

by molecular analyses. Therefore, efficient production

of microalgal bioenergy in open ecological systems

requires strains not only with high growth rates and

high oil content, but also with high resistance to biotic

and abiotic stress.

Chlorella is one of the most exciting green protists

in aquatic and terrestrial ecology and physiology, and

has captured a top position as a model organism.

However, species identification in this genus is

problematic due to the lack of distinctive morpho-

logical features and sexual reproduction (Kessler &

Huss, 1992). About 50 species were once classified

with traditional morphological methods (Fott &

Nováková, 1969). However, they were found dis-

tributed over two classes of green algae in later studies

based on biochemical and molecular analyses (Huss

et al., 1999), and only three species, C. vulgaris

Beijerinck, C. lobophora Andreyeva, and C. sorokini-

ana Shihira &Krauss, remained in the genusChlorella

at that time (Krienitz et al., 2004).

Light and TEM observations of strain HTA1-65

showed the typical Chlorella morphology and asex-

ual reproduction mode (Fig. 1), but species affiliation

based on morphology alone was not possible. Com-

parative sequence analyses of the 18S and 16S rDNA

and the more variable ITS region did not support a

specific relationship between strain HTA1-65 and

any known Chlorella species (Fig. 3). It has been

demonstrated, however, that the ITS2 sequence is

useful for delimitation of closely related species on

the basis of CBCs and hemi-compensatory base

changes (hCBCs) within the most conserved helical

regions of helices I–III. A single CBC in one of these

regions has been shown to indicate a different species

(Coleman, 2000, 2009). This concept was used by

Bock et al. (2011) to describe and distinguish the 14

different Chlorella species characterized so far by

molecular methods. We found that the ITS2 sequence

of strain HTA1-65 contained at least one CBCs in

helix III compared to the most closely related species

(Fig. 4); the other helices are more variable and not

shown in comparison. Taking all the data together,

we suggest that strain HTA1-65 represents a novel

Chlorella species.

Of all previously described Chlorella species tested

to date for their maximal growth temperature, only C.

sorokiniana showed thermo-tolerance up to 42 �C,
while 20 strains of C. vulgaris could grow only up to

temperatures of 28–32 �C (Huss et al., 1999). Chlorel-

la sorokiniana and other high-temperature tolerating

microalgae can be used for wastewater treatment in

areas with hot environmental conditions (de-Bashan

et al., 2008). We found that strain HTA1-65 had an

optimum growth temperature of 33 �C, and could

grow at 42 �C, although at a relatively low rate

(Fig. 5). Moreover, HTA1-65 could tolerate a heat

shock of up to 45 �C for at least 3 h per day, and grew

to high cell density without decrease of growth rate

when incubated at 28 �C for the rest of the day

(Table 1). Strain HTA1-65 therefore is a second

thermo-tolerant Chlorella species in addition to C.

sorokiniana, and is given the species name C.

thermophila. Heat tolerance is very useful in biotech-

nological applications such as water remediation,

where periodically high temperatures may occur

during noon in the summer (cf. de-Bashan et al.,

2008). The heat tolerant strain may also be useful as an

initial strain to breed new microalgae strains with high

oil content via genetic modification for bioenergy

application. Our study showed that screening for

potential useful microalgae should not only be direct-

ed to their specific valuable properties, but also to their

resistance against abiotic and biotic stresses.

Acknowledgments This work was supported by Hainan

Provincial Science and Technology Key Program

(GCZX2013001, ZDZX2013023), and International Science and

TechnologyCooperation ProgramofChina (2014DFA30680), and

Natural Science Foundation of Hainan Province (309051).

88 Hydrobiologia (2015) 760:81–89

123



References

Bertozzini, E., L. Galluzzi, A. Penna & M. Magnani, 2011.

Application of the standard addition method for the abso-

lute quantification of neutral lipids in microalgae using

Nile red. Journal of Microbiological Methods 87: 17–23.

Bock, C., L. Krienitz & T. Pröschold, 2011. Taxonomic re-
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