
ORIGINAL PAPER

Identity and physiology of a new psychrophilic eukaryotic
green alga, Chlorella sp., strain BI, isolated from a transitory
pond near Bratina Island, Antarctica

Rachael M. Morgan-Kiss Æ Alexander G. Ivanov Æ
Shannon Modla Æ Kirk Czymmek Æ Norman P. A. Hüner Æ
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Abstract Permanently low temperature environments are

one of the most abundant microbial habitats on earth. As in

most ecosystems, photosynthetic organisms drive primary

production in low temperature food webs. Many of these

phototrophic microorganisms are psychrophilic; however,

functioning of the photosynthetic processes of these enig-

matic psychrophiles (the ‘‘photopsychrophiles’’) in cold

environments is not well understood. Here we describe a new

chlorophyte isolated from a low temperature pond, on the

Ross Ice Shelf near Bratina Island, Antarctica. Phylogenetic

and morphological analyses place this strain in the Chlorella

clade, and we have named this new chlorophyte Chlorella

BI. Chlorella BI is a psychrophilic species, exhibiting opti-

mum temperature for growth at around 10�C. However,

psychrophily in the Antarctic Chlorella was not linked to

high levels of membrane-associated poly-unsaturated fatty

acids. Unlike the model Antarctic lake alga, Chlamydo-

monas raudensis UWO241, Chlorella BI has retained the

ability for dynamic short term adjustment of light energy

distribution between photosystem II (PS II) and photosystem

I (PS I). In addition, Chlorella BI can grow under a variety of

trophic modes, including heterotrophic growth in the dark.

Thus, this newly isolated photopsychrophile has retained a

higher versatility in response to environmental change than

other well studied cold-adapted chlorophytes.
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Abbreviations

A Antheraxanthin

Chl-a Chlorophyll a

Chl-b Chlorophyll b

EPS Epoxidation state of the xanthophyll cycle

F685,695,715 77 K Fluorescence emission maxima at 685,

695, 715 nm

FAMEs Fatty acid methyl esters

LHC II Light harvesting II

PAR Photosynthetically active radiation

PS I Photosystem I

PS II Photosystem II

PUFAs Polyunsaturated fatty acids

Top Optimal growth temperature

Tmax Maximum growth temperature
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V Violaxanthin
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Introduction

Environments where annual temperatures are permanently

near or below the freezing point of water cover much of our

planet (Priscu and Christner 2004). Organisms living in low

temperature environments have evolved a number of adap-

tive mechanisms to counteract the effects of the cold such as,

loss of membrane fluidity, decrease in enzymatic activity,

and a decline in protein stability caused by cold temperatures

(D’amico et al. 2006). A sub-set of organisms that exists

within the psychrophilic group are the ‘‘photopsychro-

philes’’ which rely on the photoautotrophic metabolic

pathways to fix inorganic carbon using light energy (Mor-

gan-Kiss et al. 2006). In addition to cold adaptation of

general metabolic and cellular processes, these organisms

must also balance temperature independent processes of

light absorption and light energy transduction with down-

stream metabolic utilization of the light-derived energy

products. Unlike rates of photochemical reactions, such as

light absorption and charge separation, the rates of down-

stream metabolic reactions are extremely temperature sen-

sitive. Imbalances between the production of stored energy

products via photosynthetic electron transport and their uti-

lization, can cause photo-oxidative damage. Mesophilic

photoautotrophic organisms possess a variety of mecha-

nisms to sense and respond to imbalances in ‘‘fast’’

photochemical reactions and ‘‘slow’’ temperature dependent

processes of electron transport and downstream utilization of

electron sinks through growth and metabolism, and thereby

maintain balanced energy flow. These mechanisms can

involve altering the capacity of the light harvesting antenna

or changing sink capacity (Hüner et al. 1998).

Photosynthetic psychrophiles must possess regulatory

mechanisms to stringently maintain a balance between energy

absorbed and utilized. Although there are several reports on

photosynthetic acclimation in photopsychrophiles (e.g., Cota

1985; Fiala and Oriol 1990; Lizotte and Priscu 1992; Devos

et al. 1998; Mock and Hock 2005; Ralph et al. 2005), the

adaptive mechanisms to the harsh polar environment are still

poorly understood. The Antarctic green alga, Chlamydo-

monas raudensis UWO241 (Pocock et al. 2004), isolated from

Lake Bonney located in the Transantarctic Mountains, is the

best studied example. As a consequence of adaptation to a

year-round stable environment of low temperatures (\5�C)

and extreme shade caused by a 4 m thick permanent ice cover

(including a 6 month period of no light), this photopsychro-

phile lacks several major acclimatory mechanisms in response

to environmental change (Morgan-Kiss et al. 2002a, b, 2005;

Szyszka et al. 2007). Thus, adaptation of this photoautotroph

to the low temperature environment of a Dry Valley lake has

resulted in a loss in the ability to adjust the light harvesting

capacity of the antenna in response to an imbalance in the

energy budget in this photopsychrophile. However, it is not

known if the loss of light harvesting regulation by C. raud-

ensis is representative of photopsychrophiles growing in other

low temperature environments.

Bratina Island is located on the McMurdo Ice Shelf in the

Ross Sea, and was formed by the deposition of sediment

originating from the sea floor. During the summer months, the

sediment enhances the warming effect of the sun and thou-

sands of transitory ponds with vastly varying physical and

chemical parameters form (Hawes and Howard-Williams

2003). These ponds are visually dominated by benthic-

cyanobacterial mats. However, the mats exist as micro-oases

for a variety of other autotrophic and heterotrophic bacteria as

well as single-celled eukaryotes such as diatoms and chloro-

phytes which thrive within this micro-environment (Howard-

Williams et al. 1989). Living mats in the ponds today are

almost identical in structure to some of the oldest cyanobac-

terial mat fossils ever found, and it has been hypothesized that

the biota inhabiting these ponds are living fossil examples of

how life persisted in micro-refugia during periods of global

glaciation (Vincent and Howard-Williams 2001).

Physical conditions and chemical properties vary widely

from pond to pond. However, there are a number of highly

variable and extreme environmental conditions common to

all the ponds, such as high photosynthetically active radiation

(PAR) and ultraviolet light (UV), total winter darkness,

freeze/thaw cycles, and desiccation events (Hawes et al.

1999). This environment is in stark contrast with other Ant-

arctic aquatic ecosystems, such as the stratified communities

of the perennially ice-covered lakes of the McMurdo Dry

Valleys, that are characterized by extremely stable year-

round temperatures and consistently low PAR levels (Neale

and Priscu 1995; Spigel and Priscu 1998; Fritsen and Priscu

1999). Here we report the discovery of a new chlorophyte

species isolated from one of the transitory ponds, ‘‘Fresh

Pond’’ (Hawes and Howard-Williams 2003), and describe the

physiological consequences of adaptation to a highly vari-

able/permanently low temperature environment. Based on

phylogenetic and morphological information described

below, we suggest the name Chlorella BI for this isolate.

Materials and methods

Site description, strain isolation and laboratory-

controlled growth

A green alga was isolated from an algal mat residing in a

transitory pond called ‘‘Fresh pond’’ located within an
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ablation zone on the McMurdo Ice Shelf on the Ross Sea,

south of Bratina Island (78�000S, 165�350E), Antarctica.

The ablation zone is a 1,200 km2 area of ice shelf that is

covered with numerous transitory ponds colonized by thick

cyanobacteria-dominated mats (Vincent et al. 1993). The

green alga was originally observed as a green colony

growing on plates of R2A at 4�C in the dark. The organism

was subsequently purified to homogeneity by serial cul-

turing on R2A agar plates.

Monocultures were grown in 100 mL batch cultures in

either an organic carbon medium (R2A) (Reasoner and

Geldreich 1985) or a salt medium (BG11) (Stanier et al.

1971) in culture tubes under continuous aeration and illu-

mination in thermo-regulated aquaria as described by

Morgan et al. (1998). Figure 1 shows the experimental set-

up for batch culturing under a stringently controlled tem-

perature/light regime. Cultures were typically grown at a

temperature/irradiance regime of 10�C/30 lmol photons

m-2 s-1 unless otherwise indicated. Growth rates were

calculated by monitoring the change in optical density at

750 nm (OD750) on a daily basis. Chlorophyll-a and -b

contents were determined spectrophotometrically accord-

ing to Jeffrey and Humphrey (1975).

Molecular analysis

Genomic DNA was isolated from mid-log cultures of the

Antarctic green alga using a genomic DNA extraction kit

(Fermentas, Hanover, MD, USA). A *1,100 bp region of

the nuclear 18S rRNA gene and a *900 bp region of

plastid 16S rRNA gene were amplified using the 519F/

1406R universal primers (CAGCMGCCGCGGTAATWC/

ACGGGCGGTGTGTRC, respectively) (Suzuki and Gio-

vannoni 1996) which amplified both rRNA genes. The PCR

products were gel purified, cloned into the pCR2.1-TOPO

vector according to the manufacturer’s instructions (Invit-

rogen), and sequenced at the University of Delaware

Sequencing and Genotyping Center using standard primers

and protocols (see http://www.udel.edu/dnasequence/

UDSGC/Welcome.html for details). Alignment of DNA

sequences was performed with ClustalW in Mega3.1 using

18S rRNA sequences of 1,146 bp and 16S rRNA sequences

of 843 bp. Comparative sequences were selected from

GenBank to represent major lineages of algae and eukary-

otes. Closely affiliated sequences were identified by

BLASTN searches. A neighbor-joining analysis was

performed and bootstrap consensus trees (1,000 pseudore-

plicates) were generated using the Kimura 2-parameter

distance model (Kimura 1980) with pairwise gap deletion.

Pigment extraction and analysis

Total photosynthetic pigments were extracted from 1 mL of

exponential-phase cultures grown either photoautotrophi-

cally (BG11 medium), mixotrophically (R2A medium +

light) or heterotrophically (R2A medium + dark) under the

standard growth regime. Cells were pelleted and pigments

were extracted in 1 mL of 100% acetone for 1 h at 4�C in

the dark. Extracts were overlayed with N2 gas and stored at

-20�C until use. Pigments were separated and quantified on

a Dynamax Sperisorb C8 column (250 mm 9 4.6 mm ID)

with an attached guard column on a Class VP HPLC system

(Shimadzu Scientific Instruments) and equipped with a

column oven, UV/Vis, and fluorescence detectors according

to the method of Van Heukelem and Thomas (2001). Pig-

ments were detected using a measuring wavelength of

440 nm, and identified by retention times of mixed com-

mercially available standards (DHI Water & Environment,

Denmark), and quantified using a combination of purified

standards and published extinction coefficients (Ston and

Kosakowska 2002). The total pool sizes of the xanthophyll

cycle pigments was calculated as a sum of violaxanthin (V),

antheraxanthin (A) and zeaxanthin (Z). The relative epox-

idation state (EPS) of the xanthophyll cycle was calculated

as (V + 0.5A)/(V + A + Z) (Demmig-Adams and Adams

1992).

Fatty acid methyl ester analysis

Total lipids were extracted from 5 mL of mid-log phase

cultures grown in mixotrophic (R2A) media, and lipids

were extracted with methanol:chloroform (2:1) from pel-

leted cells according to Bligh and Dyer (1959). Mass

spectra were generated via collision-induced dissociation

electrospray mass spectrometry on a VG Quattro (Depart-

ment of Chemistry, University of Illinois at Urbana-

Champaign) at a cone voltage of 90 V collecting data in

Fig. 1 Schematic of batch culture setup for growing 50–200 mL

psychrophilic cultures under stringently controlled temperature/irra-

diance regime. Growth temperature is maintained by immersion of the

culture tube in a thermo-regulated aquarium. Samples can be removed

or supplements can be added axenically with a 9’’ needle attached to a

syringe through a glass port in the rubber stopper
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mass range of 100–500 m/z. Fatty acids were identified

based on the molecular weight of known fatty acids

(Sweetman et al. 1996) and by comparison with mass

spectrum of phospholipids isolated from the photopsy-

chrophile C. raudensis, whose fatty acid methyl ester

(FAMEs) distribution was previously reported (Morgan-

Kiss et al. 2002a).

FAMEs were extracted from a portion of the phospho-

lipid samples via transesterification using the base-

catalyzed method of Christie (2003) with minor modifica-

tions. Phospholipid samples were dried under N2 and the

pellet was dissolved in sodium methoxide and 5 l Ci of

[14C]-methanol (American Radiolabelled Chemicals Inc, St

Louis, MO, USA). This modification resulted in the pro-

duction of FAMEs with a radiolabelled methyl group on

the carboxy terminus of the methyl ester. FAMEs were

extracted with petroleum ether and the entire sample was

loaded on Analtech Silica Gel GHL plates impregnated

with 20% AgNO3. Plates were developed twice in 100%

toluene at -20�C, and radiolabelled FAMEs were visual-

ized by autoradiography.

77 K Fluorescence emission spectra

Low temperature (77 K) fluorescence emission spectra

were collected from dark adapted fresh cultures on a PTI

LS-100 luminescence spectrophotometer (Photon Tech-

nology International, South Brunswick, NJ, USA) equipped

with a liquid nitrogen sampling device as described by

Morgan et al. (1998). Samples were exposed to an exci-

tation wavelength of either 436 or 472 nm to excite either

Chl-a or Chl-b, respectively. Fluorescence spectra were

recorded from 650 to 800 nm. All fluorescence spectra

were corrected by subtracting the medium blank and were

normalized to the PSII peak at 695 nm. Each spectrum

represents the average of three scans. Identity of the fluo-

rescence maxima was determined by Gaussian analysis

(data not shown).

Electron microscopy

Mid-log phase cultures were pelleted, high pressure frozen

with a Leica EMPACT high-pressure freezer, and freeze

substituted in 4% OsO4 in 100% acetone for 4 days at -

80�C. Samples were warmed to -20�C for 4 h and then to

4�C for an additional 4 h. After 1 h at room temperature,

they were dehydrated in 100% acetone and infiltrated with

Spurr’s resin (1:3, 1:1, 3:1. 100%; 1 h each). Following an

overnight infiltration with 100% Spurr’s, samples were

embedded and polymerized at 60�C for 24 h.

Samples were sectioned on a Reichert-Jung Ultracut E

ultramicrotome and collected onto formvar-carbon coated

copper grids and stained with saturated uranyl acetate in

methanol and Reynolds’ lead citrate (Reynolds 1963).

Samples were viewed with a Zeiss CEM 902 transmission

electron microscope in brightfield mode at 80 kV. Images

were recorded with an Olympus Soft Imaging System

GmbH Megaview II digital camera.

Results

Phenotypic and phylogenetic analysis

Molecular phylogenies of Chlorella BI were inferred from

partial sequences of the nuclear 18S and plastidic 16S

rRNAs (Figs. 2, 3, respectively). Based on the nuclear

rRNA gene, the isolate is closely affiliated with organisms

in the Chlorella green algal clade (Fig. 2) with a bootstrap

value of 100%. The closest matches to the Antarctic pond

isolate were an environmental Chlorella isolate (Chlorella

2A3; AF357146) and Micractinium pusillum (AM231740)

which were 98% identical to the Chlorella BI sequence

over its entire length. Several Antarctic Chlorella 18S

sequences were also included in this group; however, the

newly isolated Antarctic chlorophyte exhibited comparable

similarity between other Antarctic Chlorella strains and the

type mesophilic species, C. vulgaris. Analysis of the plastid

rRNA fragment also indicated that this alga is a member of

the Chlorella clade (Fig. 3). There are no publicly avail-

able plastid 16S rRNA sequences from Micractinium,

Fig. 2 Phylogenetic tree of Chlorella BI (RKTH726-tr-18S) and

related species on the basis of 1,200 aligned nucleotide sites in 18S

rDNA. Numbers are bootstrap values for 1,000 replicates using

neighbor joining method. Bar is 0.02 substitutions per site. Accession
numbers are indicated after each species name. Asterisks denote

sequences from polar Chlorella spp
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precluding a more detailed comparison to this sub-group

within the Chlorella clade.

Morphology of Chlorella BI was examined by trans-

mission electron microscopy (Fig. 4) on mid-log phase

culture samples grown under either mixotrophic or photo-

autotrophic conditions. Cells were spherical in shape, 3–

5 lm in diameter, and primarily dispersed; although four-

celled colonies were occasionally observed in cultures

grown in either medium (data not shown). Cells grown

under either condition exhibited a solitary chloroplast with

a prominent pyrenoid body surrounded by multiple starch

granules. The chloroplasts were relatively small, compared

with those of mesophilic Chlorella sp. (Silverberg 1975).

Many of the cells exhibited photosynthetic membranes

(thylakoids) traversing the pyrenoid (Fig. 4a), a morpho-

logical characteristic common to the Chlorella clade. Cells

grown in the organic medium exhibited more starch gran-

ules associated with the chloroplast as well as lipid storage

bodies within the cytoplasm (Fig. 4b). Photosynthetic

membranes were few in number and poorly organized,

regardless of the growth medium (Fig. 4c). The cell walls

were very pronounced, with numerous short fibrils (*100–

200 nm in length) associated with the cell wall outer sur-

face (Fig. 4d).

Fig. 3 Phylogenetic tree of Chlorella BI (RKTH726-5-tr-16S) based

on plastid 16S rDNA sequences. Numbers are bootstrap values for

1,000 replicates using neighbor joining method. Bar is 0.05 substi-

tutions per site. Accession numbers are indicated after each species

name

Fig. 4 Transmission electron micrographs of the Antarctic Chlorella
BI grown under variable trophic modes. a Isolated cell from a culture

grown under photoautotophic conditions. b Cell from a culture grown

under mixotrophic growth conditions. c Thylakoid membranes and

starch bodies in the chloroplast. d Cell wall decorated with fibrils

c
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Growth phenotype and photosynthetic pigments

Batch cultures exhibited the highest growth rates when

grown under mixotrophic conditions in the organic medium,

R2A, with glucose as an organic carbon source (Table 1).

Cultures also exhibited the ability to grow in the same

medium heterotrophically in the dark, and photoautotro-

phically in an inorganic growth medium, BG11 (Table 1).

Optimal growth temperature was approximately 10�C, and

cultures were unable to grow at temperatures above 20�C,

confirming the psychrophilic nature of Chlorella BI.

The Chl-a:b ratios estimated from extracts of expo-

nential-phase cultures grown under either mixotrophic or

photoautotrophic conditions were typical of those reported

for mesophilic green alga. Cultures grown in the dark

exhibited a reduction in the Chl a:b ratio (Table 1), likely

caused by increased Chl-b levels (relative to Chl-a) esti-

mated by HPLC methods (Table 2). Separation and

identification of major photosynthetic pigments via HPLC

indicated that this alga possesses a typical complement of

carotenoids, and included xanthophyll cycle carotenoids

violaxanthin (V), antheraxanthin (A) and zeaxanthin (Z), as

well as neoxanthin and lutein (Table 2). Growth under

either mixotrophic or photoautotrophic growth conditions

had minimal effects on pigment distribution. However,

heterotrophically grown cultures exhibited a reduction in

the light harvesting carotenoid lutein (Table 2). Interest-

ingly, the contribution of Z to the total xanthophylls pool

size was relatively high (almost 50%) regardless of the

growth conditions, which reflected in high efficiency of the

xanthophyll cycle measured as lower EPS values (Table 2).

Fatty acyl methyl ester distribution

Overall desaturation as well as carbon chain length of

FAMEs isolated from total membrane lipid pool of mid-log

cultures grown under mixotrophic conditions was investi-

gated by collision induced dissociation electrospray mass

spectrometry and Argentation-TLC (Fig. 5; Table 3). A

cone voltage of 90 V resulted in complete degradation of

the phospholipids into the head groups and fatty acyl

components (Fig. 5a). For TLC analysis, phospholipids

were transesterified in the presence of [14C]-labeled

methanol to produce radiolabelled FAMEs, and FAMEs

were separated by argentation TLC (Christie 2003).

Migration was dependent upon the degree of unsaturation,

with highly unsaturated methyl esters remaining closest to

the origin (Fig. 5b). As a control, total phospholipids or

radiolabelled fatty acyl methyl esters were also prepared

from the psychrophilic Chlamydomonas raudensis

UWO241, whose FAMEs distribution has been previously

described, and was found to possess high levels of poly-

unsaturated FAMEs as well as relatively high levels of the

Table 2 Major photosynthetic pigments of Chlorella BI

Pigment R2A R2A, dark BG11

Neoxanthin 14 ± 4 10 ± 4 14 ± 3

Violaxanthin 34 ± 2 21 ± 10 23 ± 6

Antheraxanthin 5 ± 4 8 ± 2 8 ± 4

Lutein 133 ± 9 85 ± 24 109 ± 22

Zeaxanthin 20 ± 4 15 ± 2 19 ± 3

Chlorophyll b 237 ± 9 439 ± 82 247 ± 12

V + A + Z 59 44 50

EPS 0.61 0.57 054

Pigments were extracted from whole cells isolated from exponentially

growing cultures. Cultures were grown in either organic (R2A) or

inorganic (BG11) medium at 10�C. Extracted pigments were sepa-

rated via HPLC as described in ‘‘Materials and methods’’. The

relative epoxidation state (EPS) of the xanthophyll cycle was calcu-

lated as (V + 0.5A)/(V + A + Z). Values represent lg pigment/mg

Chl a (n = 3)

Fig. 5 Fatty acid composition of isolated membranes from the

Antarctic Chlorella BI. a Distribution of fatty acids from total lipids

isolated from Chlorella BI (solid line) and the Antarctic lake alga,

Chlamydomonas raudensis (dotted line), as determined by negative

ion mass spectrometry. The identity was determined by molecular

weights of known fatty acids, and is denoted at the top of the peaks. b.
Fatty acid composition as determined by argentation TLC of [C-14]

labeled fatty acid methyl esters of the Antarctic lake alga C. raudensis
(left lane) and Chlorella BI (right lane). FAMEs were radiolabelled

by base-hydrolysis in the presence of [C-14]methanol as described in

‘‘Materials and methods’’

Table 1 Growth characteristics of Chlorella BI cultures grown in

organic (R2A) versus inorganic (BG11) media at 10�C/30 lmol

photons m-2 s-1

Growth Media Growth

rate (day-1)

Doubling time

(days)

Chl a:b

BG 11 0.33 2.08 3.53

R2A 0.44 1.56 3.34

R2A, dark 0.36 1.90 2.86

R2A * 0 NA NA

R2A, dark* 0 NA NA

To test for psychrophily, cultures were also grown at 20�C (*). The

values represent the mean of two independent experiments
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short chain saturated fatty acid, myristate (14:0) (Morgan-

Kiss et al. 2002a).

As expected, the analysis of isolated FAMEs in Ant-

arctic lake psychrophile, C. raudensis, showed the presence

of multiple PUFAs of the 16- and 18-carbon chain lengths

(Fig. 5a; Table 3) as well as a relatively high level of

FAMEs with low mobility on the TLC plate (Fig. 5b). In

contrast with C. raudensis, the Antarctic pond alga

exhibited relatively reduced levels of trienoic and tetrae-

noic FAMEs at the level of both the 16- and 18-carbon

lengths, as well as low levels of the short chain saturated

fatty acid, myristirate (14:0). The major unsaturated spe-

cies in this Antarctica alga was a di-unsaturated 18-carbon

FAME (Fig. 5a; Table 3). The reduced levels of these

PUFAs were also confirmed by the lower levels of poorly

migrating FAMEs on the TLC plate (Fig. 5b).

Chlorophyll fluorescence

Low temperature (77 K) fluorescence emission spectra of

whole cells of the psychrophilic alga were used to study in

vivo the light energy distribution between the major pho-

tosynthetic complexes, which reflect the functional

organization of the photosynthetic apparatus (Krause and

Weis 1984). Cultures were grown under either photoauto-

trophic or mixotrophic conditions and the emission spectra

from whole cells were collected under conditions that

preferentially excite Chl-a (Fig. 6a, c) or Chl-b (Fig. 6b, d)

in dark and light adapted samples.

Regardless of growth condition, Chlorella BI cells

exhibited three well defined major chlorophyll fluorescence

emission peaks centered at 685, 695–699 and 715 nm,

which corresponded to the major pigment-protein com-

plexes of light harvesting II (LHCII), photosystem II (PSII)

and photosystem I (PSI) core complexes, respectively

(Krause and Weis 1984) (Fig. 6). This 77 K fluorescence

emission pattern is characteristic for green algae (Morgan

et al. 1998; Sato et al. 2002). However, 77 K fluorescence

spectra observed in some other psychrophilic algae

Fig. 6 Excitation energy

distribution between

photosystems as determined by

low temperature (77 K)

fluorescence emission. Cultures

of the Antarctic Chlorella BI

were grown under either

photoautotrophic (BG11

medium; a, b) or mixotrophic

(R2A medium; c, d). 77 K

emission spectra from dark

adapted (solid lines) and light

adapted (dashed lines) whole

cells of mid-log phase cultures

was collected at an excitation

wavelength that preferentially

excited Chl-a (a, c) or Chl-b (b,

d)

Table 3 Fatty acid distribution of cellular membranes isolated from

C. raudensis and Chlorella BI

Fatty acid Fatty acid distribution (percent of total by mass)

Chlorella BI C. raudensis

14:0 3.48 25.86

16:0 49.88 11.15

16:1 5.18 11.09

16:2 2.01 2.91

16:3 1.77 7.11

16:4 0.38 3.55

18:0 0.54 0.63

18:1 5.88 6.39

18:2 19.25 5.88

18:3 11.50 21.59

18:4 0.12 3.83

FAMES were isolated from log phase cultures
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(including two Antarctic Chlorella sp.) tend to exhibit little

to no fluorescence emission associated with PSI (Morgan

et al. 1998; Erokhina et al. 2004).

While the peak positions corresponding to the major

Chl–protein complexes between the samples were relatively

constant, the peak intensities varied, depending on growth

condition, dark or light acclimation, and excitation of either

Chl-a or Chl-b. In cells grown under photoautotrophic

conditions (BG 11 medium), the ratio of PSII(F695)- versus

LHCII(F685)-emission remained steady regardless of the

excitation wavelength or dark/light acclimation (Table 4).

On the contrary, PSI- versus PSII-associated fluorescence

ratios (F715/F685) were 26 and 34% higher under Chla and

Chlb excitation, respectively, in light acclimated compared

to dark adapted samples (Table 4).

Cultures grown under mixotrophic conditions exhibited

*20% higher LHCII- versus PSII-associated fluorescence

emission ratios under all conditions tested. The values of

F715/F685 ratios in dark adapted cells grown under mixo-

trophic conditions were 30% higher compared to

photoautotrophically grown cells, independent of the

excitation wavelength (Table 4). Moreover, light accli-

mated mixotrophic cells did not exhibit any significant

light-dependent increase in the relative intensity of PSI

peak (F715) (Fig. 6) and F715/F685 ratios (Table 4).

Discussion

Permanently low temperature environments are abundant

on our planet and are typically dominated by microbial life,

where photoautotrophic microbes are the dominant primary

producers (Laybourn-Parry and Pearce 2007). Chlorella BI

is a new chlorophyte species isolated from the unique and

dynamic low temperature environment of an algal mat

residing in an Antarctic transitory pond.

Phylogenetic evidence on the basis of nuclear 18S and

plastid 16S rDNA sequence analysis confirms that this

green alga belongs to the Chlorella clade within the

Chlorellaceae family. This clade contains both the ‘‘true’’

Chlorella species, and a number of other species that

cluster within the clade, but are morphologically distinct.

On the basis of SSU rRNA analysis, three ‘‘true’’ Chlorella

species have been suggested: C. vulgaris, C. lobophora,

and C. sorokiniana (Krienitz et al. 2004). These species are

morphologically similar and exhibit spherical, solitary cells

with no mucilage or cell wall decorations. In contrast, some

studies have shown that the morphologically distinct gen-

era such as Micractinium and Actinastrum are also part of

the Chlorella clade (Krienitz et al. 2004; Luo et al. 2006).

While several species of the genus Micractinium have

been described, only one strain, M. pusillum, is currently

available as a pure monoculture. Based on 18S rDNA, the

Antarctic pond alga was more closely related to Micrac-

tinium pusillum than the ‘‘true’’ Chlorella sp. C. vulgaris

and C. sorokiniana. However, because of the limited

availability of other Micractinium sequences, including the

absence of publicly available plastid 16S rDNA for this

genus, we cannot definitively conclude that Chlorella BI is

a new Micractinium species.

The morphology of Chlorella BI indicates that this

strain is part of the Chlorella clade, but it is likely not

included within the ‘‘true’’ Chlorella group. The strain

displayed traits characteristic of the Chlorella clade as well

as the ‘‘true’’ Chlorella species including dispersed

spherical cells in liquid culture with pyrenoids transversed

by thylakoid membranes. However, Chlorella BI exhibited

a pronounced cell wall decorated with fibrils. While

Micractinium species exhibit cell wall decorations such as

spines and bristles, these are much more pronounced and

fewer in number than exhibited by Chlorella BI (Luo et al.

2006). Thus, the fibril morphology of Chlorella BI could

represent a novel morphological feature and may suggest

that this strain represents a new group within the Chlorella

clade. Resolution of the taxonomic position of this isolate

will require further phylogenetic data.

Cultures of the Chlorella BI exhibited a dependence on

low growth temperatures (Top *10�C), and failed to grow at

temperatures above 20�C, thereby classifying it as a true

psychrophile, according to the definition of Morita (1975).

Photoautotrophic growth rates were comparable with that of

other psychrophilic phototrophs (Morgan et al. 1998;

McLachlan et al. 1999). In C. raudensis, psychrophily has

been linked to the presence of the short chain fatty acid,

myristate, as well as high levels of polyunsaturated fatty

acids (PUFAs) in its membrane lipids (Morgan-Kiss et al.

2002a). Chlorella BI possesses neither a high level of myr-

istate, nor the PUFAs, with a fatty acyl content similar to

other mesophilic Chlorella sp., such as relatively high levels

Table 4 Low temperature (77 K) fluorescence emission ratios of

dark adapted (D) and light acclimated (L) Chlorella BI cells grown in

inorganic (BG11) and organic (R2A) media

Sample F685/F694–699 F715/F695

BG 11, exc. 436 (D) 0.829 0.732

BG 11, exc. 436 (L) 0.840 0.929

BG 11, exc. 472 (D) 0.871 0.681

BG 11, exc. 472 (L) 0.860 0.913

R2A, exc. 436 (D) 0.990 1.000

R2A, exc. 436 (L) 0.940 1.050

R2A, exc. 472 (D) 1.060 1.050

R2A, exc. 472 (L) 0.932 0.927

77 K emission spectra were excited at 436 nm (Chl-a) or 472 nm

(Chl-b). F685, F695 and F715 represent the peak emission intensities of

the major Chl-protein complexes of LHCII, PSII and PSI, respec-

tively. The values are averages from three replicates
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of a di-unsaturated 18-C FATM (Chen and Johns 1991).

Since adjustments in membrane fluidity and lowering the

lipid transition temperature (To) are a primary adaptive

mechanisms to life at low temperatures (Nishida and Murata

1996), Chlorella BI may utilize other mechanisms to main-

tain a low To, such as altering the membrane protein:lipid

ratio or adjusting lipid head group class distribution (Gush-

ina and Harwood 2006). Alternatively, Chlorella BI may be a

moderate psychrophile relative to C. raudensis, and the

moderate levels of unsaturated FAMEs observed could be

sufficient for low temperature adaptation in this Antarctic

chlorophyte. Supporting this notion Chlorella BI remains

viable after long term exposure to temperatures above Tmax,

while C. raudensis do not survive under the same treatment

(R. Morgan-Kiss, unpublished results).

Chlorella BI exhibited a dependence on an organic

carbon source (glucose) for maximum growth rates and

dark heterotrophic growth rates were comparable with

photoautotrophic conditions (Table 1). Both traits have

been observed in the mesophilic Micractinium pusillum

(Bouarb et al. 2004), as well as some Chlorella sp. (Pulich

and Ward 1973). Reduced growth rates in the absence of an

organic carbon source may reflect a reduced chloroplast

and poorly developed light harvesting membrane system

indicated by relatively disorganized thylakoids in the

chloroplast of Chlorella BI. The organic rich/highly shaded

environment (Stal 1995) in the interior of microbial mats

likely provided the selective force for such adaptations,

which could provide significant advantages during the

Antarctic shoulder seasons when incident irradiation

intensity is particularly low.

Chlorella BI exhibited the ability to alter its photosyn-

thetic apparatus in response to prevailing conditions. This

strongly contrasts with C. raudensis, which has lacks such

capacity. At the level of pigment composition, cells

exhibited a pigment complement typical of green algal

species, including xanthophyll cycle pigments violaxan-

thin, antheraxanthin, and zeaxanthin. The xanthophyll

cycle protects the light harvesting apparatus from light

absorption and by dissipating of excess energy. This ability

would be advantageous in the variable light environment

experienced by algae residing in the Antarctic transitory

ponds (Vincent et al. 1993), particularly if cells were

exposed at the mat surface.

At the level of dynamic energy distribution between

photosystems, 77 K fluorescence emission spectra clearly

demonstrate that PSI/PSII stoichiometry and/or distribution

of the light excitation energy between PSII and PSI of cells

grown under mixotrophic (R2A medium, light) conditions

differ from these in photoautotrophic cells (Fig. 6). Under

strictly photoautotrophic growth, the organization of the

photosynthetic apparatus favored excitation of PSII

(Fig. 6a), which is indicative of a relatively oxidized

photosynthetic electron transport system. However, when

cells were grown in the light in the presence of an organic

carbon source, an up-regulation of PSI fluorescence peak

was observed (Fig. 6c), resulting in 30% higher F715/F685

ratio (Table 4). This implies that the photosynthetic appa-

ratus under mixotrophic conditions is altered to favor

excitation of PSI. Such an effect is typically observed in cells

where the photosynthetic electron pool is in a relatively

reduced state. Similar responses of PSI/PSII to trophic status

are typical of mesophilic algae (Kovacs et al. 2000). In

addition, light acclimated photoautotrophically grown cells

exhibited an increased of PSI fluorescence peak, which

resulted in higher F715/F685 ratio compared to dark adapted

cells (Table 4). Interestingly, this light dependent adjust-

ment of the energy distribution between PSII and PSI was not

observed in cells grown under mixotrophic conditions. Thus,

Chlorella BI dynamically regulates the distribution of

excitation energy between the two photosystems in response

to both light and trophic status. This ability contrasts with

observations of the psychrophile, C. raudensis, which has

lost the ability to functionally regulate photosynthetically-

derived energy distribution via this mechanism, as a conse-

quence of adaptation to an extremely stable low temperature

and low light environment (Morgan-Kiss et al. 2002b). We

hypothesize that the complex photoadaptive behavior dis-

played by Chlorella BI reflects the need to survive the highly

variable light environment of Antarctic transitory ponds.

The isolation and characterization of Chlorella BI has

improved our understanding of primary productivity in the

transitory ponds of the Ross Ice Shelf, where microbial

communities are exposed to permanent cold but otherwise

highly variable light, salinity and freeze-thaw regimes.

Chlorella BI will provide an important model system for

comparative studies with C. raudensis, isolated from the

more stable Dry Valley Lakes ecosystem, to examine the

full diversity of adaptive strategies that allow these

organisms to thrive in permanently cold environments.
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