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Bacteria in the polar region are under strong light and ultraviolet
radiation. In this study, we investigated the effects of light on
the growth of a psychrophilic bacterium, Sphingomonas sp.
PAMC 26621, isolated from an Arctic lichen Cetraria sp. The
growth of the strain in the light was lower than that in the dark.
Surprisingly, thiamine increased the growth of Sphingomonas
sp. PAMC 26621 in M9 minimal medium under light conditions.
Thiamine increased the growth of the strain in a concentrationdependent manner along with ascorbic acid. N-acetylcysteine
had no effect on the growth of the strain in the light. Thiamine
and ascorbic acid also increased the activities of glucose-6phosphate dehydrogenase and superoxide dismutase. The results
of this study indicate that thiamine provided by the lichen
symbiosis system plays an important role in light-induced
oxidative stress in this Arctic bacterium as an antioxidant. Our
study provide insight into the biochemistry and physiology of
Arctic bacteria under strong light and ultraviolet radiation.
Keywords: Sphingomonas sp. PAMC 26621, ascorbic acid, light,
NADPH, thiamine

available nutrients, long-term darkness (half of the year in
darkness), and exposure to high ultraviolet (UV) radiation
(Cary et al., 2010). Polar bacteria cope with colder temperatures
via physiological adaptations that include increased polyunsaturated fatty acid content, intracellular solute concentration,
and lipopolysaccharide biosynthesis (De Maayer et al., 2014).
In addition to colder temperature, high radiation is another
challenge that bacteria confront near the polar region. Among
bacteria isolated from the Antarctic region, Gammaproteobacteria and Bacteroidetes are generally resistant to solar
radiation (Dieser et al., 2010; Musilova et al., 2015), but
Alphaproteobacteria and Roseobacter are sensitive to solar
radiation (Alonso-Saez et al., 2006).
The effects of light on bacterial growth have been extensively
investigated, and UV light as well as white, blue, and red lights
have been shown to affect bacterial growth (Northrop, 1957;
Lipovsky et al., 2010). Additionally, intensive blue light
(wavelength of 415 nm) was lethal to Staphylococcus aureus,
but a low intensity of the blue light resulted in proliferation of

Bacteria can survive the harsh environment of the Arctic and

the bacterium (Lipovsky et al., 2010). Moreover, the growth

Antarctic regions, which include low temperatures (-34°C to

rate of bacteria in light differed depending on carbon sources

0°C in the winter and -10°C to 10°C in the summer), low

such as pyruvate and glutamate (Hauruseu and Koblizek,
2012), while the growth rate of Erythrobacter sp. NAP1 in
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medium supplemented with pyruvate did not change, and its

18

∙ Pham et al.

growth rate in medium supplemented with glutamate was slow

(60 mM K2HPO4, 37 mM KH2PO4, 7.6 mM (NH4)2SO4, 1.7

(Hauruseu and Koblizek, 2012). However, the role that light

mM sodium citrate, 0.017 mM MgSO4, 15 µM thiamine). M9

plays in polar bacteria remains largely unknown.

and MT media are similar in composition, but MT contains

In recent years, more psychrophilic microorganisms from

thiamine. In all experiments, 0.5% glucose was added to the

the polar and alpine regions have been discovered and deposited

M9 medium and MT media as the sole carbon source. Bacterial

into microbial culture collections (Lee et al., 2014). In this

cultures were grown in liquid medium at 15°C with shaking at

study, we investigated the role of thiamine (vitamin B1) and

225 rpm as the growth of Sphingomonas sp. PAMC 26621 on

ascorbic acid (vitamin C) in light-induced oxidative stress of a

both M9 and MT agar plates were very slow.

psychrophilic bacterium, Sphingomonas sp. PAMC 26621,
which was isolated from an Arctic lichen, Cetraria sp. on
Svalbard Islands (Lee et al., 2012), and belong to the Alphaproteobacteria class. Sunlight affects the structures and diversity
of bacterial communities in the lichen (Cardinale et al., 2012;
Hodkinson et al., 2012). While the roles of antioxidants in
bacterial metabolism are generally well known (Romine et al.,
2017), the role of antioxidants in polar bacteria under strong
light and UV radiation is largely unknown.

Effect of light on bacterial growth
Sphingomonas sp. PAMC 26621 was grown in M9 medium
or MT medium under dark and light conditions. For dark
conditions, bacteria were grown in an incubator (volume 150
L) without light, whereas light was provided by cool white
light-emitting diodes (LED) (20 ml) in the incubator (the
distance from the LED source to the top of the flask was 34 cm)
with approximately 180 lux fluorescence light through the
incubator window measured using a digital illuminance meter

Materials and Methods
Materials
Sphingomonas sp. PAMC 26621 was kindly provided by the
Polar and Alpine Microbial Collection (PAMC) of Korea Polar

(TES). Cells were collected every 24 h and cell densities were
measured using a Shimadzu UV-1800 spectrophotometer at a
wavelength of 600 nm.

Effect of antioxidants on bacterial growth

Research Institute (Lee et al., 2012). Reasoner’s 2A (R2A)

Thiamine (10 µM) or ascorbic acid (10 µM) was added to

medium was purchased from Kisan Bio. Polyclonal antibody to

M9 medium to evaluate the effects of antioxidants on the

glucose-6-phosphate dehydrogenase (G6PDH) was purchased

growth of Sphingomonas sp. PAMC 26621 under dark and

from Rockland. Goat polyclonal antibody to rabbit IgG was

light conditions, respectively, while M9 medium alone was

purchased from Santa Cruz Biotechnology. Ascorbic acid,

used as a control. Cells were collected every 24 h and cell

flavin-mononucleotide (FMN), glucose-6-phosphate, nicotinamide

densities were determined based on the absorbance at 600 nm.

adenine dinucleotide phosphate sodium salt (β-NADP-Na),
nitroblue tetrazolium (NBT), and thiamine were purchased
from Sigma. All other reagents were obtained from Sigma,
unless otherwise noted.

Bacterial growth
A single colony of Sphingomonas sp. PAMC 26621 grown

Preparation of crude extracts for enzyme activity
Cultures of Sphingomonas sp. PAMC 26621 grown in M9
and MT media were harvested at the mid-log phase and
stationary phase by centrifugation at 10,000 rpm for 5 min at
4°C, respectively. After washing the cell pellet with phosphate
buffered saline (10 mM Na2HPO4, pH 7.2, 137 mM NaCl, 2.7

on an R2A plate was suspended into 50 ml of R2A medium.

mM KCl, and 1.8 mM KH2PO4), cells were resuspended and

After two days of growth at 15°C with shaking at 225 rpm

sonicated in sonication buffer (20 mM Tris-HCl, pH 7.5, 100

(OD600 = 0.8~1.0), 1 ml culture was used to inoculate 100 ml of

mM NaCl, and 5% glycerol). The crude extracts were centri-

freshly prepared M9 medium (50 mM Na2HPO4, 22 mM KH2PO4,

fuged at 10,000 × g for 15 min at 4°C, after which the super-

8.5 mM NaCl, 9.3 mM NH4Cl, 0.2 M MgSO4) or MT medium

natants were collected and assayed for both G6PDH and
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superoxide dismutase (SOD) activities. Total protein concentration

solution (28 µM FMN and 28 mM TEMED in 0.1 M potassium

was measured by Bradford’s method using gamma-globulin as

phosphate buffer, pH 7.0) in the dark at 4°C (Weissman et al.,

a standard.

2005). The gel was then illuminated for 10~15 min at room
temperature until white bands appeared in the blue background.

G6PDH activity
The G6PDH activity was measured to determine the formation
of NADPH at 340 nm in 1 ml of reaction buffer (55 mM

Finally, SOD isoenzymes were identified by adding inhibitors
to the FMN solution, 2 mM KCN to inhibit Cu/Zn-SOD or 8
mM H2O2 to inhibit Fe-SOD (Weissman et al., 2005).

Tris-HCl, pH 7.0, 3.3 mM MgCl2, 0.1 mM NADP, and 2 mM
glucose 6-phosphate) by adding 150 µg of total cell extract. All
assays were conducted at 30°C in triplicate. One unit of G6PDH
was defined as the amount of enzyme forming 1.0 μmol of
NADPH per min at 30°C.

Western blotting
Crude proteins (50 µg) were separated by 10% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis at 100 V
for 2.5 h. After electrophoresis, the gel was equilibrated for 30
min at room temperature with a transfer buffer (25 mM
Tris-HCl, pH 8.5, 190 mM glycine, and 20% methanol) and
proteins were transferred onto nitrocellulose membrane at 100
V for 1 h. Subsequently, the membrane was blocked with 3%
bovine serum albumin in Tris buffered saline (150 mM TrisHCl, pH 7.6, and 1.37 M NaCl) with 0.1% v/v Tween 20 at
room temperature with gentle agitation for 1 h. The membrane
was then incubated with polyclonal antibody to G6PDH (1:
1,000 dilution) overnight at 4°C with gentle agitation. After
washing four times with Tris buffered saline containing 0.1%
Tween 20, the membrane was incubated with goat anti-rabbit
secondary antibody for 1 h at room temperature with gentle
agitation. The membrane was washed with Tris buffered saline
three times before reaction with 1 ml super signal west pico
stable peroxidase solution and 1 ml luminol solution for 1 min,
after which the signals were detected using X-ray film.

SOD activity

Results
Effects of light and antioxidants on the growth of
Sphingomonas sp. PAMC 26621
To investigate the role of light on the growth of Sphingomonas
sp. PAMC 26621, the strain was grown in M9 medium or in MT
medium with glucose as a sole carbon source at 15°C. Under
light conditions, the growth rate of the strain in M9 medium
was slow (Fig. 1A), but surprisingly, the growth rate of the
strain in the MT medium was significantly increased (Fig. 1B).
The cell density of the strain in M9 medium was also lower than
that in MT medium. However, under dark conditions, there
were no changes in the growth rate of the strain in MT medium,
whereas the growth rate of the strain in M9 medium was
increased (Fig. 1B). The composition of M9 and MT medium
were similar; however, MT medium has thiamine as an antioxidant. It is well known that thiamine and its active phosphate
form (thiamine pyrophosphate or TPP) play important roles in
metabolic processes (Charles and Peter, 2001; Tunc-Ozdemir
et al., 2009) and protecting cells against oxidative stress (Fu et
al., 2000; Ma et al., 2012). However, Sphingomonas sp. PAMC
26621 is not a thiamine auxotroph because of its growth in M9
medium. To investigate the growth enhancement effect of MT
medium on another strain, we measured the growth rate of
Pseudomonas mandelii JR-1, a psychrotrophic bacterium
isolated from natural mineral water (Jang et al., 2012). However,
P. mandelii JR-1 grown in MT medium showed similar growth

Crude proteins (30 µg/lane) were loaded into 10% native

rates under both dark and light conditions (Fig. 1C). These

polyacrylamide gels, after which the samples were electro-

results indicate that thiamine plays an important role in the

phoresed at 100 V for 4 h at 4°C. Subsequently, the gel was

growth of Sphingomonas sp. PAMC 26621, possibly as an

washed with distilled water three times. Samples were then

antioxidant or a ROS scavenger, preventing the light from

stained for SOD activity by soaking the gel in 0.1% NBT

suppressing cell growth. Thiamine serves as a cofactor in the

solution for 20 min, followed by 15 min of immersion in FMN

form of thiamine pyrophosphate for pyruvate dehydrogenase
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Fig. 1. The growth of Sphingomonas sp. PAMC 26621 in M9 medium and
MT medium under light condition (A) and dark condition (B). The growth
of Pseudomonas mandellii JR-1 in MT medium under dark and light
conditions (C). Cultures were grown at 15°C and 225 rpm. Cells were
collected every 24 h and the growth rate was measured using a Shimadzu
UV-1800 spectrophotometer at 600 nm.

Fig. 2. The effects of antioxidants on the growth of Sphingomonas sp.
PAMC 26621. Comparison of antioxidant activity of thiamine, ascorbic
acid, and N-acethylcysteine (A). The effects of thiamine (B) and ascorbic
acid (C) in increasing concentrations on the growth of the strain. Cultures
were grown at 15°C at 225 rpm in M9 medium under light condition.
Every 24 h, cells were collected and the growth rate was measured using a
Shimadzu UV-1800 spectrometer at 600 nm.

strain, ascorbic acid and N-acetyl cysteine (NAC) as well as
thiamine were added separately to M9 medium. Ascorbic acid
is a strong antioxidant that effectively scavenges a wide array

(PDH) and α-ketoglutarate dehydrogenase (α-KDH) involved

of ROS and other oxidants (Frei, 1994; Halliwell, 1996; Flora,

in carbohydrate metabolism (Arjunan et al., 2002; Tretter and

2009). The strain exhibited increased growth rate when thiamine

Adam-Vizi, 2005), and transketolase in pentose phosphate

or ascorbic acid was added to the M9 medium (Fig. 2A), and

pathway for the production of NADPH (Schenk et al., 1998).

these effects were concentration dependent (Fig. 2B and C).

Both PDH and α-KDH are a highly integrated complex of three

These results indicate that thiamine and ascorbic acid inhibit

distinct enzymes having each own prosthetic group, including

oxidative stresses induced by light. However, NAC is a thiol

TPP, lipoamide and FAD. Supplementing lipoic acid to M9

containing antioxidant in animals that reduces the formation of

medium instead of thiamine did not show an increase in growth

biofilm and antibacterial activity of aminoglycosides and

rate under light condition (data not shown), supporting that

erythromycin (Goswami and Jawali, 2010; Eroshenko et al.,

thiamine worked as an antioxidant or a ROS scavenger.

2017), but no noticeable changes were observed for the strain

To evaluate the role of antioxidants in the growth of the
미생물학회지 제55권 제1호
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Effects of light and antioxidants on the activity of
antioxidant enzymes
The reducing power in bacteria is generally provided by
NADPH. G6PDH is an important regulatory enzyme in the
oxidative pentose phosphate pathway that generates NADPH.
We investigated the activity of G6PDH and SOD in Sphingomonas sp. PAMC 26621 grown with different antioxidants.
The enzymatic activity of crude extracts of cells grown in MT
medium, M9 medium supplemented with thiamine or ascorbic
acid, or M9 medium without antioxidants under light conditions,
as well as M9 medium without antioxidants under dark condition
was measured. The G6PDH activities increased (1.2–1.4 fold in
the mid-log phase and 1.2–1.8 fold in the stationary phase) in
samples (MT medium as well as M9 medium with thiamine or
ascorbic acid) compared with M9 medium under light conditions
(25.9 U/mg in the mid-log phase and 36.7 U/mg in the stationary
phase). The highest activities were observed in MT medium
(35.9 U/mg in the mid-log phase and 65.6 U/mg in the stationary
phase), followed by M9 medium with ascorbic acid, M9
medium with thiamine, and M9 medium under dark conditions
(Fig. 3A). Western blot analysis showed that the expression of
G6PDH increased in the presence of thiamine and ascorbic
acid. Although the G6PDH activity in MT medium was highest,

Fig. 3. Activities of G6PDH at mid-log and stationary phase on MT
medium, M9 + thiamine, M9 + ascorbic acid, M9 (light), M9 (dark) (A).
Enzyme activity was measured by following the rate of NADPH oxidation
at 340 nm using glucose 6-phosphate as a substrate. The level of
expression of G6PDH in each sample was shown on Western blot analysis
and band intensities were analyzed using the ImageJ software (B).

the expression of G6PDH was in the order of M9 medium with
either thiamine or ascorbic acid > MT medium > M9 medium
under light conditions > M9 medium under dark conditions
(Fig. 3B). The same amount of protein was loaded onto a SDS
gel. However, as there were no available antibodies to bacterial

Fig. 4. Native polyacrylamide gel stained for SOD activity of samples
from Sphingomonas sp. PAMC 26621. A total of 30 µg of crude extracted
proteins were loaded into each lane.

housekeeping proteins, no data were shown for the same
protein loading upon Western blot analysis.
Native polyacrylamide gel analysis of SOD activity showed

Discussion

a single band in all samples. In nature, SOD have several

In this study, we investigated the effects of light and anti-

isozymes depending on the metal cofactors: CN--sensitive

oxidants on the growth and enzymatic activities of Sphingomonas

cytosolic and chloroplastic Cu/Zn-SOD, H2O2-sensitive chloro-

sp. PAMC 26621, an aerobic bacterium isolated from the

plastic Fe-SOD, and mitochondrial Mn-SOD. Treatment of

Arctic region. We showed that antioxidants (thiamine and

cells with KCN or H2O2 did not inhibit SOD activity, suggesting

ascorbic acid) increased the growth of the strain under both

that the SOD in Sphingomonas sp. PAMC 26621 is Mn-SOD

dark and light conditions as well as the activities of G6PDH and

isozyme. A deep band appeared in the M9 medium with

SOD. Without antioxidants, the activities of G6PDH and SOD

thiamine and M9 medium with ascorbic acid, whereas only a

were lower under both dark and light conditions.

faint band was observed in the MT medium and M9 medium
under dark and light conditions (Fig. 4).

The role of oxidative stress and defense mechanisms in
bacteria have been extensively studied. The SOD activity was
shown to increase under low to moderate stress conditions
Korean Journal of Microbiology, Vol. 55, No. 1
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(Foyer et al., 1994). Reactive oxygen species such as hydroxyl

from the Arctic region (Lee et al., 2012). As the polar regions

radicals and hydrogen peroxide at high concentration inhibited

reflect approximately 90% of the solar radiation that the earth

and degraded SOD enzymes (Casano et al., 1997). The

receives, they receive less sunlight and radiation. These areas

hydroxyl and peroxyl radicals of ROS were irreversibly

either receive midnight sun or shade polar night 24 h a day,

effective at inactivation of G6PDH enzyme as well (Ninfali et

which may explain the sensitivity of Sphingomonas sp. PAMC

al., 2001). A decrease in enzymatic activities of G6PDH and

26621 to light. The effects of light on growth of the strain may

SOD with an increase of ROS in rehydration was reported for

be associated with the antioxidant activities. In aerobic

the lichen R. lacera (Weissman et al., 2005). In contrast, as

organisms, ROS (O2 , HO, and H2O2) are formed by redox

demonstrated in this study, the activity of G6PDH and SOD

1
mechanisms. In the presence of light, singlet oxygens ( O2),

increased significantly in the presence of thiamine or ascorbic

which cause damage to various biomacromolecules affecting

acid. This may have occurred because of the ROS scavenging

the growth of cells, such as cellular membranes, lipoproteins,

activities of thiamine and ascorbic acid as previously reported

proteins, and DNA (Frei, 1994), can be formed from ground

(Foyer et al., 1994; Frei, 1994; Charles and Peter, 2001; Okai et

3
state triplet oxygen ( O2).

-

al., 2007; Flora, 2009; Tunc-Ozdemir et al., 2009). In the MT

Lichen-associated bacteria such as Sphingomonas sp. PAMC

medium, G6PDH, and SOD showed different activities;

26621 have increasingly become a promising subject in microbial

therefore, additional studies to determine the reason for these

biotechnology, and bacteria associated with lichens isolated

differences are warranted.

from extreme habitats of the Arctic and Antarctic are valuable

The major role of NADPH is to reduce the disulfide form of

sources to elucidate the functional and ecological roles of

glutathione to the sulfhydryl form (Salvemini et al., 1999).

bacteria within lichens (Lee et al., 2014). Lichen-associated

Although participating indirectly, G6PDH, the key enzyme of

bacteria are considered to supply and recycle nutrients to

the pentose phosphate pathway, plays an important role in the

enhance the persistence of lichens in nutrient-poor, extreme

entire antioxidant system by providing NADPH (Zhang et al.,

and changing ecological conditions (Grube et al., 2015;

2010; Stincone et al., 2014). NADPH also protects catalase

Sigurbjornsdottir et al., 2015). Kono et al. (2017) reported that

from oxidative damage by the reduction of oxidizing states and

Sphingomonas sp. TZW2008 associated with lichen forming

internal groups of catalase (Kirkman et al., 1999). SOD does

Trebouxia alga would help recycling ribitol from photobiont to

not use NADPH, but SOD-produced H2O2 is reduced by either

mycobiont fungus. Bacterial strains from polar lichens (≤ 97%

catalase or glutathione peroxidase. ROS are normally formed

sequence similarity) that are able to synthesize and secrete

during respiration and in response to exposure to light, but the

cold-adapted enzymes are of biotechnological and commercial

production of ROS is also enhanced under stress conditions

interest (Lee et al., 2014). The structures and diversity of

such as low nutrient concentrations or desiccation in the light

bacterial communities in lichens may be affected by exposure

(Frei, 1994; Kranner et al., 2005; Weissman et al., 2005). Cells

to the sun. Cardinale et al. (2012) reported that the total number

have protection mechanisms to cope with the potential damaging

of bacteria in lichens grown under shaded conditions was

effects of ROS. Many studies of the antioxidant activities of

higher than that of sun-exposed lichens. In this study, we also

lichens have been published (Kranner et al., 2005; Weissman et

found that Sphingomonas sp. PAMC 26621 cultivated under

al., 2005; Gulluce et al., 2006; Kosanić et al., 2011; Kim et al.,

dark conditions showed better growth than those grown under

2014), and they have been shown to contain several non-

light conditions. The symbiotic partnership in lichens provides

enzymatic antioxidants such as ascorbic acid, α-tocopherol

greater resistance to environmental stress than either partner

(vitamin E), and phenolic compounds, as well as antioxidant

alone. Kranner et al. (2005) reported that protective systems of

enzymes, including catalase, superoxide dismutases, glutathione

algae and fungi were slow and ineffective when alone, but that

systems, and glucose 6-phosphate dehydrogenase (G6PDH)

they were up-regulated in lichens. To determine how bacteria

(Kranner et al., 2005; Weissman et al., 2005).

interact with fungi and algae in symbiosis, bacteria may take an

Interestingly, Sphingomonas sp. PAMC 26621 was isolated

미생물학회지 제55권 제1호
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that are of fungal origin, or they may contribute to the symbiotic
partnership by synthesizing antioxidants. Secondary metabolites
might cause selective pressure on the community structure of
lichen-associated bacteria. In addition, extracts of bacteria
isolated from the Arctic lichens Ochrolechia and Stereocaulon
spp. were evaluated with a high amount of total phenolic and
flavonoid contents (Kim et al., 2013, 2014). By comparative
omics, Grube et al. (2015) found the presence of enzymes
involved in thiamine biosynthesis in a lichen-associated
bacterium Lobaria pulmonaria (one hit in the metaproteome
and 312 contigs in the metagenome). Further studies are needed
to confirm the role of antioxidants in lichen symbiosis.

적 요
극지에 서식하는 세균은 강한 빛과 자외선을 받는다. 이 연
구에서 우리는 북극에 서식하는 지의류 Cetraria sp.에서 분리
한 호냉성 세균 Sphingomonas sp. PAMC 26621의 생장에 빛
이 미치는 영향을 조사하였다. 이 세균은 암조건에서 명조건
에서 보다 생장이 느렸다. 놀랍게도, 이 세균은 M9 최소배지
에 티아민 혹은 아스코브르산을 첨가하면 명조건에서 생장이
증가하였지만, N-acetylcysteine을 첨가한 배지에서는 생장의
변화가 없었다. 첨가한 티아민과 아스코브르산은 포도당-6 인
산 탈수소효소와 항산화 효소의 활성을 증가시켰다. 이 연구의
결과는 지의류와의 공생에서 제공된 티아민이 Sphingomonas
sp. PAMC26621의 빛에 의한 산화적 스트레스를 완화시키는
항산화제 역할을 함을 의미한다. 이 연구는 강한 빛과 자외선
이 만연한 북극에 서식하는 세균에 대한 생리적, 생화학적 관
점에서 고찰할 점을 제시한다.

Acknowledgements
This work was supported by the Daegu University Research
Grant, 2016 (to S.H.J).

References
Alonso-Saez L, Gasol JM, Lefort T, Hofer J, and Sommaruga R. 2006.
Effect of natural sunlight on bacterial activity and differential
sensitivity of natural bacterioplankton groups in northwestern

23

Mediterranean coastal waters. Appl. Environ. Microbiol. 72,
5806–5813.
Arjunan P, Nemeria N, Brunskill A, Chandrasekhar K, Sax M, Yan Y,
Jordan F, Guest JR, and Furey W. 2002. Structure of the
pyruvate dehydrogenase multienzyme complex E1 component
from Escherichia coli at 1.85 A resolution. Biochemistry 41,
5213–5221.
Cardinale M, Steinová J, Rabensteiner J, Berg G, and Grube M. 2012.
Age, sun and substrate: triggers of bacterial communities in
lichens. Environ. Microbiol. Rep. 4, 23–28.
Cary SC, McDonald IR, Barrett JE, and Cowan DA. 2010. On the
rocks: the microbiology of Antarctic dry valley soils. Nat. Rev.
Microbiol. 8, 129–138.
Casano LM, Gómez LD, Lascano HR, González CA, and Trippi VS.
1997. Inactivation and degradation of CuZn-SOD by active
oxygen ppecies in wheat chloroplasts exposed to photooxidative
stress. Plant Cell Physiol. 38, 433–440.
Charles KS and Peter RM. 2001. Molecular mechanisms of thiamine
utilization. Curr. Mol. Med. 1, 197–207.
De Maayer P, Anderson D, Cary C, and Cowan DA. 2014. Some like
it cold: understanding the survival strategies of psychrophiles.
EMBO Rep. 15, 508–517.
Dieser M, Greenwood M, and Foreman CM. 2010. Carotenoid
pigmentation in Antarctic heterotrophic bacteria as a strategy to
withstand environmental stresses. Arct. Antarct. Alp. Res. 42,
396–405.
Eroshenko D, Polyudova T, and Korobov V. 2017. N-acetylcysteine
inhibits growth, adhesion and biofilm formation of Grampositive skin pathogens. Microb. Pathog. 105, 145–152.
Flora SJS. 2009. Structural, chemical and biological aspects of
antioxidants for strategies against metal and metalloid exposure.
Oxid. Med. Cell. Longev. 2, 191–206.
Foyer CH, DescourviÈRes P, and Kunert KJ. 1994. Protection against
oxygen radicals: an important defence mechanism studied in
transgenic plants. Plant Cell Environ. 17, 507–523.
Frei B. 1994. Reactive oxygen species and antioxidant vitamins:
Mechanisms of action. Am. J. Med. 97, S5–S13.
Fu YC, Jin XP, Wei SM, Lin HF, and Kacew S. 2000. Ultraviolet
radiation and reactive oxygen generation as inducers of keratinocyte apoptosis: protective role of tea polyphenols. J. Toxicol.
Environ. Health A 61, 177–188.
Goswami M and Jawali N. 2010. N-acetylcysteine-mediated modulation
of bacterial antibiotic susceptibility. Antimicrob. Agents Chemother.
54, 3529–3530.
Grube M, Cernava T, Soh J, Fuchs S, Aschenbrenner I, Lassek C,
Wegner U, Becher D, Riedel K, Sensen CW, et al. 2015.
Exploring functional contexts of symbiotic sustain within lichenassociated bacteria by comparative omics. ISME J. 9, 412–424.
Gulluce M, Aslan A, Sokmen M, Sahin F, Adiguzel A, Agar G, and
Sokmen A. 2006. Screening the antioxidant and antimicrobial
properties of the lichens Parmelia saxatilis, Platismatia glauca,
Ramalina pollinaria, Ramalina polymorpha, and Umbilicaria

Korean Journal of Microbiology, Vol. 55, No. 1

24

∙ Pham et al.

nylanderiana. Phytomedicine 13, 515–521.
Halliwell B. 1996. Vitamin C: antioxidant or pro-oxidant in vivo? Free
Radic. Res. 25, 439–454.
Hauruseu D and Koblizek M. 2012. Influence of light on carbon
utilization in aerobic anoxygenic phototrophs. Appl. Environ.
Microbiol. 78, 7414–7419.
Hodkinson BP, Gottel NR, Schadt CW, and Lutzoni F. 2012. Photoautotrophic symbiont and geography are major factors affecting
highly structured and diverse bacterial communities in the lichen
microbiome. Environ. Microbiol. 14, 147–161.
Jang SH, Kim J, Kim J, Hong S, and Lee C. 2012. Genome sequence
of cold-adapted Pseudomonas mandelii strain JR-1. J. Bacteriol.
194, 3263.
Kim MK, Park H, and Oh TJ. 2013. Antioxidant properties of various
microorganisms isolated from Arctic lichen Stereocaulon spp.
Korean J. Microbiol. Biotechnol. 8, 350–357.
Kim MK, Park H, and Oh TJ. 2014. Antibacterial and antioxidant
capacity of polar microorganisms isolated from Arctic lichen
Ochrolechia sp. Pol. J. Microbiol. 63, 317–322.
Kirkman HN, Rolfo M, Ferraris AM, and Gaetani GF. 1999. Mechanisms
of protection of catalase by NADPH. Kinetics and stoichiometry.
J. Biol. Chem. 274, 13908–13914.
Kono M, Tanabe H, Ohmura Y, Satta Y, and Terai Y. 2017. Physical
contact and carbon transfer between a lichen-forming Trebouxia
alga and a novel Alphaproteobacterium. Microbiology 163,
678–691.
Kosanić M, Ranković B, and Vukojević J. 2011. Antioxidant properties
of some lichen species. J. Food Sci. Technol. 48, 584–590.
Kranner I, Cram WJ, Zorn M, Wornik S, Yoshimura I, Stabentheiner
E, and Pfeifhofer HW. 2005. Antioxidants and photoprotection
in a lichen as compared with its isolated symbiotic partners.
Proc. Natl. Acad. Sci. USA 102, 3141–3146.
Lee YM, Kim EH, Lee HK, and Hong SG. 2014. Biodiversity and
physiological characteristics of Antarctic and Arctic lichensassociated bacteria. World J. Microbiol. Biotechnol. 30, 2711–
2721.
Lee H, Shin SC, Lee J, Kim SJ, Kim BK, Hong SG, Kim EH, and Park
H. 2012. Genome sequence of Sphingomonas sp. strain PAMC
26621, an Arctic-lichen-associated bacterium isolated from a
Cetraria sp. J. Bacteriol. 194, 3030.
Lipovsky A, Nitzan Y, Gedanken A, and Lubart R. 2010. Visible
light-induced killing of bacteria as a function of wavelength:
implication for wound healing. Lasers Surg. Med. 42, 467–472.
Ma Q, Zhang W, Zhang L, Qiao B, Pan C, Yi H, Wang L, and Yuan YJ.
2012. Proteomic analysis of Ketogulonicigenium vulgare under
glutathione reveals high demand for thiamin transport and
antioxidant protection. PLoS One 7, e32156.
Musilova M, Wright G, Ward JM, and Dartnell LR. 2015. Isolation of
radiation-resistant bacteria from Mars analog Antarctic dry

미생물학회지 제55권 제1호

valleys by preselection, and the correlation between radiation
and desiccation resistance. Astrobiology 15, 1076–1090.
Ninfali P, Ditroilo M, Capellacci S, and Biagiotti E. 2001. Rabbit brain
glucose-6-phosphate dehydrogenase: biochemical properties
and inactivation by free radicals and 4-hydroxy-2-nonenal. NeuroReport 12, 4149–4153.
Northrop JH. 1957. The effect of ultraviolet and white light on growth
rate, lysis, and phage production of Bacillus megatherium. J.
Gen. Physiol. 40, 653–661.
Okai Y, Higashi-Okai K, Sato EF, Konaka R, and Inoue M. 2007.
Potent radical-scavenging activities of thiamin and thiamin
diphosphate. J. Clin. Biochem. Nutr. 40, 42–48.
Romine MF, Rodionov DA, Maezato Y, Anderson LN, Nandhikonda
P, Rodionova IA, Carre A, Li X, Xu C, Clauss TR, et al. 2017.
Elucidation of roles for vitamin B12 in regulation of folate,
ubiquinone, and methionine metabolism. Proc. Natl. Acad. Sci.
USA 114, E1205–E1214.
Salvemini F, Franze A, Iervolino A, Filosa S, Salzano S, and Ursini
MV. 1999. Enhanced glutathione levels and oxidoresistance
mediated by increased glucose-6-phosphate dehydrogenase
expression. J. Biol. Chem. 274, 2750–2757.
Schenk G, Duggleby RG, and Nixon PF. 1998. Properties and
functions of the thiamin diphosphate dependent enzyme
transketolase. Int. J. Biochem. Cell Biol. 30, 1297–1318.
Sigurbjornsdottir MA, Andresson OS, and Vilhelmsson O. 2015.
Analysis of the Peltigera membranacea metagenome indicates
that lichen-associated bacteria are involved in phosphate
solubilization. Microbiology 161, 989–996.
Stincone A, Prigione A, Cramer T, Wamelink MM, Campbell K,
Cheung E, Olin-Sandoval V, Gruning N, Kruger A, Tauqeer
Alam M, et al. 2014. The return of metabolism: biochemistry
and physiology of the pentose phosphate pathway. Biol. Rev.
Camb. Philos. Soc. 90, 927–963.
Tretter L and Adam-Vizi V. 2005. Alpha-ketoglutarate dehydrogenase:
a target and generator of oxidative stress. Philos. Trans. R. Soc.
Lond. B Biol. Sci. 360, 2335–2345.
Tunc-Ozdemir M, Miller G, Song L, Kim J, Sodek A, Koussevitzky S,
Misra AN, Mittler R, and Shintani D. 2009. Thiamin confers
enhanced tolerance to oxidative stress in Arabidopsis. Plant
Physiol. 151, 421–432.
Weissman L, Garty J, and Hochman A. 2005. Characterization of
enzymatic antioxidants in the lichen Ramalina lacera and their
response to rehydration. Appl. Environ. Microbiol. 71, 6508–
6514.
Zhang Z, Liew CW, Handy DE, Zhang Y, Leopold JA, Hu J, Guo L,
Kulkarni RN, Loscalzo J, and Stanton RC. 2010. High glucose
inhibits glucose-6-phosphate dehydrogenase, leading to increased
oxidative stress and beta-cell apoptosis. FASEB J. 24, 1497–
1505.

