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Abstract As unique ecological systems, glaciers are
characterized by low temperatures and low nutrient levels,
which allow them to be considered as “living fossils” for
the purpose of researching the evolution of life and the
environmental evolution of the earth. Glaciers are also
natural microbial “reservoirs”. In this work, a lytic cold-
active bacteriophage designated MYSP06 was isolated
from Janthinobacterium sp. MYBO06 from the Mingyong
Glacier in China, and its major characteristics were deter-
mined. Electron microscopy revealed that bacteriophage
MYSPO06 had an isometric head (74 nm) and a long tail
(10 nm in width, 210 nm in length). It was classified as a
Siphoviridae with an approximate genome size of
65—70 kb. A one-step growth curve revealed that the latent
and burst periods were 95 and 65 min, respectively, with
an average burst size of 16 bacteriophage particles per
infected cell. The bacteriophage particles (100 %) adsor-
bed to the host cells within 10 min after infection. More-
over, the pH value and thermal stability of bacteriophage
MYSPO06 were also investigated. The maximum stability of
the bacteriophage was observed at the optimal pH 7.0, and
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the bacteriophage became completely unstable at the
extremely alkaline pH 11.0; however, it was comparatively
stable at the acidic alkaline pH 6.0. As MYSPO6 is a cold-
active bacteriophage with a lower production temperature,
its characterization and its relationship with its host Jan-
thinobacterium sp. MYBO06 deserve further study.

Introduction

Glacier microorganisms contain abundant information
pertaining to the evolution of life, and the study of glacier
microorganisms will provide new ideas for the study of
genetic diversity, evolution, and response mechanisms to
environmental change. Investigations of cold-active bac-
teriophages have increased recently [12, 18]. Cold-active
bacteriophages are viruses that are parasitic to bacteria and
are capable of infection and production at temperatures of
<4 °C [29]. As the most abundant life forms on earth,
bacteriophages not only participate in the microbial food
chain and play a significant role in regulating population
structure, the diversity of microbial communities, and
genetic transformation but also influence the interactions
between organisms and the environment, particularly in the
global biogeochemical cycle [1, 11, 20, 27, 28, 30]. As an
ideal model system, the cold-active bacteriophages can be
used to study the basic biological properties and cold
adaptation mechanisms of cold-adapted microorganisms
[7-9]. In the past few years, bacteriophages isolated from
polar regions, the deep sea, permafrost regions, and high
latitude lakes have been described [23]. However, thus far,
culture-dependent low-latitude glacier phages have not
been reported.

Glaciers constitute a unique ecological system. The
Mingyong Glacier is located in the Meili Snow Mountains,
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which belong to the Hengduan Mountains and demonstrate
the highest biodiversity in Yunnan Province, China [31].
Studying the Mingyong Glacier psychrophilic bacteria and
their phages not only enriches biodiversity research but
will also provide significant guidance in revealing regional
microbial community succession laws and unveiling psy-
chrophilic mechanisms. In this study, a new cold-active
bacteriophage, MYSP06, which is specific for the Janthi-
nobacterium sp. MYBO06 strain, was isolated from the
Mingyong Glacier and its major characteristics were
determined.

Materials and Methods
Sampling and Bacteriophage Isolation
Culture Medium

The PYGV medium used in this study was prepared as
follows: 10 g/L. tryptone, 5 g/ yeast extract, 20 mL/L
Hutner’s basal salts solution, 10 mL/L 25 % p-glucose, and
5 mL/L 2x vitamin solution. Hutner’s basal salts solution
contained 29.7 g/LL MgSO,4-7H,0, 10 g/L nitrilotriacetic
acid, 3.35 g/L CaCl,-2H,0, 99 mg/LL FeSO,-7H,0,
9.25 mg/L (NH4)¢Mo00,4-4H,0, and 50 mL/L. Metals 44
solution. Metals 44 solution contained 10.95 g/LL ZnSOy,-
7H,0, 5 g/l FeSO,4-7H,0, 2.5 g/L. sodium EDTA, 1.54
g/ MnSO4H,0, 392 mg/LL. CuSO4-5H,O, 248 mg/L
Co(NO3),-6H,0, and 177 mg/L Na,B,07-10H,0. The 2x
vitamin solution contained 20 mg/L pyridoxine-HCI,
10 mg/L p-aminobenzoic acid, 10 mg/L calcium pL-pan-
tothenate, 10 mg/L nicotinamide, 10 mg/L riboflavin,
10 mg/L thiamine-HCI, 4 mg/L biotin, 4 mg/L folic acid,
and 0.2 mg/L vitamin B12. The pH value was adjusted to
6.0. To prepare the solid or semi-solid medium, 15 g of
agar or 4 g of agarose was added to the medium,
respectively.

Bacterial Strains

Water samples were obtained from the Mingyong Glacier
(98°81'18.4"E, 28°47'33.0"N, altitude 2066 m, 4 °C and pH
6.0), located in Yunnan Province, China. The samples were
spread on PYGYV solid plates and incubated for 2-3 days at
15 °C. Purple-pigment-producing colonies were selected
and were purified by streaking them on fresh plates. The
molecular identification of the isolates was obtained using
16S rRNA gene sequence analysis. The PCR primers used
were as follows: 27F (5'-AGAGTTTGATCCTGGCTCAG-
3) and 1492R (5'-GGTTACCTTGTTACGACTT-3') [14].
The 1.5-kb PCR product was sub-cloned into the pMD-18T
vector (Takara, Dalian) and was sequenced by the Beijing

Sangon Biological Engineering Technology and Service in
China.

Isolation of the Bacteriophage

Strain MYBO06 was used as the host to isolate, propagate,
and characterize the bacteriophage. Fifty milliliters of a
water sample collected from the Mingyong Glacier was
pre-incubated with the host cells (MYBO06) to enrich the
bacteriophages. After incubation at 15 °C for 15 days, the
culture was centrifuged (13,000xg, 5 min at 4 °C, Beck-
man Avanti J-25, Fullerton, CA, USA), and the supernatant
was filtered through a 0.22-pm filter (Millipore Corp.,
Bedford, MA, USA).

Bacteriophages were obtained via successive single-
plaque isolation using the double-layer agar method [21].
One-hundred microliters of the bacteriophage stock was
mixed with 300 pL of the MYBO06 host cell culture
(ODgpp = 0.4-0.5). After incubation at 15 °C for 10 min,
the mixture was added to 3 mL of liquid semi-solid med-
ium (0.4 % agarose in PYGV liquid medium), mixed
gently, and poured onto a PYGV solid plate. The double-
layer plates were incubated right-side up at 15 °C over-
night to count the plaques.

Purification of Bacteriophage Particles

The bacteriophage particles were purified according to the
method of Stenholm et al. [25] and LaFrentz et al. [13]. The
bacteriophages were purified by successive single-plaque
isolation. A culture containing 2 x 10° PFU/mL bacterio-
phage particles was centrifuged (12,000 g, 30 min at 4 °C,
Beckman Avanti J-25) to remove the cells. DNase I and
RNase A (Sigma-Aldrich, St. Louis, MO, USA) were added
to the supernatant to a final concentration of 1 pg/mL. The
mixture was incubated at 37 °C for 30 min. To precipitate
the bacteriophage particles, PEG 8000 and NaCl were added
to final concentrations of 10 % (w/v) and 1 M in the
supernatant, respectively. After incubation on ice for 24 h,
the bacteriophage particles were pelleted by centrifugation
(11,000xg, 15 min at 4 °C, Beckman Avanti J-25, CA,
USA), and then resuspended in SM buffer (100 mM NaCl,
50 mM Tris—HCI pH 7.5, 10 mM MgSO,, and 0.01 %
gelatin), followed by extraction with chloroform and cen-
trifugation (11,000x g, 15 min at 4 °C, Beckman Avanti
J-25). To further purify the bacteriophage particles, solid
CsCl was added to the supernatant to a concentration of
0.45 g/mL for ultracentrifugation (40,000 rpm, 24 h at
4 °C, SW41 rotor, Beckman LE-80K). The bacteriophage
band was collected and was dialyzed against SM buffer
(100 mM NaCl, 50 mM Tris—HCl pH 7.5, and 10 mM
MgSO0,) at 4 °C. The bacteriophage particles were detected
using the double-layer agar technique [28].
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Electron Microscopy

The morphology of the bacteriophages was examined by
performing transmission electron microscopy (TEM) of
negatively stained preparations. A drop of approximately
10'" PFU/mL was applied to the surface of a formvar-
coated grid (200-mesh copper grids), which was negatively
stained using 2 % (wt/vol) uranyl acetate, and then
examined in a JEM-1400 transmission electron microscope
operated at 80 kV (JEOL, Tokyo, Japan).

Adsorption Experiments

The bacteriophage adsorption experiments were performed
as described by Lin et al. [17] and Shen et al. [24]. Jan-
thinobacterium sp. MYB06 cells (3 x 10® cfu/mL) were
infected with bacteriophage at a multiplicity of infection
(MOI) of 10 and were incubated at 15 °C. Aliquots of
100 pL were taken at 0, 2, 4, 6, 8, 10, 15, 20, and 30 min
after infection, diluted in 0.9 mL of cold PYGYV, and
centrifuged (12,000xg, 5 min), after which the super-
natants containing the unadsorbed bacteriophages were
titrated using the double-layer agar method.

One-Step Growth Curve

A bacteriophage sample was mixed with 1 mL of fresh
MYBO06 host cells (3 x 10® cfu/mL) to obtain an MOI of
10 and allowed to adsorb for 15 min at 15 °C [19, 29]. The
mixture was centrifuged (13,000x g, 2 min), and the pellets
were suspended in 5 mL of fresh medium. The cell sus-
pension was shaken at 15 °C. The bacteriophage titers in
the culture were measured using the double-layer agar
method at 10-min intervals. The plates were incubated at
15 °C overnight to evaluate the development of plaques.
The assays were performed in triplicate.

Effect of Temperature on Phage Production

To investigate the effect of temperature on phage produc-
tion, 100 pL of strain MYBO06 (1 x 10® cfu/mL) was
infected with MYSP06 at an MOI of 0.1. After incubation
at 15 °C for 10 min, shaking culture were grown for 6 h at
different temperatures (4, 8, 10, 12, 15, 18, 20, or 25 °C) in
6 mL of liquid medium. The phage titer in the culture was
determined using the double-layer agar method.

Thermolability and pH Sensitivity of the Cold-
Active Bacteriophage

To examine the thermolability of the cold-active bacte-

riophage, the bacteriophage stock (1 x 10% PFU/mL) was
incubated at 40, 50, 60, or 70 °C for 1 h. The rate of
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survival of each treated bacteriophage sample was deter-
mined at 10-min intervals using the double-layer agar
technique [6]. The plates were incubated at 15 °C over-
night to evaluate the development of plaques. The assays
were performed in triplicate.

To maintain a constant pH, 10 pL of the bacteriophage
stock (1 x 10® PFU/mL) was added to 0.99 mL of modi-
fied liquid medium (the pH values were adjusted to
between 3 and 11 by adding 1 M HCI or 1 M NaOH) and
was incubated for 1 h at room temperature. The rates of
survival of the bacteriophage samples were determined
using the double-layer agar technique. The plates were
incubated at 15 °C overnight to evaluate the development
of plaques.

Sensitivity to Organic Solvents, Detergents,
and Proteolytic Degradation

To study bacteriophage sensitivity to organic solvents and
detergents, the bacteriophage particles were exposed to
25 % (wt/vol) chloroform for 10 min, to 0.3 % (wt/vol)
Triton X-100 for 10 min at room temperature and to 0.1 %
(wt/vol) sodium dodecyl sulfate (SDS) for 6 min at 50 °C.
The bacteriophage sensitivity to proteolytic degradation
was determined by incubating the bacteriophage particles
with proteinase K (1 mg/mL, Shanghai Sangon, China) in
buffer (10 mM Tris—HCl, 5 mM EDTA) for 1 h at 56 °C
[10]. The number of surviving bacteriophages was deter-
mined using the double-layer agar technique. The plates
were incubated at 15 °C overnight to evaluate the devel-
opment of plaques.

Extraction and Restriction Endonuclease Digestion
of Bacteriophage DNA

EDTA, SDS, and proteinase K were added to the CsCl-
purified bacteriophage suspension to final concentrations of
20 mM, 10 %, and 50 g/mL, respectively. After incubation
at 56 °C for 3 h, the mixture was extracted using phenol/
chloroform, and the DNA was precipitated using ethanol
[26]. The air-dried DNA pellet was dissolved in TE buffer
(10 mM Tris—HCI, and 5 mM EDTA, pH 8.0). The DNA
was digested using EcoR1, BamHl1, Pstl, and Xhol
(TaKaRa, Dalian, China) [22].

Protein Analysis

The CsCl-purified bacteriophage particles were mixed with
loading buffer, heated in boiling water for 5 min, and then
subjected to SDS-PAGE (12 %) [32]. The protein bands
were stained using Coomassie brilliant blue R-250 (Bio-
Rad Laboratories, Hercules, CA, USA).
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Results
Isolation and Morphology

Based on the morphology, physiology and 16S rRNA gene
sequence phylogenetic analysis, strain MYB06 was iden-
tified as a member of the Janthinobacterium sp. (GenBank
accession number KIJI561889). Janthinobacterium sp.
MYBO06 was found to be an aerobic, Gram-negative, rod-
shaped, purple-pigment producing, non-spore forming, and
psychrophilic bacterium that grows at 4-30 °C, with opti-
mal growth occurring at 10-20 °C.

A bacteriophage infecting Janthinobacterium sp.
MYBO06 was isolated and was named MYSP06 (Mingyong
Siphoviridae Bacteriophage 06). Clear plaques of
1-1.5 mm in diameter were obtained after incubating the
bacteriophage at 4 °C for 48 h when assayed on a double-
layer agar plate; therefore, MYSP0O6 was a typical cold-
active bacteriophage. TEM analysis showed that MYSP06
had an icosahedral head of 74 nm in diameter and a tail
that was 210 nm in length and 10 nm in width (Fig. 1),
characteristic of members of the family Siphoviridae.

Bacteriophage Production
The Temperature Range of Plaque Formation

Following infection with bacteriophage MYSP06, Janthi-
nobacterium sp. MYB06 was able to produce progeny
bacteriophage particles when incubated at temperatures
between 4 and 20 °C. The bacteriophage production
occurred optimally at 15 °C.

Adsorption Experiments
Bacteriophage MYSPO06 adsorbs efficiently, has a short

latent period and causes complete lysis. The adsorption
rates of bacteriophage MYSPO6 to Janthinobacterium sp.

MYBO6 cells are shown in Fig. 2; approximately 80 % of
the bacteriophage particles adsorbed to the host cells within
2 min, 95 % within 4 min, and nearly 100 % within
10 min.

Following infection with bacteriophage MYSP06, Jan-
thinobacterium MYB06 was able to produce progeny
phage particles when cultured at 4-20 °C. The phage titer
reached a maximum at 15 °C (Fig. 3). The one-step growth
curve revealed that the latent and burst periods were 95 and
65 min, respectively, with an average burst size of 16
bacteriophage particles per infected cell (Fig. 4).

Thermolability and pH Sensitivity

Thermolability was the salient physical feature of the cold-
active bacteriophage MYSP06 (Fig. 5). However, the
ability of MYSPO6 to infect the host decreased rapidly
when the temperature exceeded 50 °C. MYSP06 was most
stable at pH 3.0-9.0 but was sensitive when the pH value
exceeded 9. The pH range for survival ranged from 3 to 10
(Fig. 6).

Sensitivity to Chloroform, Detergents,
and Proteolytic Degradation

Bacteriophage MYSP06 was shown to be insensitive to
chloroform and Triton X-100 but was completely destroyed
by treatment with proteinase K (1 mg/mL) for 1 h, as well
as by incubation with 0.1 % SDS. These results suggested
that the capsid of MYSPO06 did not contain lipids.

Analysis of the Bacteriophage DNA and Proteins

MYSP06 DNA was isolated and digested using EcoRl,
BamH]1, Pstl, and Xhol (Fig. 7). The patterns of digestion
showed that MYSPO6 contains double-stranded DNA with
an estimated size of approximately 65-70 kb. The purified
bacteriophage particles were subjected to SDS-PAGE

100 nm

Fig. 1 Transmission electron micrographs of MYSP06 and its host cells. a, b Isolated phage MYSP06. ¢ MYBO06 host cells
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Fig. 2 Adsorption of bacteriophage MYSP06 to MYBO06 cells.
Approximately 80 % of the phage particles were adsorbed onto the
cells at 2 min, and 99 % were adsorbed at 10 min post-infection.
These experiments were repeated three times
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Fig. 3 Effect of temperature on phage production, as determined
from the relative MYSPOG6 titer: The log P/P, values were plotted,
with the value at P, representing the initial titer of MYSP06 and
P representing the mean titer from triplicate assays after incubation
for 6 h at different temperatures
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Fig. 4 One-step growth curve showing the relative MYSPO6 titers:
The log P/P, values were plotted, with P, representing the initial titer
of infected MYBO6 cells and P representing the mean titer from
triplicate assays at time ¢

analysis (Fig. 8). At least 12 distinct protein bands, with
molecular masses ranging from 15 to 100 kDa, were
visualized after the gels had been stained using Coomassie
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Fig. 5 Thermostability of the MYSPO6 surviving fraction: The P/P,,
values were plotted, with Py representing the initial MY SP06 titer and
P representing the mean titer from triplicate assays after incubation
for 60 min at different temperatures
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Fig. 6 The pH sensitivity of the surviving MYSPO6 fraction: The P/
P, values were plotted, with P, representing the initial MYSPO6 titer
and P representing the mean titer from triplicate assays after
incubation for 1 h at different pH values

brilliant blue. The most abundant proteins were the 37 and
40 kDa proteins, which are most likely the major coat
proteins of MYSPO06.

Discussion

Microbes of the genus Janthinobacterium are aerobic,
Gram-negative, soil-dwelling bacteria that have a distinc-
tive dark-violet color. These organisms are of great prac-
tical industrial value due to their production of bacterial
violacein. Among approximately 5500 known viruses, only
1 Siphoviridae bacteriophage has been observed to infect
Janthinobacterium [2]. In this work, a new lytic cold-active
bacteriophage, designated MYSPO06, which possessed
infective activity at 4 °C was specifically isolated from
Janthinobacterium sp. MYBOG6 present in a water sample
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Fig. 7 The restriction endonuclease digestion patterns of MYSPO06.
Lane 1 purified MYSP06 DNA, Lane 2 molecular weight markers
(bp), Lane 3 MYSP06 DNA digested with EcoRI, Lane 4 MYSP06
DNA digested with HindIll, Lane 5 MYSP06 DNA digested with
Ndel, Lane 6 MYSP06 DNA digested with Xbal, Lane 7 molecular
weight markers (bp)

collected from the Mingyong Glacier. To our knowledge,
this is the first detailed study of a Janthinobacterium sp.
virulent cold-active bacteriophage isolated from a glacier.

A tailed virus is the most abundant phage morphotype,
and MYSPO6 appeared to be affiliated with the family
Siphoviridae; however, it is significantly different from the
other known cold-active members of the family
Siphoviridae (Table 1). Its tail was easily bent and was
shorter than that of MYSPO3 [15], and it was nearly three
times the length of that of 11b [3]. Furthermore, phage
MYSP0O6 formed plaques within a temperature range
between 4 and 20 °C, which was wider than the range of
11b. The host cell Janthinobacterium sp. MYBO06 is a
psychrophilic bacterium with good growth at 30 °C, which
is also higher than the optimal growth temperature of 11b,
possibly due to their origins in different environments.
MYSP0O6 was isolated from an inland plateau where the
temperature is obviously different from day to night,
leading to adaptation to a wide temperature range. How-
ever, 11b was isolated from the Arctic sea ice where the
environment is permanently cold. It was assumed that their
differential optimal growth temperatures may be the result
of directional selection for survival in these environments.
Moreover, the size of the genome of bacteriophage
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Fig. 8 SDS-PAGE of purified MYSP06. Lane I protein markers
(kDa). Lane 2 purified MYSP06

MYSP06 was much larger than that of 11b, and the gen-
omes of the phages exhibited distinct restriction patterns
after digestion with specific restriction endonucleases. This
result may be related to differences in their shapes.

Moreover, the pattern of the proteins obtained from
bacteriophage MYSP06 was different from those of 11b
and MYSPO3 [4, 15]. Although MYSPO06 and 11b yielded
multiple bands, their main bands were obviously different.
Only four major bands (13, 32, 37 and 40 kDa) were
obtained from MYSPO03. The SDS-PAGE results suggested
that MYSPO6 is more similar to MYSP0O3 because they
both yielded 37 and 39 kDa proteins; however, MYSP03
also contained a major protein of 14 kDa, which was also
found in 11b. These results might reflect these bacterio-
phages having different natural environments and host
specificities. The MYSPO3 and 11b phages both yielded a
band of 14 kDa, whereas the region from which MYSP03
and MYSPO06 were derived may have led to their having
similar bands of 37 and 39 kDa.

The basic strategy for understanding a bacteriophage is
to study its biological characteristics. As a cold-active
phage, MYSP0O6 was also sensitive to temperature. How-
ever, pH adaptation experiments revealed that MYSP06
was most stable in an acidic environment, whereas
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Table 1 Characterization of siphoviruses MYSPO06, 11b, and MYSP03

Phage MYSP06 11b MYSP03

Host Janthinobacterium sp. MYB06 Flavobacterium sp. 11B Flavobacterium sp. MYBO03
Capsid (nm) 74 37-43 72

Tail length 210 75-91 240

Size of genome (kb) 65-70 30 66

Major protein bands (kDa) Approximately 40, 37 Approximately 40, 16, 14 Approximately 40, 37, 32, 13
Growth temperature (°C) 4-20 0-10 4-20

Optimum growth (°C) 15 10

MYSPO3 was stable in alkaline environments, and the
survival pH range of MYSP06 was wider than that of
MYSPO03. The mechanism underlying this difference has
not yet been defined. Moreover, in terms of sensitivity to
chemical reagents, MYSP06 and MYSP03 were both
insensitive to chloroform, showing that the capsid of both
bacteriophages is not enveloped in lipids. Both bacterio-
phages were sensitive to SDS and to proteinase K but were
insensitive to Triton X-100, which may reflect the simi-
larity of their main structural proteins.

Despite its industrial value, Janthinobacterium causes
soft-rot of cultivated button mushroom and is thus
responsible for severe agricultural losses [16]. In the past,
bactericides were widely used, which led to a dramatic
increase in the number of resistant bacterial strains.
Because strictly lytic bacteriophages can be used as
antibacterial agents against bactericide-resistant bacterial
strains [5], bacteriophage MYSPO06 has a potential use in
treating bacterial diseases in agricultural systems. With the
development of bioinformatics and sequencing technolo-
gies, an increasing number of phage genomes have been
sequenced, and a series of unique genes have been found.
Further study and parsing of the MYSP06 genomic
sequence will contribute to the understanding of different
types of phages and their genetics under different geo-
graphical conditions and help to reveal the relationship
between their abundance and edaphic and climatic factors.
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