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Summary

Psychrobacter sp. PAMC 21119, isolated from Antarc-
tic permafrost soil, grows and proliferates at subzero
temperatures. However, its major mechanism of cold
adaptation regulation remains poorly understood. We
investigated the transcriptomic and proteomic
responses of this species to cold temperatures by
comparing profiles at —5°C and 20°C to understand
how extreme microorganisms survive under subzero
conditions. We found a total of 2,906 transcripts and
584 differentially expressed genes (> twofold, P
<0.005) by RNA-seq. Genes for translation, ribosomal
structure and biogenesis were upregulated, and lipid
transport and metabolism was downregulated at low
temperatures. A total of 60 protein spots (> 1.8 fold,
P <0.005) showed differential expression on two-
dimensional gel electrophoresis and the proteins
were identified by mass spectrometry. The most
prominent upregulated proteins in response to cold
were involved in metabolite transport, protein folding
and membrane fluidity. Proteins involved in energy
production and conversion, and heme protein syn-
thesis were downregulated. Moreover, isoform
exchange of cold-shock proteins was detected at
both temperatures. Interestingly, pathways for acetyl-
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CoA metabolism, putrescine synthesis and amino
acid metabolism were upregulated. This study high-
lights some of the strategies and different
physiological states that Psychrobacter sp. PAMC
21119 has developed to adapt to the cold environ-
ment in Antarctica.

Introduction

Cold environments on Earth are considerable in scale.
Nearly 80% of Earth’s environments are permanently cold
at temperatures below 5°C, particularly in most worldwide
oceans and high latitude soils (Russell, 2000). These envi-
ronments are also stressful in other ways to
microorganisms, including low water availability, limited
organic and inorganic nutrient availability and long-term
exposure to high energy radiation (Bakermans et al.,
2012). Permafrost makes up > 20% of terrestrial soils, and
permafrost exposed to temperatures from —10°C to
—60°C has low water and carbon contents, depends on
soil types in permafrost (Rivkina et al., 2004; Steven et al.,
2006). Despite these challenging habitats, a variety of
microbial life has been found throughout polar environ-
ments (Rivkina et al., 2000; Vishnivetskaya et al., 2000).
Their cellular functions should have adapted physiological-
ly and metabolically to cold temperatures and such
environmental parameters would drive microorganisms to
establish their own physiological adaptations for selective
survival in cold regions (Bakermans et al., 2012).

Previous studies have attempted to define the molecular
and biochemical aspects of unique cold adaptation mecha-
nisms, using methods such as next-generation sequencing
and proteomics technologies. In bacteria, upregulation of
gene expression or induction of differential expression of
isozymes was observed to recover the activities of dimin-
ished biochemical reactions or to recover functionally at
various temperature ranges (Somero, 1995; Maki et al.,
2006). Reactive oxygen species (ROS) are highly solubi-
lized and their concentrations increase at lower
temperatures. Consequently, in general, the gene



expression of antioxidant enzymes is upregulated, and the
pathways of ROS production are suppressed (Medigue
et al., 2005; Methe et al., 2005). Trehalose is a versatile
disaccharide in cold adaptation mechanisms that acts by
preventing protein denaturation and aggregation, stabiliz-
ing cellular membranes and scavenging free radicals
(Kandror et al., 2002). The genes involved in trehalose
synthesis, otsA and ostB, were upregulated in Escherichia
coli at cold temperatures (Phadtare and Inouye, 2004).
Previous studies have reported accumulation of compati-
ble solutes in Psychrobacter during cold stress (Amato
and Christner, 2009; Ayala-del-Rio et al., 2010; Ewert and
Deming, 2014). Accumulation of compatible solutes, such
as proline, glutamate and glycine betaine, increases at low
temperatures. These solutes neutralize osmotic pressure
and control cell turgor pressure in cold environments (Ko
et al, 1994). A transcriptomic approach of the Psychro-
bacter arcticus identified genes associated in
transportation system and revealed elevated gene expres-
sions at low temperatures (Ponder, 2005). Cold shock
proteins (CSPs) are one of the most common proteins,
that are expressed under cold environments. It was
reported that CspA, the major CSP, destabilizes secondary
structures of RNA to a single-stranded state (Barria et al.,
2013). CspE was shown to bind poly-A tails and inhibit
RNA degradation (Feng et al., 2001). Psychrobacter arcti-
cus possess three CSPs, that remove the secondary
structures in the mRNA, so that the ribosome stability and
translation efficiency can be enhanced at low temperatures
(Ayala-del-Rio et al., 2010). In other studies, several cold
adaptation mechanisms were described involving mem-
brane fluidity, transport systems, cell proliferation, gene
expression, protein expression, chaperones, enzyme activ-
ities, energy metabolism and inhibition of intracellular ice
crystal formation (Cavicchioli et al., 2000; Deming, 2002;
D’Amico et al., 2006; Piette et al., 2010; Novototskaya-
Vlasova et al., 2012).

Psychrobacter sp. PAMC 21119 was isolated from per-
mafrost soil on Barton Peninsula, King George Island,
Antarctica (Kim et al., 2012). This strain is closely related
to Psychrobacter arcticus 273-4, Psychrobacter cryohalen-
tis K5 and Psychrobacter sp. PRwf-1 (Kim et al., 2012).
The genus Psychrobacter contains a group of Gram-
negative, rod-shaped, heterotrophic bacteria. Most Psy-
chrobacter species are able to grow at a wide range of
temperatures between —10°C and 42°C, and they have
frequently been isolated from diverse cold environments.
Several members of this genus have successfully adapted
to cold temperatures and have developed various strate-
gies at the molecular level to survive at low temperatures.
In Psychrobacter arcticus, expression of genes involved in
transcription, translation, energy production and most bio-
synthetic pathways was downregulated, whereas the
genes for biosynthesis of amino acids such as proline,
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tryptophan and methionine were upregulated at cold tem-
peratures (Bergholz et al., 2009). Another study reported
the proteomic identification of cold-inducible proteins in
Psychrobacter cryohalolentis K5 in subzero temperature
culture conditions, and suggested that low temperatures
may induce the successful growth of P cryohalolentis K5
by influencing translation, transport and energy production
(Bakermans et al., 2007).

In the present study, we analysed the transcript and pro-
tein expression profiles of Psychrobacter sp. PAMC 21119
under two temperature conditions: —5°C and 20°C. This
study aims to reveal adaptation strategies employed by
psychrophilic microorganisms for survival at subzero
temperatures.

Results

Bacterial cell culture, next-generation sequencing data
and two-dimensional gel electrophoresis (2-DE)
analyses

The bacterial cells were cultured at five different tempera-
tures (Fig. 1). The cultures grew successfully from —5°C to
20°C but not at 37°C. The rate constants (u) of each tem-
perature group were shown to be 0.025, 0.042, 0.127 and
0.284. The p of the —5°C was lower than 20°C. The cells
grew faster at higher temperatures in the experimental
treatments.

The cDNAs purified from cultures at —5°C and 20°C
were subjected to next-generation sequencing using an
lllumina HiSeq instrument. After low-quality regions, adap-
tors, and possible contaminants were eliminated, a total of
26,270,292 high-quality reads from the —5°C group and
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Fig. 1. Growth curves of Psychrobacter sp. PAMC 21119 at
different temperatures.

Cells were cultured in marine broth, and the OD600 values were
measured spectrophotometrically. Doubling time and rate constant
of each culture temperature are shown. [Colour figure can be
viewed at wileyonlinelibrary.com]
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Table 1. Summary of transcript reads from Psychrobacter sp.
PAMC 21119, obtained using the lllumina Hiseq.

Table 2. De novo transcript assembly statistics of Psychrobacter
sp. PAMC 21119.

P21119_-5°C P21119_20°C
Total reads 26,270,292 27,487,823
rRNA reads 75,779 174,371
mRNA reads 19,550,792 18,582,564

27,487,823 high-quality reads from the 20°C group, were
obtained (Table 1). After de novo assembly with trimmed
reads using the Trinity software, size-selected reads were
assembled into 2,906 transcripts comprising 3.36 Mbp
(Table 2). The transcripts ranged in size from 200 to
15,042 bp with an average size of 1,367 bp and an N50 of
2,468. The top-hit species distribution of BLAST matches
to the National Center for Biotechnology Information
(NCBI) ‘nr’ protein database is shown in Supporting Infor-
mation Fig. S1. These sequence data have been
submitted to NCBI and can be accessed in the Short Read
Archive (SRA) under the accession number SRP071712.

The two-dimensional SDS-PAGE gels of Psychrobacter
sp. PAMC 21119 proteins extracted from the cells grown at
—5°C and 20°C revealed a total of 830 protein spots (Fig.
2), of which 60 spots had significant changes in mean
intensity (> 1.8-fold) (Table 3). These spots were identified
by matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI-TOF/TOF MS/MS). Among
the 60 differentially expressed proteins, 31 were downre-
gulated and 29 were upregulated at —5°C (Supporting
Information Table S1). Each enlarged spot and expression
fold-change is shown in Fig. 3.

Differential expression and enrichment analyses using
protein and gene expression profiles

The 60 protein spots exhibiting>1.8-fold changes in
expression were classified into different categories by

(A)
pl47L

MW (kDs)

MW (kDs)

Size 3,362,348
CDS 2,906

G + C Ratio 43.38
N50 2,468
Average length (bp) 1,367
Longest transcript (bp) 15,042

utilizing the clusters of orthologous groups of proteins
(COG) databases, implying that these proteins may regu-
late different cellular functions during cold adaptation (Figs.
4 and 5, Table 3). COG analysis revealed that amino acid
transport and metabolism (33%), cell wall/membrane/enve-
lope biogenesis (7%), and post-translation modification,
protein turnover and chaperones (13%) were the most
prevalent in the —5°C cultures (Fig. 4A). Upregulated and
downregulated groups are depicted with the number of pro-
teins per category in Fig. 5. The percentage of expressed
proteins in each category indicates the COG classes that
were mainly affected by cold stress. The 584 genes show-
ing > 2.0-fold changes were categorized to COG classes
(Supporting Information Table S2). The major categories
were cluster of translation, ribosomal structure and biogen-
esis (10%) in upregulated genes that include ribosomal
proteins and translation elongation factors. Lipid transport
and metabolism (12%) which contains oxidoreductases
was predominant in downregulated genes. Components of
energy production and conversion were similarly expressed
in upregulated (9%) and downregulated (11%) groups.
Genes involved in amino acid transport and metabolism
showed almost the same expression percentage in both
upregulated (11%) and downregulated (12%) groups (Sup-
porting Information Table S2).

The overlap analysis between the transcriptome and
proteome data enriched the information on differential

(B)

Fig. 2. Representative two-dimensional gel electrophoresis (2-DE) gel images (pH 4-7) of whole cell lysates of Psychrobacter sp. PAMC

21119, incubated at two different temperatures: —5°C (A) and 20°C (B).

© 2016 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 19, 628—644



Proteomics and Transcriptomics under Cold Stress 631

€100 92— 22 68t 0€€29 S 25659 su|b 98810M 96058826110 aselpyuAs yYNY-Auweny - gegy
8000 0¢€ St 16°S 0zve ¥8'S 15562 dew 126552819|Ib asepndadoulwe suluoIyIBIN  S128
6v000 6L Ll 89 0925 L9 YEees vieb €EV2OM  2££288.61II0 oseplwy G196
(P) sisauabolq pue ainjonlis [ewWOsSoqu ‘uone|suel|
1200 22— )2 65°S 020S€ 99°G 169v¢ 3ds! 61600Y 6689528¥9II6  aseuny jomylieg-Aylew-og-1Apnkooydsoydig-y  LveL
1000  €2- 02 11 0696€ 106 L6SYE oleb 8120IM  2£1952819|Ib osesolsy  GheL
1000 8L 6 209 ovveL ¥2'9 62vS01L Xise LLL20M  1+09G2819|Ib urejoud [eoneylodAy 6.8
82200 L'e 6% 6e'y 06622 8v'y 69722 goos 62010M  £9/688/6WIiD 9SBI9JSURI) YOO-PIORBOISH-£:Y0D-|AUIOONS €€ L
(1) wsiogelaw pue podsuel) pidi]
1800  €2- €2 €e'S osery 'S 0ssty vies 85000M  /85/88/6WIID aseusBoiphyap sjeleoh|Boydsoyd-¢ 6Ev9
8000 8- 61 9e'S 0LESY €v'S 6611 vpeu /L1GE0M  £709528+9110 asejayiuAs ereulouind  Ovk9
Y000 61— 124 LS 06595 €L'S 12985 Nway G6v20M  $80£88.6W(10 asepixo ||| usbounhydiodoidod  0¥9.L
¥00°0 L'g— 8l 29'S 0959€ LS GIGlE  goow 966110  8.1.88/6v0 awAzus Bulpulg-(d)aVYN  €5€2
2l00  2e- oz 67 09zey €0'G 1/69€  gway 86910M  61058826%IID asejeipAysp pioe olulnAsjoUIWe-BYSA  EEVY
(H) wsljogelsw pue podsuel} swAzuso)
100  €2-— 2k 2e's 0veLS 1G9°G L6LLS ydeb ¥ELOOM  ¥00988.6¥110 aseusboipAysp sreydsoyd-g-apAysplelsdhln  1£99
1000 92— Sl S'S 02045 1G°S 1611G ydeb $E€100M  +¥00988.6¥I10 aseuabolphyep ereydsoyd-g-epAysplesodh|n  9£99
() wsijogeidw pue podsuel) ayespAyoqien
1000 61— se 65°S 0082¢ 29's 62iee vAu 09500M  65.€88.6W110 aseyuhs arelAplwAyl 829
Y00 22— e 86'Y 0£062 20°S 612 opnu 92ve0M  005.88./6W116 asejeydsoydoihd esoqu-day  6ELY
(4) wsijogelaw pue podsuel) 8plosONN
1800  €2- €2 €e'S osery V'S ogsty vies 850004  /85/88/6WII6 aseusBoipAysp sjeseoh|Boydsoyd-¢ 6E+9
0000  8'L-— 8 8€'S 02025 6L°G #8209 vere 092vIM  2909528+9lIB osessjsueloUIY  8ESY
8000  v'2-— 8l 29'S 08/£8 106 L1GG6 Jway GY8LOM  9£5/88/6WIID II-SSBD BselgjsuROUIWY 28/
2000 92— €e 619 01625 9.9 /886G Hjoe ¥/2000  €10.88.6%I10 9SEpIX0 dujweoUOW UAB | 196
9€00 02 .8 v'9 02295 9.9 /8865 Hjoe ¥,200M  €10.88.6110 9SEpIXO dUIWEOUOW UIABI] 196
0000 LV 02 L6 0295 86t £2961 wulb GL6LOM  L0S¥88.6WII0 asejpyIuAs sulweNy  8eSH
€L000 6L 0z 89'G 0.02¢ 29'S 69562 diee 00010  189/88.6%I10 urejoud Buipuig-d 1y Jeyodsuel) Dgy suluibly  vgg.
GG000 €72 1€ 809 02S¥s 909 2r60S gnnd L.PB0M 81095281916 asejonpalopixo supsaindiAweln|b-ewwes /€98
62000 €2 9l 9's 0861€ S9'G 802 J1ew /62000 152952849116 asejonpal ajejojoipAyeliereus|AUBIN-01 ‘G ovel
L8¥00 L. a4 90'S 09€2S ve'S €6l12 vole 8.¥10M  22v988.6WII0 aseujwiep sulubly  64SY
28000 6L L€ 8L'9 059€€ 129 €500€ vdby 062€£88.61|1D sseulweln|Bsuell G226
G¥000 2¢ 12 Sy OISy 1SV 80511 osly /18000  +529528+9!16 aseJsjsuelloulwe ajepedsy  /EhE
25000 0% 1€ 68t 0965 S6't 08215 ona| €0L10M  260952819|I6 asesowos! aefew|fdoidos|  OvSH
9¥000  97¢ 61 o'y 01L€06 9¥ v.686 Ndaed 9G210M  8.19528%9|IB N osepidadouiwy €481
(3) wsljogeldw pue jodsuel) pioe oulwy
6v00  6L— €2 20'S 08195 ¥0'S 0€195 vde LLL2OM  26.£88.6VI10 eyde yungns aseyiuAs d1v 1404  LvSh
1200 61— se €e'g 01929 25°S £8089 vups 6£200M  6£9988/6WIID yungns uiejoidoneyy sseusBolpAysp oreuroons  6£99
€600 0% 12 9lL'g 09/6€ 12'S 1L08GE guob /92610 /85988.6¥|10 asejonpal suounb:HdAvN ~ 92€S
6£000 2¢ €e 2Ls 09€€S 12'S 08l€S  Vswuw 0¥L00M 1969886716 eseusboipAysp epAyspleiwss-sreuoewAyo|N  LESS
960000 €2 09 66'S Ov¥¥9 8L'9 69729 oonu 2EE00M  S£09G28+911P asejonpalopixo suouinbign:HAYN  0€/8
(D) uoisianuod pue uononpoid Abiaug
IS8 o(PI0}) (%) abesonod id IN id IN  eweu odl 593N eAoquinu uelold  dSS
m@:mr_o mocwszw paAlasqQO PaAlesqQ |edllaio8y | |ednalosy auan UoISS82dy

'sainjesadwia) Jusiayip oml 18 61|12 DNV ‘ds Ja1oeqoiyofsd Jo suieioid passaidxe Ajjenuaiayip jo uoiezuobsied [euonound "¢ ajqel

© 2016 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 19, 628—644



632 H. Y. Koh et al.

‘AioBayed paubissy JON ayl Ojul palios aiam suswubisse HOD dAeY Jou pIp 1ey) sulsjold
(S0°0 >d) 1s91 sjuapnig Buisn paysiigelse sem D,02 PUB D,5— Udamiaq aoualayip Alsusiul jods ayy jo aoueoyiubis [eolsiels ayl “p
*(9e5- /P92 —) sanjen [eooudioal anijebau ay) se papodal si i ‘|aad] Jamol e e Jussaid suisjoid
104 "|1ong) Jaybiy e je wasaid suigjoid 1o} (2024 /PS-A) D02 PUB D.S— 1B umoib S||8d wol) awnjoA jods uielold pazijewlou syl usamiag oljes ay} se papodal ase sjag| uisloid ul sebuey) o

‘61112 DNV "ds Je1oeqolyohsd woly sisquinu HHIY *q

‘6LLL2 DNV "ds 1810eqoIydAsd WOl SIequinu UOISS900. UISlold B

2v00  L2- 89 119 oovy L 189 gleel VAIB 00900M  22/t¥88/6VI10 uteroid [eoneylodAH 9206
9¥00  €9— oy (Kexe) 0265¢ 16§ 2s.lee Sddn 90800M  268.88.67|10 uejoud [eonaylodAH  9e€9
paubissy 10N
Y00  €2- ot S9'Y 08221 18'Y 99921 gyui 0/v€0M 011952879110 asesjonuopuy  £20¢
9100  G2-— A4 6'S 06.81 259 18681 doH L09S0M  618588.6vII6 urejoud [eoneylodAH  ££08
100000 82— €e 12 09222 €'G 28612 vpea G/6E0M  L02588/6VI10 asejeydsoyd auledly  €€15
21000 ze— 44 1G°S 09802 ¥0°9 69802 955188/6VI16 uteroud [eoneylodAH 0209
€0000  6'G— 92 19°S 0Sv81 259 /8681 doH L09G0M  618588/6V|10 urejoud [eoneylodAH €102
100 ¥9l— 9l S'g 05982 65°S 8€061 ydb L601L0M  2S0+88.6VII6 urejoud [eoneylodAy 6219
88100 02 4 SL'g 082€2 82's Y0291 916/88/6VI16 ueroud [eoneylodAy Gy LS
(S) umouxun uonoun4
800°0 be— /2 80°S 08¢e81 [N} 09191 gdss LOLEOM  8£.588/6VII6 esepnded  vEOY
€0000 S2- 6l £v'S 0.5¥E €6°G 0esee yu LOSLOM  08.188.6VI16 ase|olpAy usboiyu-uoqied €529
0000°0 0v— 18 96'Y 0€802 90°S LLE81 Hxpd G/200M  |¥8188.67|10 asepixo areydsoyd- G sulWexXopUAd €LY
€600 0%C 12 9l'g 0926€ 12'S 108SE guob /92610 /85988.6¥I10 asejonpal suouinb:HdAVYN  92€S
¥210°0 G2 0e 19y 0905/ ¥8'¥ 02008 xoyd €60.0M  ¥69.88/6v|10 esejeydsoud  §e/2
2reno 9¢ ve 8v'y 08¢eee ¥9¥ 2090¢ odyn 12500  Gb9€88.67|10 sselosollly 6222
20000 OV /2 10°S 0St.€ S1'S 8062¢ gnbe 1G22 10S+88.61II6 aseplwe supsanndifoweqiedN  9zeh
(d) Ajuo uonoipaid uoiouny jeisUBL)
€1000 0%¢ €L €2'S 02862 12'S 828/2 156 86€.88/61|10 aseJajsuel)-S auolylemn|H  gees
20000 02 i 22's 082¢ee €'g v/8%2 1s6 66,00  L01588/6VI10 aseJajsuel)-S auoIYiE|D €42
200000 92 82 88'S 05182 68°S LELY2 vdss 66SE0M  9£/588/67I10 v uieloid uonensels  yzi8
00000 L' ve ¥G'S 06562 ¥9'S 616.2 void 2EVEONM  262e88.L67I10 osepuded  2¥29
(0O) sauoiadeyd pue Jaaouiny uigjoid ‘UoIIBOIIPOW UOIB|SURI}-ISOH
10000 12 61 a] 006S¥ €8S 6012 Hwsi 8EvE0M  /8£988/67|10 aseigjsurlAyIOW YNH! S9I Gev9
S¥00°0 12 ot vy 0582¢ 99y v1v62 Adwo ¥/2.0M  €1288.6¥I10 uieloid sueiqBIN /221
() ssisasuabolq adojaaus/aueiquBW/||BM |80
Y000  €2-— 9e A 0206€ €6 88062 noud 6£020M  668.88.67|10 ueloid Buipuig-yNa  OE9
(7) Jredas pue uoneuiquiodal ‘uonedidey
0100 Lb— v 2ks 00L¥L s2'S yv8el dysie  £98£88/6v|16 Jojenbai [euonduosuel) Ajlwey Hsily €205
20000  ¥'E-— 08 YLy 0S0€ 1 16Y 0808 dso $02E0M 010952879116 uteloid 3ooys-ploy  £€0€
9500°0 6l 16 S0°S 08901 LG 20vL dso 505/88.6v|16 Jojeuluusl-nue/euciadeyd YNH  S20¥
L0000 6L ot ) 0022¢ 679 9Glee ysA| 0G8IM  269588/67I10 Jojenbai [euonduosued Ajiwey 4sA1  ££26
(M) uonduosues)
o158 o(PI0}) (%) ebesonod |d IN 1d IN  sweu qdl 993N eoguinu ueloid  dSS
abueyn aousnbag  panlesqO  paalasqO  [eoN@I0dyl  |BdldlIo8y ] ENET) uoISS920Y
Ju00 ¢ 8|qeL

© 2016 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 19, 628—644



(A)

Up-regulated proteins
5"C 20'C -5°C 20°C -5°C  20°C

4549 *x 8245 hky 2735. l
m!lwﬁﬁmlw
- O

242 2229 8637 % b
\ i v

Down-regulated proteins

5537

(B)

-5°C 20°C -5°C 20°C

-5°C 20°C
L ] B :
6538 4034 3023 ‘
v e_..7
6248 & '. 7353 E! 6631% i
lvie | v |
~E 80N M8
4

(C) 10.0

8.0
6.0
4.0
2.0
0.0
-2.0
-4.0
-6.0
-8.0
-10.0
-12.0
-14.0
-16.0
-18.0
-20.0

4549
4538 |
4326 [N
6242 [
8245
1843 [
8124 [
2229 [
2735 [
7246 [
8730 [
8637 [N
5537 [l
2437 [l
1227 I
1133 [l
6435 [
9614 [
5145 [
5243 [
5232 N
4540 [l
5326 [l
9233 Il
7234 [
9225 [l
9615 N
4025 [N
8739 [l

Fold change

5°C 20°C

! 6435 "i ’ ‘ 5232
)

2437

1227 .

1133 ‘ .‘
.v v
5°C 20°C
I
b
N

- H 1

2

Proteomics and Transcriptomics under Cold Stress 633

-5°C 20°C -5°C 20°C -5°C 20°C

P J ol | v
{ o N
9614 | 4540 9225 o
- e »
¢ 5145 l ! & % "
"~ 5326 | | 9615‘}? |
.V. » ive # = A‘ &
v
SRR | ]
& = ‘ ﬁ \z

-5°C  20°C -5°C  20°C -5°C_ 20°C

v Bow Vi 4
- e
|
e l ! 5023 ' ‘
' |
‘ s

-5°C 20°C

4635

. (v4 .V

Fig. 3. Identification of differential abundances of proteins in Psychrobacter sp. PAMC 21119 incubated at two different temperatures. Partial

enlarged profiles show the differential abundances of the same proteins at

A. Upregulated proteins (B) Downregulated proteins.

-5 and 20°C.

C. Histogram displays showing both (A) and (B). Fold-change is reported as the ratio between the normalized protein spot volume from cells

grown at —5 and 20°C (V.

_soc/ Vaoec), for proteins presenting upregulated levels. For proteins presenting downregulated levels, fold-change is

reported as the negative reciprocal value (—Vapc/V_s:c). [Colour figure can be viewed at wileyonlinelibrary.com]

expression induced by cold stress in Psychrobacter sp.
PAMC 21119. A schematic overlap was depicted with a
Venn diagram (Fig. 6). The data indicate the numbers of
genes showing > twofold changes in the transcriptome

and > 1.8-fold changes in the proteome at —5°C com-
pared to the 20°C cultures. Among the upregulation
data, 29 proteins and 312 genes responded to cold
stress (—5°C). Only eight were commonly upregulated in
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(B) Down-regulated

® Energy production and conversion

= Amino acid transport and metabolism

® Lipid transport and metabolism

H Translation, ribosomal structure and biogenesis

® Transcription

u Cell walll/membrane/envelope biogenesis

m Posttranslational modification, protein turnover, chaperones
= General function prediction only

“ Function unknown

® Energy production and conversion

® Amino acid transport and metabolism

® Nucleotide transport and metabolism

® Carbohydrate transport and metabolism

= Coenzyme transport and metabolism

o Lipid transport and metabolism

" Translation, ribosomal structure and biogenesis
" Transcription

" Replication, recombination and repair

u General function prediction only

“ Function unknown

Fig. 4. Functional classification of 60 protein spots selected for protein identification by mass spectrometry/mass spectrometry (MS/MS)

analysis. Each pie-chart shows functional categories of these varied

abundances of upregulated and downregulated proteins according to

clusters of orthologous groups of proteins (COG) analysis. Amino acid transport and metabolism, post-translational modification, turnover and
chaperones were highly present in upregulated profiles, whereas nucleotide transport and metabolism, carbohydrate transport and metabolism
and coenzyme transport and metabolism dominated downregulated profiles.

A. Upregulated proteins and (B) downregulated proteins at —5°C. [Colour figure can be viewed at wileyonlinelibrary.com]

both the proteome and transcriptome groups. In the
downregulation list, 31 proteins and 272 genes showed
decreased expression in response to cold stress. Eleven
were downregulated in both the proteome and

transcriptome groups. However, six genes were
increased in the proteome but decreased in the tran-
scriptome, while one was increased in the transcriptome
but decreased in the proteome. The gene IDs in each
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Fig. 5. Proteins with significant differential abundances sorted by COG categories. Proteins with upregulated abundances are shown as red
bars; proteins with downregulated abundances at —5°C are indicated as blue bars. Proteins without COG assignments were not included in

this analysis. [Colour figure can be viewed at wileyonlinelibrary.com]

group are listed in Supporting Information Table S2, and
the numbers of overlaps are shown in Table 4 and
Supporting Information Table S3. The differentially
expressed transcripts and proteins were subjected to
gene ontology (GO) analysis and classified into three
major functional categories (biological process, molecu-
lar function and cellular component) and 25
subcategories using the complete set of GO terms
(Supporting Information Fig. S2). The upregulated
transcriptome revealed that cellular processes

(GO:0009987, 68.8%) comprised the largest proportion,
followed by translation (GO:0006412, 12%) in the
biological process category. Moreover, in the proteome
results, metabolic process (GO:0008152, 95.2%) in the
biological process category, and catalytic activity
(G0:0003824, 95.2%) in the molecular function category
were upregulated. The downregulated groups did not
reveal any distinct categories. All enriched GO terms of
the transcripts and proteins in each group are listed in
Supporting Information Table S4.
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Proteome _~ Transcriptome
(Up) (Up)
15 8 303
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235 11 19
Transcriptome Proteome
(Down) (Down)

Fig. 6. Venn diagram showing differentially expressed genes and
proteins of Psychrobacter sp. PAMC 21119.

Common numbers among each profile are presented. P-UP, protein
upregulated (> 1.8 fold); P-Down, protein downregulated (< —1.8
fold); T-UP, transcript upregulated (> 2.0 fold); T-Down, transcript
downregulated (< —2.0 fold). [Colour figure can be viewed at
wileyonlinelibrary.com]

Specific molecular components and pathways involved
in cold stress

Using the Kyoto Encyclopedia of Genes and Genomes
(KEGG) online resource, functional roles of differentially

abundant proteins were interpreted with respect to expo-
sure at —5°C and 20°C. Fifty three protein names were
mapped onto the KEGG pathways (Table 3). It was
revealed that NuoC, involved in electron transport system
complex |, showed a 2.3-fold increase. In addition, expres-
sion of the SdhA and AtpA proteins, which are found in
electron transport system complex Il and ATP synthase,
respectively, increased 1.9-fold. Moreover, expression of
heme proteins (HemL, 2.4-fold decrease; HemB, 2.2-fold
decrease; and HemN, 1.9-fold decrease) was reduced.
Heme proteins make up a pathway for electron transfer
across membranes. Proteasome subunits  (PrcA)
increased 3.1-fold, which indicates that abnormal proteins
caused by misfolding or denaturation increase at subzero
temperatures, thereby inducing protein degradation
machinery. Proteins involved in amino acid metabolism
showed increased expression at —5°C, including amino-
peptidase N (PepN), isopropylmalate isomerase (LeuC),
methylmalnate-semialdehyde dehydrogenase (MmsA) and
glutamine synthetase (GInA). The ATP-binding cassette
(ABC) transporter, which mediates recruitment of short
molecules from outside of the cells, exhibited elevated
expression (AatP, 1.9-fold). Outer membrane protein
(OmpV), which can be regulated by small RNA, showed
increased expression (Fig. 7).

Cold-shock proteins (CSPs) are known as RNA chap-
erones, and two isozymes were differentially expressed
in this study. The amino acid compositions of the two
forms were illustrated and compared (Fig. 8). The iso-
zyme that increased at —5°C contained fewer arginine

Table 4. A list of common differentially expressed genes between transcriptome and proteome.

Contig no. SSP  Accession no.  T-fold change®  P-fold change®  Gene name  Protein name

I. Upregulated

P21119_03600 4549 gil497886422 12.3 7.7 arcA Arginine deiminase

P21119_01390 6242  @il497883292 2.8 3.1 prcA Peptidase

P21119 24850 1843  il648256178 2.1 2.6 pepN Aminopeptidase N

P21119_23670 7246  (il648256251 2.5 2.3 metF 5,10-methylenetetrahydrofolate reductase
P21119_12360 5232  @il497887398 2.0 2.0 gst Glutathione S-transferase

P21119_07640 4540  @il648256092 6.5 2.0 leuC isopropylmalate isomerase

P21119_20460 7234  @il497887681 2.4 1.9 aatP Arginine ABC transporter ATP-binding protein
P21119_12960 4025  @il497887505 2.9 1.9 csp RNA chaperone/anti-terminator

II. Downregulated

P21119_08130 7013  @il497885819 24 -5.9 Hep Hypothetical protein

P21119_04930 3033  @il648256010 -3.8 -3.4 csp Cold-shock protein

P21119_06460 6020  @il497884556 -3.1 -3.2 Hypothetic protein

P21119_28730 5133  @il497885207 -21 -2.8 DedA Alkaline phosphatase

P21119_24670 9611 gil497887013 -3.8 —2.6 aofH Flavin monoamine oxidase

P21119_08130 8033  @il497885819 —-24 —-25 Hep Hypothetical protein

P21119_19160 6253  @il497881780 -35 —-25 nit Carbon-nitrogen hydrolase

P21119_13300 7732 gil497887536 —-3.6 —2.4 hemL Aminotransferase class Il

P21119_28410 4433  il497885019 -57 —-2.2 hemB Delta-aminolevulinic acid dehydratase
P21119_18670 7347  @il648255899 -2.5 —2.2 ispE 4-diphosphocytidyl-2C-D-erythritol kinase
P21119_15690 7640  @il497883084 -2.5 -1.9 hemN Coproporphyrinogen Il oxidase

a. T, transcript; P, proteome.
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binding protein; Csp, RNA chaperone/anti-terminator; OmpV, membrane protein; ArcA, arginine deiminase; AguB, N-carbomoylputrescine amidase;
PuuB, gamma-glutamylputrescine oxidoreductase. [Colour figure can be viewed at wileyonlinelibrary.com]

and more lysine residues. In addition, the contents of
acidic resides such as aspartate and glutamate were rel-
atively lower when compared to isozymes at 20°C, which
implies that the flexibility of CSP is enhanced at subzero
temperatures.

Acetyl-CoA is an important molecule in metabolism,
used in many biochemical reactions. It is a fundamental
resource in the biosynthesis of fatty acids, cholesterol and

ketone bodies. In this study, elevated expressions of MetF
(2.3-fold) and ScoB (2.1-fold) were detected at —5°C; they
are involved in acetyl-CoA synthesis and re-utilization of
ketone bodies respectively (Fig. 7).

Putrescine and spermidine, the major two polyamines
found in bacteria, are accumulated when cells undergo
proliferation or stress conditions. It was found that the
expressions of ArcA (7.7-fold) and AguB (4.0-fold)
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increased at —5°C, and these proteins are associated with
the putrescine synthesis pathway (Fig 7).

Effect of temperature on cellular metabolic activity

Several enzymes identified by proteome analysis were
subjected to measurements of their cellular metabolic
activity. Cells were harvested from the logarithmic phase of
growth, and the same amount of cells was used for each
assay. Expression of SdhA, a main component of the elec-
tron transport system complex Il, was downregulated at
—5°C (Table 3) and succinate dehydrogenase activity
decreased significantly at —5°C compared to 20°C (Fig.
9A). On the other hand, protein expression of NuoC, which
is involved in formation of proton ions in the electron trans-
port system complex |, was upregulated at —5°C (Table 3,
Fig. 3). The amount of cellular proton ions was measured
by a pH meter and was higher at —5°C than at 20°C (Fig.
9B). In addition, the concentration of intracellular ATP was
checked, because expression of AtpA associated with ATP
synthesis was downregulated at —5°C. We found that the
amount of ATP was lower at —5°C than at 20°C (Fig. 9C).

Discussion

To survive under cold temperature conditions, microorgan-
isms express several cold-induced proteins. It has been
reported that CSPs have been found in almost all types of
bacteria, including thermophiles, mesophiles and psychro-
philes (Mueller et al., 2000; Ermolenko and Makhatadze,

2002; Phadtare et al, 2003). Nine CSP homologues,
cspA-l, were found in E. coli (Yamanaka et al., 1998);
three csp genes, cspB, cspC and cspD, were identified in
Bacillus subtilis (Schindler et al., 1999); and two genes,
cspA and ¢cspG, were reported from the deep-sea psychro-
philic bacterium Shewanella violacea (Fuijii et al., 1999).
Nine homologs of the cspA family in E. coli stabilize sec-
ondary structures of mRNAs as RNA chaperones;
consequently, they can enhance translation efficiency at
subnormal temperatures as transcription regulators (Bae
et al., 2000). Two isoforms of CSP were differentially
expressed at —5°C in this study (Table 3). In a previous
study, the role of temperature-dependent isozyme
exchange was described as the ability to catalyse similar
reactions at different growth temperatures (Maki et al.,
2006). A similar isozyme exchange was observed in the
current study by comparing the proteome datasets from
—5°C and 20°C (Fig. 3). Considering the typical functions
of CSP, it is postulated that the selective expression of
CSP isozymes in Psychrobacter sp. PAMC 21119 would
also be involved in ribosome assembly, translation initiation
and proper folding of proteins and nucleic acids, etc., in
cold environments. Further three-dimensional protein
structure analysis will be necessary to define the detailed
action mechanism of these proteins.

Acetyl-CoA production could be a critical factor in the
adaptive response to cold. It was revealed that protein
expressions of MetF, ScoB and MmsA were induced at
subzero temperatures (Fig. 3). Acetyl-CoA is transformed
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Fig. 9. Colorimetric assay for assessing cellular metabolic activity in Psychrobacter sp. 21119.

A. The activity of succinate dehydrogenase.
B. The H+ amount of each temperature group.

C. Amount of cellular ATP in lysed whole cells. An asterisk indicates a significant difference, according to t-test (*P < 0.05). Error bars

represent standard deviation based on three biological replicates.

to ketone bodies, and ketone bodies such as acetoacetate,
acetone and B-hydroxybutyrate (3-OHB) have signaling
functions and can be resources for cellular energy. A num-
ber of bacterial species synthesize a polymer of 3-OHB for
energy storage (Yang and Seto, 2008). Moreover, acetyl-
CoA is a precursor of fatty acid and necessary for mem-
brane fluidity, which is related to cell resistance to freezing
(Annous et al, 1999). Interestingly, the tricarboxylic acid
(TCA) cycle was not highly activated in the —5°C condition
and acetyl-CoA input into the TCA cycle seems to be
shunted to glutamine synthesis (Fig. 7). The overall num-
bers of each glutamine, valine and leucine residue in the
29 upregulated proteins were greater than in the 31 down-
regulated proteins at —5°C, whereas the total number of
isoleucin residue was less (Table 5 and Supporting Infor-
mation Table S5). This clearly indicates that the expression
of these four amino acid is basically controlled by Acetyl-
CoA to make a reservoire for specific amino acid utilization
to the cold-induced protein expressions.

The electron transport chain (ETC) and ATP synthase
clearly appear to be affected by cold stress. Expression of
a complex | component (NuoC) was induced, but a compo-
nent of complex Il (SdhA) was downregulated (Fig. 7). The
enzyme activity of succinate dehydrogenase declined to

Table 5. The total numbers of four amino acid residues in the pro-
teins regulated under cold stress conditions in Psychrobacter sp.
PAMC 21119.

Upregulated Downregulated
Total protein number 29 31
Glutamine 474 434
Valine 751 689
Leucine 948 908
Isoleucine 592 678

nearly 50% at —5°C (Fig. 9A), a component of ATP syn-
thase was downregulated, and the amount of cellular ATP
decreased significantly (Fig. 9C). Moreover, the amount of
cellular proton ion was relatively higher at —5°C (Fig. 9B).
It was reported that the first molecules responding to acidi-
ty are two components of the F{F, ATP synthase,
downregulating its gene expression (Booth, 1985). Inter-
estingly, a downregulated alpha subunit of ATP synthase
(AtpA) in the present study is in accordance with previous
results (Wen et al., 2003), which suggests that a strategy
for limiting proton uptake is downregulation of ATP syn-
thase. ATP production is essential in cellular energy
maintenance and reservation, but in cold stress, even for
psychrophiles, ATP synthesis does not seem to be very
active, which implies that ATP utilization is not necessary
as great as in higher temperature environments. Previous
studies reported increased ATP amounts and suggested
that this resulted from decreased utilization of ATP in P,
cryohalolentis at lower temperatures (Feniouk et al., 2007;
Amato and Christner, 2009). However, P. cryohalolentis
was isolated from a cryopeg (Bakermans et al., 2006), and
in this different habitat it might have developed a different
energy maintenance strategy due to the extreme environ-
ment. Considering that Psychrobacter sp. PAMC 21119
was isolated from permafrost soil, this study suggests
more evidence of species-specific cold adaptive
mechanisms.

In general, most bacterial cells synthesize two natural
polyamines, putrescine and spermidine (Tabor and Tabor,
1985; Cohen, 1998). It is known that these small cationic
amines contribute to enhanced macromolecular function
by stabilizing the structure of DNA and RNA (Cohen,
1998) and this function appears to be related to protective
roles against toxic effects of ROS (Shah and Swiatlo,
2008). Polyamines are involved in a broad range of cell
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growth activities (Tabor and Tabor, 1985; Cohen, 1998)
and their concentrations correlate with growth rates
(Tweeddale et al., 1998). Putrescine stimulates some tran-
scription factors and affects more than 300 genes (Yoshida
et al., 2004; Terui et al., 2009). Interestingly, in a previous
study, putrescine increased under stress conditions (Tabor
and Tabor, 1984). Putrescine is produced from either orni-
thine or arginine by ornithine decarboxylase (ODC) and
arginine decarboxylase (ADC) respectively. In the current
study, two upregulated proteins (ArcA and AguB) at sub-
zero temperatures were associated with these two
pathways. Further studies could clarify the specific role of
putrescine and its target genes triggered in cold
environments.

Transport protein systems may play a significant role in
the living strategy of psychrophilic bacteria. For example,
short peptides in the culture medium can be imported into
bacterial cells by ABC transporters and can be reutilized
as building blocks in nutrient-limited environments. In the
current study, the expression level of ABC transport protein
was upregulated at —5°C (Table 3). ABC transporters are
a major family of membrane transport proteins, which
transport a broad range of nutrients or metabolites into
and out of the cells (Mauchline et al., 2006; Giuliani et al.,
2011). It was shown that the expression of one ABC trans-
porter (aatP) is controlled by the two-component system
AauR/S (Singh and Rohm, 2008), but none of these pro-
teins were expressed differentially in this study. The most
frequent transcripts of Psychrobacter sp. PAMC 21119
were amino acid transporters and enzymes involved in
amino acid metabolism (Table 3). The COG category E
proteins in Psychrobacter sp. PAMC 21119 included nine
enzymes involved in the transport, biosynthesis and degra-
dation of amino acids (Table 3): aminopeptidase N (EC
1.4.1.1), isopropylmalate isomerase (EC 4.2.1.33), aspar-
tate aminotransferase (EC 2.6.1.9), transglutaminase (EC
2.3.2.13), 5,10-methylenetetrahydrofolate reductase (EC
1.5.1.20), gamma-glutamylputrescine  oxidoreductase
(EC 1.4.3.-), arginine ABC transporter ATP-binding protein
(EC 3.6.1.3), glutamine synthetase (EC 6.3.1.2) and flavin
monoamine oxidase (EC 1.4.3.2). These findings suggest
that the role of transporter systems in amino acid
metabolism might be critical in psychrophilic bacteria. In
nutrient-limited subzero temperature environments, proteo-
lytic systems can be associated with protein recycling as
carbon and nitrogen sources. Thus, these proteins can
contribute to the enrichment of amino acid pools in the
cells. Indeed, degradation of intracellular proteins
increased in bacterial cells that were exposed to cold-
shock (Jozefczuk et al.,, 2010). Similarly, therefore, differ-
entially expressed enzymes involved in amino acid
synthesis may also be an explainable feature (Fig. 7).

Nine protein spots that showed differential expressions
in 2-DE analysis were not assigned to any category (Table

3). These functionally unknown proteins may be involved
in other unknown mechanisms of microbial cold adapta-
tion. In other studies, many differentially expressed
transcripts had unknown functions under subzero tempera-
ture growth conditions in the psychrophilic bacteria
Exiguobacterium sibiricum and Planococcus halocryophi-
lus Or1 (Rodrigues et al., 2008; Mykytczuk et al., 2013).
Moreover, several hypothetical proteins were upregulated
and downregulated (Table 3, groups S) and these types of
proteins have also been differentially expressed under sub-
zero conditions in the P arcticus (Ayala-del-Rio et al.,
2010). Although the exact functions of these unknown pro-
teins have not yet been revealed, it is obvious that cold-
driven expression of many proteins with unknown functions
has played an important role in the physiological regulation
of Psychrobacter sp. PAMC 21119 in Antarctic subzero
environments for a long time.

Comparison analysis of proteome and transcriptome
profiles showed that 34.8% of protein expression overlaps
with 2.5% of transcript expression in upregulation profiles,
and 36.7% of protein expression overlapped with 3.9% of
transcript expression in downregulation profiles (Fig. 6).
Moreover, 0.3% of upregulated genes were translated to
5% of downregulated proteins, and 2.2% of downregulated
genes were expressed as 28.6% of upregulated proteins
(Fig. 6). Considering that transcription occurs in an
upstream step and translation to proteins is an end-point
event in molecular response, this discrepancy is not sur-
prising. Nevertheless, the differences and expression
shifts between the transcriptome and proteome are still
greater. Accumulating more comparison data of both pro-
teome and transcriptome expression profiles in subzero
conditions would enable a more comprehensive under-
standing of cold acclimation in psychrophiles.

In conclusion, this study examines the molecular
response of Psychrobacter sp. PAMC 21119 to cold stress
in subzero temperature environments. These psychrophilic
bacteria were culturable and viable at —5°C. The bacterial
cells were exposed to —5°C and the analysis was carried
out in comparison with cells cultured at 20°C. The cell
growth was not very active, which is similar to several pre-
vious studies. The cells experienced cold stress and
regulated their response, which was expressed in tran-
scripts and proteins. Isozyme exchange of CSP would
suggest proper folding mechanisms of proteins and nucleic
acids at subzero temperatures. Production of cellular ener-
gy (e.g., ATP) was suppressed, but intermediate
accumulations (e.g., acetyl-CoA and amino acids) were
distinct. It seems that cell proliferation is not efficient for
cells that are undergoing cold stress. Instead, the cells
minimize energy consumption and prepare for a better
environment later, similar to pre-hibernation in higher ani-
mals. Even though the current study has suggested a
possible regulatory mechanism of Psychrobacter sp.
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PAMC 21119 in cold environments, the general response
of psychrophiles is still vague, and it is unclear whether
‘pre-hibernation’ is the best choice for ‘psychrophilic’ bacte-
ria. Nonetheless, the current study clearly shows a
regulation event of bacterial response to subzero tempera-
tures through analysis of transcriptome and proteome
changes in Psychrobacter sp. PAMC 21119, isolated from
Antarctic soil. Moreover, the remaining unknown proteins
in this study might provide insight into more novel mecha-
nisms of cold-adaptation in the near future.

Experimental procedures
Bacterial strain and culture conditions

Psychrobacter sp. PAMC 21119 was isolated from permafrost
soil on Barton Peninsula, King George lIsland, Antarctic
(62°13' S, 58°47' W) (Kim et al., 2012). A single colony was
propagated in marine broth (MB) medium at 20°C for 24 h and
1:100 dilutions were prepared using fresh MB medium. The
cells were cultured at five different temperatures (—5°C, 0°C,
5°C, 20°C and 37°C) with shaking at 150 r.p.m. Cell growth
was monitored spectrophotometrically by measuring the
ODgoo- At the mid-exponential phase (ODggo = 0.8), the bacte-
rial cells were collected by centrifugation at 10,000 X g for 15
min at 4°C. After removing the supernatants, the pellets were
frozen in liquid nitrogen and stored at —80°C. Triplicate cul-
tures were prepared at both —5°C and 20°C.

RNA and protein extraction

Total RNA was isolated using the Easy Blue Kit (Intron Bio-
technology, Seoul, Korea) according to the manufacturer's
instructions, followed by resuspending dried total RNA pellets
in 0.1 mL nuclease-free water. To precipitate RNA, 0.1 volume
of 3 M sodium acetate (pH 5.0) and 2.5 volumes of 100% eth-
anol were added sequentially to the eluted RNA, mixed by
vortexing and incubated for 1 h at —80°C. After incubation, the
tubes were centrifuged at 12,000 X g for 20 min at 4°C. Pellets
were rinsed twice with 80% ethanol and resuspended in 30 pL
of nuclease-free water. RNA quantification was done
spectrophotometrically using an ND-1000 UV/visible spectro-
photometer (NanoDrop Technologies, Wilmington, DE, USA)
and electrophoresed on a 1.5% w/v agarose gel to verify RNA
integrity. The purified RNA was stored at —80°C. Approximate-
ly 10 png of total RNA was subjected to poly-A selection and a
cDNA library was constructed using the TruSeq RNA sample
prep kit (llumina, CA, USA). RNA-seq was performed on an
lllumina HiSeq 2500 (lllumina, CA, USA) at ChunLab (Seoul,
Korea) according to the manufacturer’s protocol.

For protein profiling, cell pellets maintained at —80°C were
homogenized using a bullet blender homogenizer (Qiagen,
Hildenberg, Germany) and resuspended in 2-DE lysis solution
composed of 7 M urea, 2 M thiourea, 1% (w/v) dithiothreitol
(DTT), 4% (w/v) 3-[(3-cholamidopropyl) dimethylammonio]-1-
propanesulfonate hydrate (CHAPS), 2% (v/v) ampholyte and
1 mM benzamidine-HCI. The supernatant containing the solu-
ble protein fraction was collected after centrifugation at 14,000
X g for 30 min at 14°C to remove cell debris containing insolu-
ble proteins. The protein concentration of each sample was
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determined using the Bradford method (Sigma-Aldrich, St.
Louis, MO, USA) (Bradford, 1976) with bovine serum albumin
as a standard (Thermo, Waltham, MA, USA). An aliquot of
each supernatant containing ~100 pg of soluble protein was
then stored at —80°C until further analysis.

Two-dimensional gel electrophoresis (2-DE) and image
analysis

Whole cell lysates were subjected to 2-DE as previously
described (Mykytczuk et al., 2011). Briefly, 200 pg of protein
was applied to the first dimensional separation by isoelectric
focusing using Immobiline DryStrip gels (pH 4-7 linear gradi-
ent, 24 cm; GE Healthcare, Milwaukee, WI, USA) by the cup-
loading method using a Multiphor 1l system (GE Healthcare),
and then subjected to second dimensional sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE; 10—
15% gradient, 26 X 20 cm). Protein spots were visualized
using the VisPRO™ Protein Stain Kit ((Visual Protein Biotech-
nology, Taipei, Taiwan) according to the manufacturers
protocol. The gel images were obtained using a GS-900 den-
sitometer (Bio-Rad, Hercules, CA, USA) and analysed
manually with PDQuest software (ver. 8.1; Bio-Rad). The
quantity of protein in each spot was normalized to the total val-
id spot intensity. Significantly changed spots were selected
based on a rate increased/decreased > 1.8-fold or complete
appearance or disappearance.

In-gel trypsin digestion and mass spectrometry

Spots were collected from the replicate gels. The gel plugs
were destained and fixed in 10% acetic acid, washed three
times with distilled water, and incubated with 100 mM ammoni-
um bicarbonate. After dehydration with 100% acetonitrile
(ACN), the gel pieces were vacuum dried. In-gel digestion was
performed using 25 ng pL~ ' sequencing grade trypsin (Prom-
ega, Madison, WI, USA) in 50 mM ammonium bicarbonate
(pH 7.8) and incubated at 37°C for 12—15 h. All samples were
desalted and concentrated with a ZipTip,.c1g (Millipore, Bed-
ford, MA, USA) (Erdjument-Bromage et al., 1998), according
to the instructions provided by the manufacturer. One microli-
ter of the peptide eluate was mixed (1:1) with a matrix solution
of a-cyano-4-hydroxycinnamic acid (10 mg mL™") in 50%
ACN, 0.1% trifluoroacetic acid (TFA) and 1 uL was then spot-
ted onto an Opti-TOF MALDI stainless steel target plate (AB
SCIEX; Framingham, MA, USA).

The MALDI plates were analysed on a 4800 MALDI TOF/
TOF instrument (ABSCIEX) with the 4000 series explorer soft-
ware (ver. 3.7; ABSCIEX). Data were acquired in positive
reflector mode over a mass range of 850 to 4,000 m z~ ' using
external calibration spots with TOF/TOF calibration mixture
(ABSCIEX). Mass spectra were obtained from each spot
using a fixed laser intensity, 1,050 shots per spectrum, with a
uniformly random spot search pattern. A 1 kV mass spectrom-
etry/mass spectrometry (MS/MS) operating mode was used,
the relative precursor mass window was set at 200 (FWHM),
and collision induced dissociation (CID) using air was turned
on, with metastable suppression enabled. Peaks with a signal/
noise (S/N) ratio greater than 70 were selected for MS/MS.
Up to 12 MS/MS spectra could be obtained from each spot,
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starting with the most intense peak and ending with the least
intense peak. MS/MS acquisition of selected precursors was
set to total of 1,800 laser shots. Proteinpilot software (ver. 4.0;
ABSCIEX) was used to process MS and MS/MS spectra to
submit the peak list to the MASCOT search engine (ver. 1.9;
http://www.matrixscience.com:Matrix Science) for peptide
identification against the NCBI databases (Psychrobacter sp.
PAMC 21119; entry number 2592). The following parameters
were selected in the analysis method: iodoacetamide (IAA) as
the alkylating agent of cysteine, oxidation of methionine and
trypsin as a digesting enzyme. Parent and daughter ion toler-
ance were set to 50 p.p.m. and 0.1 Da, respectively, and two
missed cleavages were allowed. All proteins were identified by
at least two unique peptides from the MS/MS search (Sup-
porting Information Table S6).

Bioinformatics, functional annotation and classification

Quantitative transcriptome and proteome data were filtered
and sorted based on expression ratios >2.0-fold and > 1.8-
fold respectively (Supporting Information Tables S1 and S2).
The GO annotations were obtained by BlastP in Blast2GO
(Conesa et al.,, 2005). GO enrichment analysis was carried
out using Blast2GO, a GO analysis toolkit and Fisher’s exact
test with a threshold of 0.05. Prokaryotic COG annotations
were obtained by BlastP in the WebMGA server (http://weia-
hong-lab.ucsd.edu/metagenomics-analysis/) (Wu et al., 2011).
We used P-values after Benjamini correction and considered
only those where the corrected P-value was < 10~7. Biochem-
ical pathways were determined using the COG and KEGG
databases.

Succinate dehydrogenase activity assay

The succinate dehydrogenase activity was measured using
the CCK-8 kit (Dojindo, Tabaru, Japan). The bacterial cells
from two different temperatures (—5 and 20°C) were adjusted
to 6.4 X 108 cells per mL, and 90 uL containing 5.76 X 107
cells was transferred to a 96-well flat-bottomed microplate.
Then, 10 uL CCK-8 solution was added and incubated for 1 h
at room temperature in the dark. The absorbance was mea-
sured at 450 nm in a Multiskan GO microplate
spectrophotometer (Thermo). All measurements were per-
formed in triplicate.

Measurement of ATP amounts

ATP amounts in cells were measured using an ATP colorimet-
ric assay kit (BioVision, Milpitas, CA, USA) according to the
manufacturer’s instructions. Briefly, 6.4 X 107 cells were har-
vested by centrifugation, followed by disruption with a
homogenizer in 50 pL ATP assay buffer. The lysate was centri-
fuged at 13,000 r.p.m. for 5 min at room temperature and 50
pL supernatant was transferred to a 96-well flat-bottomed
microplate. Then, 50 pL reaction mixture (44 uL ATP assay
buffer, 2 uL probe, 2 uL ATP converter and 2 ulL developer)
was added and incubated for 30 min at room temperature in
the dark. Absorbance was measured at 570 nm in Multiskan
GO microplate spectrophotometer (Thermo). The amount of

ATP was calculated using an ATP standard curve and is
expressed in nmol.

Determination of cellular proton amounts

The proton amounts in cells were determined by measuring
the intracellular pH. The culture medium was centrifuged at
13,000 r.p.m. for 5 min at 4°C and the pellets were resus-
pended in 3 mL MB. The cell suspension was sonicated in the
presence of a constant current for 6 min, and a sonicator
(SONICS, Danbury, CT, USA) was programmed to run 2-s
sonication pulses followed by a pulse-off period of 6 s. After
sonication, the cleared lysate was centrifuged at 13,000 r.p.m.
for 15 min at 4°C. The supernatant was then collected and
used for pH measurement with a pH meter (JENWAY, Felsted
Dunmow, UK). All measurements were performed in triplicate.
The proton amount was calculated by the following formula
below and is expressed in nmol.

[H*] = 107"

Growth rate calculations

The rate constants (i) were obtained using the equation
described previously (Neidhardt et al., 1990).

Statistics

All data are expressed as means + SD from three replicates.
Student’s t-test was employed to investigate statistical differ-
ences using Microsoft Excel software (Microsoft Corp.,
Redmond, WA, USA); P< 0.05 was considered to be statisti-
cally significant.
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