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response to growth at low temperatures?
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Background Information

Temperature fluctuations are an evitable environmental factor
that affects all organisms.

Sudden exposure to environmental changes will trigger a
dynamic stress-response called adaptation.

Prolonged exposure to nonlethal stimuli leads to acclimation.
Chemostat cultures allow for accurate control of specific growth
rate, independent of other culture conditions.

Ms2p/msn4p has been previously suggested to be a
transcriptional factor in cold temperature.
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Goals of the Present Study

e Tai et al. (2007) aimed to investigate steady-state, acclimatized
growth of S. cerevisiae at colder temperatures.

o Emphasized transcriptional regulation of the genome.

e They compared their chemostat culture results with those from
previous studies in batch cultures and demonstrated the
differences between the two.

e They also aimed to further describe the role of ESR genes at
low-temperature in chemostat cultures.
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Methods and Procedures

S. cerevisiae strain: CEN.PK113-7D (MATa)

Grown in a chemostat culture (D = 0.03 h™")

Four Growth Conditions:

o 12°C, glucose-limited

o 12°C, ammonium-limited

o 30°C, glucose-limited

o 30°C, ammonium-limited

Utilized various analytical methods and microarray analysis and
compared their data to other S. cerevisiae low-temperature
transcriptome datasets.



Outline

e [In chemostat based cultures, nutrient limitation affected the
transcriptional regulation of genes at low temperatures.



Growth-Efficiency Was Not Affected by Growth
Temperature

Table 1. Physiological characteristics of S. cerevisizge grown in ammonium- and glucose-limited anaerobic chemostat cultures

Growth Carbon Residual Residual
Limiting temperature Yaiu/x recovery glucose ammonia
nutrient (°C) (Bow * Betucose ) don” qeion” dco2” (%) (mM) (mM)
Glucose 12 0.07 = 0.01 —25+02 3.8+0.3 44 +0.3 100 = 3 28+11 65.2 %22
Glucose 30 0.07 = 0.00 —23 =00 35+0.0 3.8+0.2 5 ol | 0.3 %01 61.3 £ 45
Ammonium 12 0.05 = 0.00 —-3.6 =0.2 6.1 +0.3 6.0 = 0.6 97 =4 90.0 9.8 15402
Ammonium 30 0.04 = 0.00 —4.0 0.1 6.8 0.2 74 *0.2 L 8h.1 =82 0.2:%0.1

Cultures were grown at 30 and 12°C (D = 0.03 h~). Values represent the mean * SD of data from three independent steady-state chemostat
cultivations. Y, ,x, biomass yield on glucose; DW, dry weight.

@ Values expressed as mmol - g, ' - h™h

e Biomass was similar at both temperatures in both nutrient
conditions.

e Inthe 12°C cultures, the residual concentrations of glucose and
ammonia were higher than the 30°C cultures.
o Residual nutrient concentration is temperature dependent.



Less S. cerevisiae Growth on Glucose-Limited Media

Table 2. Protein and storage carbohydrates contents of 5. cerevisiae biomass grown in ammonium- and glucose-limited anaerobic chemostat
cultures

Growth Biomass dry Whole cell Biomass nitrogen
Limiting temperature weight protein content Trehalose Glycogen
nutrient (OC) (gDW ' l_l) (gprotei.n 3 gDW_l) (mgnitrogen i gDW_l) (gequivalent glucose i gDW_ 1) (gequivalent glucose i gDW_ 1)
Glucose 12 1.71 £ 0.09 0.40 = 0.01 nd <0.005 0.06 = 0.01
Glucose 30 1.89 + 0.06 0.43 = 0.01 nd 0.02 = 0.00 0.04 = 0.00
Ammonium 12 2.27.%+ 0.0b 0.47 = 0.03 63+ 3 <0.005 0.02 = 0.00
Ammonium 30 3.53 = 0.01 0.34 = 0.01 412 0.04 = 0.00 0.05 = 0.01

Cultures were grown at 30 and 12°C (D = 0.03 h~1). Values represent the mean * SD of data from three independent steady-state chemostat
cultivations. DW, dry weight; nd, not determined.

e There was more yeast growth on the ammonium-limited media.
e Amount of trehalose was equal in the 12°C media and slightly higher in

the 30°C ammonium-limited media.
e Overall, yields and fermentation rates were similar in all growth
conditions.
o This indicates that the growth temperature did not affect the
growth efficiency.




Higher Transcription Levels in Ammonium-limited

Cultures
N-lim C-lim
12°C vs 30°C 12°C vs 30°C
806 genes 494 genes

202 Up 96 Up 123 Up
369 Down 139 Down 136 Down

571 genes 235 genes 259 genes

1065 genes

Figure 1. Global transcriptome responses to anaerobic growth at
12 and 30°C in anaerobic glucose- and ammonium-limited chemo-
stat cultures (D = 0.03 h™?!). The Venn diagram shows the number
of significant differentially expressed genes between 12 and 30°C in
both C and N limitations.

Of the 1065 genes,
644 genes were
down-regulated and
421 up-regulated
genes.

235 genes showed a
consistent
down-regulation and
up-regulation in the
glucose-limited and
ammonium-limited
conditions



More Genes Were Induced in the Glucose-Limited
Cultures

Low temperature C-lim specific up (123 genes)

lipid metabolism (GO0006629 p = 3.2E-03):

ERG28, ATF2, OARI, LAS21, FAAI, OPI3, LROI, VRG4, PDRI16, FATI
carbohvdrate transport (GO0008643 p = 3.8E-03):
HXT2, HXT3, HXTY, VRG4

rRNA processing (GO0006364 p = 6.7E-03)

NOP4, NOP6, MTR4, SAS10, URBI, UTP30, RNTI

Low temperature C-lim specific down (136 genes)

Electron transport (GO0006118 p = 1.0E-04):
QCR2, CYC7, COX4, COX6, SDHI, COX54, OSH?

Amino acid transport (GO0006865 p = 5.2E-04):
MMP1, BAP2, GNPI, TAT2, TATI, BAP3

Hexose metabolism (GO0019318 p = 6.4E-03):

TKL2, GALIO, GND2, GCR2, PYK2, PCKI, YMR323W

e Temperature-responsive genes were screened for enrichment of
specific functional categories.
e C-lim cultures showed the most activity in these categories



L i A

Y/ Greater Transcriptional Regulation in N-Lim

Low temperature N-lim specific up (202 genes)

- -
N _ e S. cerevisiae
Protein synthesis (GO0006412 p = 9.8E-06)/protein complex assembly (GO0006461 p = 6.2E-06):
RPLA3B, CAX4, ECM39, GCDI0, GYPS, IMP3, MEF1, MRPL20, MRPL3, NIP1, OST2, RPLI2A, RPLI3A, RPLISA, RPLI7B, , RPL3, RPL40B, RPL41B, RPLSB, RPL9A, RPLOB, = =
RPSI04, RPS16B, RPS214, RPS21B, RPS26B, RPS28A, RPS9B, RSM26, SUII, TEF4, TIF5, YGLOG8W, YFLO34C I n N -I I m

Ribosome biogenesis and assembly (GO0042254 p = 2.0E-25)/RNA processing (GO0006396 p = 7.4E-11)/ rRNA processing

cultures

ARXT, BRXI, CBF5, CIC!, DBP3, DRSI, ENPI, ERBl, GARI, HASI, HCA4, IMP3, IMP4, LTVI, MAKS, MRT4, MTR3 NIP7, NOBI, NOC2, NOC4, NOPI, NOP2, NOP38§,

NOP7, NUGL, POP3, PWP1, RCLI, REX4, RIX1, RIX7, RLP24, RPLI2A, RPL3, RPL{OB, RRBI, RRP12, RSA3, SIKI, SNUL3, TIF5, UTPIS, UTP2I, UTP23, UTPY, YTMI S h owe d

Low temperature N-lim specific down (369 genes) Stro n ge r

Nitrogen compound metabolism (GO0006807 p = 5.4E-04) and catabolism (GO0044270 p = 2.8E-05))/amine transport (GO0015837 p = transcri ptl onal
1.6E-03) / allantoin metabolism (GO0000256 p = 8.5E-05). I t. -
ALD2, ALD3, ADY2 DAL3, DALl DURI.2 CAR2, CHAI, CHA4, SHCI, EKH, GATI, PUT4, MET4, DAL?, DAL8O, ARGI, CARI, DCGI, ASP3-1, GLTI, CPSi, AROIO,

YIL167W, GLN3, PUTI, DAL2, DTRI, GAPI, AVTS, CANI, PTK2, YMROSSC, DUR3, MEPI, MEP2 reg u a Io n I n
Polysaccharide (GO0005976 p = 3.1E-03) and trehalose metabolism (GO0005991 p= 1.1E-03) : th

SHCI1, GSY2, GSYI, PCL7, PCLIO, PIG2, GSC2, GACI, TPS2, NTHI, TPS1, TSL1 es e

M phase of mitotic cell cycle (GO000087 p = 5.5E-05) and chromosome segregation (GO0007059 p = 2.8E-03): -
CDC16, PDSS, ALKI, SICI, PDSI, TOPI, IRRI, SMCI, SMC3, SUMI, KAR3, RTT101, KELI, YCG1, TFBI, ASEl, CTF4, GACI, KIP2, YNL116W c ate g o rl e s

L ]
Cellular morphogenesis (GO0000902 p = 2.8E-03):
TCO89, KCC4, TORI, DOPI, TAO3, TOR2, LGEI, SLAI, KELI, WHI4, BOI2, SCH9, VRP1, RAXI, RNY1, GIN4, WHIS, ZDSI, ABP!
Response to stimulus (GO0050896 p = 3.5E-05).
ABFI, ALD3, ASP3-1, BDFI, CADI, CDC39, CINS, CTF4, DNA2, FABI, FAR1I, FRT2, FYV6, GACI, GRE3, HSPi04 , HSP?8, IREI, ISW2, ITCI, MDGI, MET4, MGTI, MLF3,

MLH3, MSH6, NCE4, NTHI, PDSI, POL!, POL2, PRBI, PTR3, RAD28, RPN4, RRDI, RRD2, SANI, SCHY, SHUZ, SIN3, SMC!, SPL2, §§A44, TFBI, TPSI, TPS2, TSLI, UBA4,
VRPI, WSC4, WWMI, YGK3, YKLO75C




Strong Transcriptional Regulation in Both N-Lim
and C-Lim

Low temperature C-lim and N-lim up (96 genes)

Nuclear export (GO0051168 p = 5.9E-03):
NPL3, HMTI, NMD3, NOGI, ECMI, NOG2

Ribosome biogenesis and assembly (G0O0042254 p = -2.8E-05) / rIRNA processing (GO0006364 p = 1.4E-03):
NSRI, CGRI, NOG2, RPF2, ECMI, UTP13, KRRI, NMD3, MAKI6, YNL182C, EBP2, EMGI, NOGI, DBP2, IPI3, YDR412W

Low temperature C-lim and N-lim down (139 genes)

Cabohydrate metabolism (GO0005975 p = 6.4E-04):

MAL32, SOL4, MAL31, NRG1, MUCI, ATHI, GIP2, MIGI, GUTZ, PFK26, PFK27, MAL13, FYVI0, NTH?2

Response to stimulus (GO0050896 p = 3.1E-03):

MRKI, NRG1, SSA3, AHAL, HSP26, ATHI, HSFI, PDRS, HSP42, CUP2, HSP30, CRS5, AKRI, FET3, NTH2, MGA2, SSE2, YHRO48W, YDR317W, YIL144W
Transport (GO0006810 p = 8.4E-04):

COXS5B, DAL4, MAL3I, AGPI, FCY2, SITI1, HXTS, DIP5, PTR2, PHOS84, SUTI, OPT2, CCC2, AACI, VPS30, BTN2, YHRO48W, ARNI, SS43, GITI, PDRS5, FIT2, SS8UI, ATGII,
YORI192C, SULI, MIP6, FUII, AKRI, MUPI, FTRI, MAL1l, FET3, CRS5

e C-lim and N-lim cultures showed similar regulation trends in

nuclear export, ribosome biogenesis/assembly, carbohydrate
metabolism, and other categories.



Overall, More Transcription Factors were
Overrepresented

Table 3
(A) 5" upstream cis-regulatory motif
Putative-binding Promoter Expected
Regulatory cluster Motif name protein element occ? occ® occ E°
Low Temperature C-lim Up —
Low Temperature C-lim Up —
Low Temperature N-lim Up — — TGAAAAA 206 113.04 2.30E-11
PAC s CGATGAG 57 17.49 6.1E-14
== = TGAGATG 49 163 4.1E-07
Low Temperature N-lim Down GATAA GIn3/Gat1/Dal80/Gzf3 AGATAAG 203 102.57 3.1E-15
STRE Msn2/Msn4 ACCCCTT 29 873 1.6E-03
Low Temperature C- and N-lim Up PAC — CGATGAG 30 839 5.0E-05
Low Temperature C- and N-lim Down — — CGTCCAC 13 285 7.8E-03
(B) Overrepresentation of transcription factors (TF) binding targets
Regulatory cluster Factor p value K4 B
Low Temperature C-lim Up Mbplp 1.6E-03 10 65
Low Temperature C-lim Down Hap2-Hapl 3.9E-05 3 4
Hap3-Hap1 9.9E-06 3 3
Low Temperature N-lim Up Fhilp 3.4E-05 19 203
Sfplp 13E-03 7 51
Low Temperature N-lim Down GIn3p 2.1E-07 20 92
GIn3-Dal82 5.5E-07 8 15
Hap?2-Dal82 6.8E-05 5 9
Low Temperature C- and N-lim Up
Low Temperature C- and N-lim Down Aft2p 7.5E-04 10 34
Hsflp 3.0E-08 16 133
Nrglp 7.6E-07 14 128
Phdlp 3.3E-04 9 99
Reslp 11E-04 9 86
Rox1p 6.0E-05 8 62
Sok2p 5.7E-05 9 79
Nrgl-Aft2 6.0E-05 5 20
Phd1-Nrgl 14E-05 7 37
Rox1-Phdl 7.8E-05 5 21
Sok2-Nrgl 4.3E-07 8 33

(A) Significantly overrepresented cis-regulatory binding motifs in 5 upstream regions. (B) Significantly overrepresented promoter elements
that bind known transcription factors (TF) or TF pairs according to ChiP-on-chip analysis (Harbison et al., 2004). C-Lim, glucose-limited;

N-Lim, ammonium-limited.

2 The number of occurrences of promoter element in the regulatory cluster.

® Expected number of occurrences of the promoter element in a randomly chosen cluster of genes of the same cluster size.
¢ The probability of finding the number of patterns with the same level of overrepresentation, which would be expected by chance alone.

9 Number of genes in category in cluster.
¢ Number of genes in category in genome.

e There were significantly
overrepresented cis-regulatory
binding motif in the 5’ upstream
regions.

e There were significantly
overrepresented promoter
elements that bind known
transcription factors or
transcription factor pairs
according to the ChiP-on-chip
analysis.



Outline

e Comparing this chemostat study to other batch culture studies
revealed inconsistent gene expression.



259 Genes Found in Common in Three
Batch-Culture Studies

/ 91 genes commonly up-
. regulated

Murata /" Sahara
4°C vs 25°C  10°C vs 30°C

48 genes commonly
down-regulated

Schade \‘x‘
10°C vs 30°C \

120 genes differentially
& | regulated

CMK2, COX3B, CST6, DAN3, FBP26, GAP!, GLC3, GPHI,
GPXI, GREI, GTT2, HNTI, HSP12, HSP26, HST2, MAL3I,
MCRI, MMT2, MNR2, MSC1, MSNZ, NCE103, OM45, OPI3,
PAMI, PAU6, PIR3, PMCI, RIMII, RNYI, SCO2, SNA4,
SPI1, STF2, TIP1, TOS3, TPK1, TPSI, TPS2, TSLI, TTRI,
UBCS, UGAI, UGA2, YGPI, YPCI, YBL049W, YBLO064C,
YBRI147W, YDLI10C, YDL204W, YDROO3W, YDR262W,
YDR516C, YDR542W, YELO73C, YER033C, YERO66W,
YER067W, YERO79W, YERIS7W, YFRO03C, YFRO20W,
YGRO43C, YHLO2IC, YHROR7W, YHRI38C, YIL042C,
YIL176C, YJL163C, YKLOSIW, YKLISIC, YKR049C,
YLL023C, YLLOSSW, YLLO38W, YLRO72W, YLR225C,
YLR270W, YMRO41C, YMR09OW, YMRI81C, YMR262W,
YNLI15C, YNL208W, YOR220W, YOR228C, YOR289W,
YPLI59C, YPRO61C, YPRISSW

ACOI, ADEI, ADE12, ADEI3, ADES,7, ADKI, AHAI, ALG7,
CAR2, CYCI, DSE4, ELP2, ERP3, FCY2, GCVi, GCV2,
GCV3, GDHI, GDS!, GLNI, GNPI, GUAIl, HCHI, HMS2,
HPTI, HSP6O, MAEI, MKC7, MTDI, NOG2, PHOS84, PMT4,
RPEI, SERI, SER2, SHM2, SPL2, SUR4, TOS!l, TOS4,
g'f?é‘lz&?'('l. VTC4, YHBI, YHM2, ZEO!, YILO8ZW,

Murata 6h, 12h, 24h, 48h
Sahara 15min, 30min, 2h, 4h, 8h.
B Schade 0, 10min, 30min, 2h, 4h, 8h

Figure 3. Genes differentially expressed in batch cultures during adaptation to low temperature. (A) Venn diagram showing the number of genes
that are common to three batch-culture studies on low-temperature transcriptional adaptation (Sahara et al., 2002; Schade et al., 2004; Murata et al.,
2006). (B) Heat map representing the transcript ratio of 259 genes found in common in the three batch-culture low-temperature transcriptome
datasets.

Venn diagram
compares the genes
from the three
different batch
culture studies.
Responses of genes
was not consistent.
The heat map shows
the transcript ratio
of the 259 genes
found in common.



11 Genes Show Consistent Regulation
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More Genes Regulated in Chemostat-Cultures

Batch studies Growth rate studies This study

48 genes commonly down- 297 genes commonly down- 644 genes down-

regulated in Murata, Schade regulated with decreasing regulated in response to
and Sahara growth rate in Regenberg low temperature

and Castrillo

¢ 9
0 ¢

Batch studies Growth rate studies

9] genes commonly up- 68 genes commonly up- This study
regulated in Murata, Schade regulated with decreasing 421 genes up-regulated
and Sahara growth rate in Regenberg in response to low
and Castrillo temperature
ADAPTATION ACCLIMATION

Genes were taken from
Castrillo et al (2007)
and Regenberg et al
(2006).

25% of
low-temperature
down-regulated genes
had altered transcript
levels.

10% of the
low-temperature
up-regulated genes
had altered transcript
levels.



Outline

e Is the environmental stress response (ESR) an obligatory
response to growth at low temperatures?



Extensive Overlap between the ESR Genes and the
Genes in the Batch-Cultures

Batch studies Batch studies

b 91 genes comr y

B regulated in Murata, Schade regulated in Murata, Schade
H and Sahara and Sahara

ADAPTATION

e 50% of consistently low-temperature up-regulated genes and 13% of
low-temperature down-regulated genes found in the batch-culture
studies were found in the ESR genes from Gasch et al. (2000)

e Proposed that the ESR mechanism becomes induced with the
growth temperature is decreased.



Comparison of Gene Regulation in the Gasch et
al. (2000) and the Chemostat Cultures

B Ih study This study This study This study
421 p egulated 644 genes down- 421 g p egulated 644 genes down-
esponse to low regulated in esponse to i in response to low regulated in response to
tptrc low temperatur ! tmptn low temperature

O

<

=

—

O

Q

< ESR study EbR stu d\
((g 1preg]t ! 602 gen §=]t
esponse to ronmental : response to environmenta l

stress i C sch - stress in Gasch

e 233 genes up-regulated and down-regulated in the study by Gasch
et al. (2000) had an opposite transcriptional response in the
low-temperature chemostat cultures.



Chemostat Cultures Offer a New Perspective on
Transcriptional Regulation at Low Temperatures

Genes that were consistently up- or down-regulated in both the
batch cultures and the chemostat cultures coded for crucial cell
functions

Prior studies had different results because they used
batch-cultures and Tai et al. (2007) used chemostat-cultures.
ESR is not the main response to low temperatures.
Transcriptional responses to low-temperature and low specific
growth rate can be dissected by the use of chemostat cultures.
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