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Chapte rr  5 

monitorin gg  K. lactis  genome-wid e expressio n pattern s usin g 

S.. cerevisiae  gene filters : a pilo t stud y 

Wee have explored genomic expression patterns in K. lactis using GeneFilters™ containing the 

protein-codingg sequences of the S. cerevisiae genome. Using stringent hybridization conditions, 

wee could detect 228 novel and 252 known K. lactis genes hybridizing to S. cerevisiae ORFs 

withh generally high levels of DNA sequence-identity. Comparison between transcript patterns of 

CBS23599 grown on glucose and ethanol/glycerol showed that heterologous hybridization could 

bee used to detect global differences in metabolism in K. lactis, since glycolytic genes were 

higherr expressed on the filter using cDNA from glucose grown cultures and changes in genes 

involvedd in protein synthesis were also oberved. Moreover, comparative analysis of two K. lactis 

strainss with different physiologies on glucose revealed that genes involved in respiration are 

moree highly expressed in the CBS2359 strain on glucose than in the glucose-sensitive JA6 

strain.. Furthermore, in the latter strain, genes involved in glycolysis were more highly expressed 

thann in the CBS2359 strain. Results with the GeneFilters were confirmed on Northern blots, 

showingg that heterologous hybridization of S. cerevisiae gene filters not only is a powerful tool 

too identify highly-conserved homologues, but also offers a good alternative for monitoring global 

transcriptt levels in K. lactis and possibly other yeast species whose genomic sequences are not 

yett available. 

Inn collaboration with Andre Boorsma, Jolanda Blom and Les Grivell 

Submittedd for publication 
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Monitoringg K. lactis genome-wide expression patterns 

Introductio n n 

Thee regulation of aerobic glucose metabolism in K. lactis differs markedly from S. cerevisiae, 

apparentlyy reflecting evolution of different regulatory strategies for utilizing glucose via either the 

fermentativee or respiratory pathway. S. cerevisiae metabolizes glucose predominantly via the 

fermentativee pathway, and in this yeast glucose represses the utilization of alternative 

fermentablee carbon souces. In contrast, K. lactis shows a primarily respiratory growth on 

glucose.. Only when oxygen concentration is limiting, or after addition of a glucose pulse to 

glucose-limitedd chemostat cultures, is formation of ethanol observed, albeit that the onset of 

ethanoll production in the latter case is significantly delayed in comparison to S. cerevisiae [104]. 

Keyy aspects that contribute to the balance between respiration and fermentation involve 

glucosee uptake, glycolytic flux, glucose repression of respiration, pyruvate metabolism and 

redoxx balancing (chapter 1 of this thesis and [24]). 

Thee preferred utilisation of glucose over other carbon sources is also less pronounced in K. 

lactislactis than in S. cerevisiae and this is due to absence or reduced glucose repression of genes 

involvedd in alternative sugar metabolism [209, 213]. However, it should be noted that different 

K.K. lactis strains vary considerably with respect to glucose repression. The most widely used 

strainn CBS2359, proposed as the reference strain of the K. lactis research community, shows 

moderatee glucose repression of genes involved in lactose and galactose metabolism. In 

contrast,, another commonly used laboratory strain JA6, most likely derived from CBS1118 [197, 

200],, exhibits strong glucose repression of alternative sugar metabolism. One parameter 

responsiblee for the differences between the strains is glucose uptake, as the sensitivity of the 

strainss to glucose has been shown to be correlated with genetic differences in hexose 

transporterr genes. CBS2359 contains one low-affinity (RAG1) and one high-affinity (HGT1) 

glucosee transporter. Deletion of RAG1 results in a respiration-dependent growth on glucose 

(rag"" phenotype [75]). The RAG1 gene is located on a polymorphic allele, and has been shown 

too be a chimeric gene, arisen from a recombination event between two tandemly arranged 

glucosee transporter genes KHT1 and KHT2, which are present in JA6 [197]. In contrast to a 

raglragl mutant, single mutants of khtl and kht2 can grow on glucose in the presence of antimycin, 

ann inhibitor of respiration (Rag+ phenotype), indicating that each of the two genes are able to 

supportt fermentative metabolism [197]. Besides the genetic polymorphism at the RAG1/KHT1-

KHT2KHT2 locus, other genetic differences are involved in the difference in glucose repression, since 

replacementt of KHT1-KHT2 by RAG1 in a JA6 genetic background has only a weak influence 
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onn glucose repression, and this repression is stronger than in the CBS2359 strain containing 

RAG1RAG1 [24]. 

AA complete elucidation of additional parameters contributing to the difference in physiology by 

studyingg regulatory strategies of the two K. lactis strains at genome-wide transcript levels is 

hamperedd by the absence of a complete genomic sequence of K. lactis until now. In sharp 

contrastt to this stands the enormous progress that is being made in S. cerevisiae to monitor 

transcriptionall changes correlated with physiological alterations. Since the availability of the 

completee genome of S. cerevisiae, technologies to analyse genome-wide transcript patterns are 

rapidlyy developing and are being applied [25, 53, 61, 72, 91, 179]. Given the fact that K. lactis 

geness identified so far are functionally and structurally closely related to S. cerevisiae 

counterparts,, we questioned whether the technologies developed for S. cerevisiae could be 

usedd to reveal different transcript patterns correlating to the difference in physiology between 

thee moderately glucose-sensitive strain CBS2359 and the strong glucose-sensitive JA6 strain. 

Therefore,, we carried out a pilot study and hybridized cDNA from K. lactis strains with 

GeneFilterss membranes containing the protein coding sequence of the S. cerevisiae genome. 

Nott only has this led to the identification of new K. lactis genes with relatively high DNA-identity 

too S. cerevisiae, but it has also revealed global changes in transcript profiles between and within 

K.K. lactis strains grown on different carbon sources. 

Materia ll  and method s 

Strain ss and cultur e conditions . K. lactis yeast strains CBS2359 (Mat a) and JA6 (Mat a ade, trpl, ura3) 

weree grown in 20 ml rich medium containing 2% glucose to an OD600nm of 1. Cells were collected and 

resuspendedd in 1 ml H20. 250 pi was inoculated in a 500 ml erlenmeyer with 50 ml rich medium 

containingg either 5% glucose or 2% of ethanol/glycerol. Cells were grown until an optical density at 600 

nmm of 0.8-1 was reached. 

RNAA isolatio n and preparatio n of cDNA. RNA was isolated basically as described by [176]. The 

preparationn of labelled cDNA was performed basically as the protocol supplied with the Research 

Geneticss GeneFilters. 5 pg RNA was mixed with 2 pg Oligo dT (Research Genetics) in a total volume of 

100 pi. The mixture was incubated at C for 10 minutes and chilled on ice. To elongate the primed oligo 

dT,, 6 pi 5xFirst Strand Buffer (Life Technologies), 1 pi 0.1 M DTT (Life Technologies), 1.5 pi dNTP mixture 

(200 mM dGTP, dTTP and dATP; Pharmacia), 1.5 pi Superscript (Reverse transcriptase 200U/pl; Life 

Technologies)) and 10pl a33P-dCTP (10mCi/ml, specific activity 3000 Ci/mmol; ICN Radiochemicals) were 
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addedd and incubated for 90 minutes at . The cDNA probe was purified by passage through a 

Sephadexx G50 column. 

GeneFilter ss membran e hybridizatio n and analysis . GeneFilters membranes (Research Genetics) 

weree washed for 5 minutes in boiling 0.5% SDS. The membranes were prehybridised in 5 ml MicroHyb 

hybridizationn solution (Research Genetics) containing 5 /jg poly dA for 3 hrs at . The cDNA probe 

wass denatured for 3 minutes at C and added to the prehybridization solution. Hybridization was 

carriedd out in a hybridization roller oven for 16 hrs at . 

Membraness were washed twice with 30 ml 2xSSC, 1% SDS for 20 minutes at , and finally washed 

withh 100 ml O.SxSSC, 1% SDS for 15 minutes at room temperature. The membranes were placed on a 

moistenedd piece of paper, wrapped in plastic wrap and exposed to a phosphor imaging screen. For a 

subsequentt hybridization, GeneFilters membranes were stripped in 500 ml of boiling 0.5% SDS cooling 

downn to room temperature while agitating. Images were scanned at 50 micron resolution and analysed 

usingg the Pathways™ software. All experiments were performed with a single set of membranes. To allow 

comparisonn between separate filter hybridizations, the intensity of each spot was normalized to the total 

hybridizationn signal. When the intensity of the spot was at least 1.5 times above the background, a gene 

wass considered as K. lactis homologue. 

Norther nn blot . For Northern blot analysts, 10 ^g of RNA was mixed with 2/vl 10xNBC (0.5 M Boric Acid, 

100 mM sodium citrate and 50 mM NaOH), 3 fj\ formaldehyde and 10 y\ formamide in a total volume of 20 

y\.y\. Each sample was mixed with 2/vl of 10xloading buffer (15% ficoll, 0.1 M Na2EDTA pH8.0, 0.25% 

Bromophenoll Blue) and 0.05 //g/j/l ethidium bromide before being loaded on a 1% agarose gel containing 

0.925%% formaldehyde and run in 1xNBC. After 2 hrs at 100V, the RNA was transferred to nylon 

membranee by blotting in 20xSSC (3.0 M NaCI, 0.3 M sodium citrate pH7.0). Hybridization was carried out 

overnightt at C in 0.5M Na2HP04 pH7.2, 7% SDS, 1 mM EDTA. Probes were labeled radioactively 

usingg an hexanucleotide labeling kit (Boehringer). After hybridization, blots were washed at C with 

2xSSC,, 0.1% SDS for 15 minutes, followed by two washes with 1xSSC, 0.1% SDS and O.SxSSC, 0 .1% 

SDSS at . For verification of the gene filters results with cross-hybridizations on Northerns, 

hybridizationn and washing steps were performed as described for GeneFilters membrane hybridization. 

Blotss were exposed to a phosphor imager screen and analysed using the Phosphor Imager System 

(Molecularr Dynamics, B&L Systems, Maarssen, NL) and ImageQuant software. 
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Result s s 

Cann  K. lactis  transcript s be detecte d usin g S. cerevisiae  gene filters ? 

Thee first issue to address was to determine whether K. lactis gene transcripts can be detected 

byy hybridization to gene filters containing 6057 ORFs of the S. cerevisiae genome. Therefore, 

thesee GeneFilters were successively hybridized three times with 33P-labeled cDNA probes 

synthesizedd from mRNA of CBS2359 grown on 5% glucose (figure 1). A total of 415 ORFs of 

thee K. lactis genome were expressed at a sufficient level to have the transcripts detected by this 

approachh and were considered as K. lactis homologues. The extent of DNA-sequence identity 

betweenn K. lactis and S. cerevisiae homologues was analysed for those genes that were 

detectedd under our stringent hybridization conditions and for which the complete coding 

sequencee was known. This revealed that the sequence-identity in general was very high, 

extendingg over the whole gene and ranging between 81 and 94%. In contrast, the DNA-identity 

off K. lactis genes that did not hybridize was generally lower and was usually restricted to 

smallerr parts of the genes. 
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Figur ee 1. Section of a S. cerevisiae GeneFilter hybridized with cDNA from K. lactis strain CBS2359 
grownn on glucose. 

AA major limitation in the use of the GeneFilters was the relatively high background after each 

hybridization,, and deterioration of the filters after each round of stripping, which hampered 

quantitationn of the reproducibility of the hybridizations. For this reason, we could perform only 

limitedd statistical analysis on the three successive hybridizations with cDNA from CBS2359 

grownn on glucose. Hybridization results were quantitated by measurements of spot-intensity 

abovee background. The intensities measured in the three hybridizations for each spot were 

averaged,, and plotted against the two expression ratios (hybridization 2 over hybridization 1 and 

33 over 1), thereby indicating the variance between experiments. As shown in figure 2, the error 

distributionn widens with decreasing intensity (lower transcript abundance). At low hybridization 

intensities,, the variance between the three hybridizations was proportionally larger. These low-
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intensityy spots are relatively more sensitive to errors due to background subtraction 

uncertaintiess and the non-uniformity of labeling and hybridization efficiency, implicating that the 

higherr the transcript abundance the higher the reproducibility is. 

0.66 j 

|| « -
cc 0.2 -
Q Q 
'(OO n -
ID D 
Q.. - 0 .2
x x 
3.3. -0.4
o o 
rara  -0.6 -
.O O 

-0.88 --
0 0 

Iog10(intensity) ) 

Figur ee 2. Error distribution between three independent hybridizations of cDNA from CBS2359 grown on 
glucose.. The log ratios of the intensities between the three independent hybridizations (intensity 2 over 1 
andd 3 over 1) were plotted against the mean log intensity. 

Validatio nn of cross-hybridizatio n 

Inn order to further validate results obtained with the GeneFilters, we performed Northern 

analysiss under the same hybridization conditions as used for the filters and hybridized K. lactis 

andd S. cerevisiae RNA with homologous and heterologous probes for PDC1, TDH3 (KIGAP1), 

ACT1ACT1 and QCR8. PDC1 and TDH3 (KIGAP1) were selected because both genes were detected 

onn the filters and the DNA-sequence identity was high, 85% for PDC1 and 81% for TDH3. Two 

glyceraldehyde-3-phosphatee dehydrogenase genes have been described in K. lactis [130, 177], 

ass well as short sequence tags with homology to TDH1, TDH2 and TDH3, the three 

glyceraldehyde-3-phosphatee dehydrogenase genes in S. cerevisiae [19]. However, the DNA-

identityy between KIGAP1, of which the complete coding sequence is known, and both TDH2 

andd TDH3 is very high over the whole gene, and this makes it difficult to distinguish between 

themm on the GeneFilters. The DNA-sequence identity between KIGAP1 and TDH1 is restricted 

too only part of the gene. Whether this contributes to the lower expression signal of TDH1 

comparedd to TDH2 and TDH3 or that another K. lactis glyceraldehyde-3-phosphate 

dehydrogenasee gene with lower abundance is hybridizing to TDH1 is not clear. 

ACT1ACT1 was chosen because of the low intensity of hybridization on filters which was unexpected 

inn the light of the high degree of DNA-sequence identity (90%) between the two homologues. 

Finally,, QCR8 cross-hybridization was studied more closely because the gene was not detected 

onn the filters even though the KIQCR8 gene was isolated by functional complementation of a S. 

0.5 5 1.5 5 
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cerevisiaecerevisiae null-mutant and had 69% DNA identity with ScQCR8 [136]. Results of the cross-

hybridizationn experiment are consistent with the results obtained with the filters (figure 3). Both 

PDC1PDC1 and TDH3/KIGAP1 hybridized with both K. lactis and S. cerevisiae RNA, whereas the 

hybridizationn with ACT1 was less efficient in a heterologous than homologous context In 

contrast,, no signal was detected with the QCR8 probe in cross-hybridizations with RNA from the 

otherr species. 

K.. lactis S. cerevisiae K- lact is S. cerevisiae 

DD EG D EG D EG D EG 

Figuree 3. Northern analysis of cross-hybridization between S. cerevisiae and K. lactis. mRNA from 
bothh K. lactis and S. cerevisiae grown on 5% glucose (D) and 2% ethanol/glycerol (EG) was hybridized 
withh radiolabelled probes containing the coding sequence of PDC1, QCR8, ACT1 and TDH3/GAP1 of 
bothh yeasts. 

2011 nove l K. lacti s genes identifie d under glucose-grow n condition s 

Amongg the 415 K. lactis genes analyzed under glucose grown conditions, 63% of these (262) 

correspondd to functionally known genes of S. cerevisiae, whereas 37% (153) of the spots 

correspondd to genes of S. cerevisiae to which no function has yet been assigned. Furthermore, 

2144 were identified previously, either by functional complementation of S. cerevisiae mutants 

[201]] or by random sequencing [19, 151], leaving 201 newly identified K. lactis homologues. 

Thesee novel K. lactis genes differ significantly in the level of expression. Interestingly, most of 

thee novel genes that are highly expressed (more than 20 times above the background) are 

geness that have an unknown function in S. cerevisiae. 

Sincee the collection of the K. lactis genes detectable on the filter represents a sample of the 

totall K. lactis genome that is likely to be highly homologous to S. cerevisiae, we compared the 

distributionn of the homologues in the two organisms relative to previously defined functional 

categoriess [131]. As shown in figure 4, slight differences between both distributions are 

observed.. For example, the percentage of genes on the filter involved in metabolism is lower 

thann in the total S. cerevisiae genome, whereas transcripts of genes involved in protein 
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synthesiss are more abundant. However, it should be noted that the distribution of K. lactis 

homologuess in this study is biased both by genes that are relatively highly expressed and genes 

thatt are highly conserved. 
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Figur ee 4. Classificatio n of spot s int o functiona l categorie s as define d in the MIPS database . A 
singlee gene product can be assigned to more than one category: protein synthesis (PS), transcription 
(TR),, cell growth, cell division and DNA synthesis (CG), protein destination (PD), metabolism (M), cellular 
organizationn and biogenesis (COB), energy (E), cell rescue, defence, cell death and ageing (CR), cellular 
transport,, transport mechamism (CT), transport facilitators (TF), cellular communication and signal 
transductionn (ST), transposable elements (TP) and unknown function and hypothetical ORFs (UK). Bars 
representt the relative proportion of each category when the complete list of functionally characterized 
proteinss of S. cerevisiae is considered and when the subset of K. lactis homologues identified on the filter 
iss considered. 

Transcrip tt  pattern s are affecte d by carbo n source . 

AA substantial number of K. lactis genes could be detected by hybridization of K. lactis cDNA 

preparedd from glucose-grown cultures. Subsequently, we questioned whether global differences 

inn transcript patterns could be monitored when cDNA was prepared from non-fermentatively-

grownn cultures (table 1). A subset of 80 genes was uniquely present upon hybridization with 

cDNAA from glucose-grown cultures. In this category, a large group represents genes involved in 

proteinn synthesis. Furthermore, 319 genes were found to be present in both conditions, 

althoughh differences in intensities were observed. Whereas higher abundance transcripts in 

ethanol/glyceroll conditions mostly correlated to genes with unknown function, more abundant 

transcriptss under glucose-grown conditions represented the glycolytic genes TDH1, TDH2, 

TDH3,TDH3, PGI1, FBA1 and PDC1. These results were confirmed with cross-hybridization on 

Northernn blot (figure 3). A subset of 60 genes was only present upon hybridization with cDNA 

fromm ethanol/glycerol grown cultures. Most of these genes are genes with unknown function. 
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Tablee 1. List of genes that are more highly abundant (>1.5 times) on the filters when hybridized with 
cDNAA from CBS2359 on glucose or ethanol/glycerol. Genes with unknown function and hypothetical 
ORFss are omitted in this table. 

Ratioo FBA1 POP2 RPL16A RPL47A YST1 RPS24EB CRY1 CPH1 RPS27B RPS7A 

CBS23599 RPL41A ORC6 CLG1 RPS7B RPS18B PRB1 SWI5 MAK5 EFT2 ACT1 RPL6A PGI1 

D/EG>1.55 HAP2 MOT1 RNA15 SIK1 MRF1 SAM1 RPLA2 RPL6B TUP1 SIS2 SPT4 KCS1 

IPP11 SCH9 RPL15B SCM4 RPS28A PDC1 RPL27B RPL27 TDH2 SEC16 

Ratioo RPS31APUB1 EFB1 GNP1 POL2CBF5 0RC1 TCM1 HKR1 SIN4 MFT1 PRY3 

CBS23599 COQ2 YR02 RIC1 NAP1 RIM101 APM2 TOM71 TIP1 RPL16B RPS26A SWE1 

EG/D>1.55 CWH36 HGH1 ZU01 TSM1 FUN12 NPI46 DPB3 SNF7 

Transcrip tt  pattern s on glucos e are strain-dependen t 

Sincee a difference in global transcript patterns could be monitored upon a shift from glucose to 

ethanol/glyceroll with strain CBS2359, the next goal was to differentiate between CBS2359 and 

thee more glucose-sensitive strain JA6, both grown on glucose. Of the 327 genes that are 

detectedd upon hybridization with cDNA from JA6, 321 are overlapping with CBS2359, leaving 6 

neww homologues that are expressed in JA6 on glucose, but not in the CBS2359 strain. 

Interestingly,, one of the newly identified homologues is CDC19, encoding pyruvate kinase and 

involvedd in glycolysis. In fact, all genes detected on the filter that have a function in glycolysis 

weree more highly expressed in JA6, with PDC1, TDH2 and TDH3 being among the four genes 

withh the largest difference in intensity when compared to CBS2359 (table 2). The transcripts of 

TDH1TDH1 and PGI1 were only slightly more abundant in JA6 than in CBS2359. To verify the results, 

homologouss hybridization was studied by Northern analysis with CBS2359 and JA6 mRNA. As 

shownn in figure 5, KIPDC1 is about two times more highly expressed on glucose in JA6 than in 

CBS2359,, in agreement with the results from the gene-filters. Likewise, KIPGK1, encoding 

phosphoglyceratee kinase and being involved in glycolysis and gluconeogenesis, is more highly 

expressedd in JA6 than in CBS2359. PGK1 is not detected using the GeneFilters, but this may 

bee attributable to the fact that high DNA-sequence identity with its S. cerevisiae homologue is 

onlyy restricted to a part of the gene. 

Tabl ee 2. List of genes that are more highly abundant (>1.5 times) on the filters when hybridized with 
cDNAA from CBS2359 on glucose or from JA6 on glucose. Genes with unknown function and hypothetical 
ORFss are omitted. 

Ratioo CBS2359/JA6>1.5 

Ratioo JA6/CBS2359>1.5 

PRB11 SWI5 MAK5 HAP2 MOT1 SAM1 RPLA2 RPL6B SIS2 SPT4 KCS1 

IPP11 SCH9 RPL15B SCM4 HTA2 FIG2 RPL47A ARG82 SNF1 WSC4 

RPL133 UBI3 PDC1 CDC3 NUF1 TDH2 TDH3 CDC19 SRP72 RPS33B 

PPT1 1 
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Besidess a difference in expression of glycolytic genes between the two K. lactis strains, a slight 

differencee in the expression of respiratory genes was observed. The transcript abundance of 

geness involved in respiration and TCA cycle that were detected on the filters (QCR6, QCR7, 

QCR9,QCR9, COX18, AAC3, CIT1) were all higher abundant (1.2-1.4 times) in the CBS2359 strain, 

reflectingg a more oxidative glucose metabolism. 

KIPDC1 KIPDC1 
KIPGK1 KIPGK1 

KIACT1 KIACT1 

CBS2359 9 

DD EG 

JA6 6 

DD EG 

WZ-\ WZ-\ 

~ ~ 

Figur ee 5. Glycolyti c genes are highe r expresse d in JA6. Northern blot analysis of K. lactis strains 
CBS23599 and JA6 grown on 5% glucose (D) and 2% ethanol/glycerol (EG). 

Discussio n n 

Inn this study, GeneFilters containing the protein coding sequences of the S. cerevisiae genome 

weree used to detect transcript patterns in K. lactis. Besides the discovery and identification of 

novelnovel K. lactis genes, this work was also aimed at discovering transcriptional changes 

correlatedd with differences in physiological behaviour between the glucose-insensitive CBS2359 

andd glucose-sensitive JA6 strain. In 5 successive hybridizations with cDNA from the two strains 

grownn on different carbon sources, a total of 480 K. lactis genes hybridized to the S. cerevisiae 

ORFs,, and revealed 228 novel K. lactis genes (table 3) that have not previously been identified 

byy either functional complementation or random sequencing [19, 151, 200]. Analysis of the 

DNA-sequencee identity between known K. lactis genes present on the filter and their S. 

cerevisiaecerevisiae homologues showed that the DNA-identity was generally high (81% to 94%) and we 

thereforee consider the newly identified genes as true homologues of S. cerevisiae. 

Off the novel K. lactis genes, 47% are homologues of S. cerevisiae genes that have been 

classifiedd as hypothetical ORFs or questionable ORFs, implicating that these ORFs are very 

conservedd between the two yeasts. This raises questions about the function of these genes, 

sincee the high conservation in genes of unknown function may indicate a high functional 

constraintt on them and a low flexibility of primary sequence in order to maintain function. 
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Tablee 3. List of S. cerevisiae gene names and ORFs with newly identified K. lactis homologues, based on 
heterologouss hybridization of S. cerevisiae GeneFilters with K. lactis cDNA. 

Functiona ll  categor y Gene name or ORF name 

Cellularr growth, cell HSL7 SCM4CKS1 DPB3 MFA2 RHC21 NDD1 SWE1 SAP4 SAP185 BDF1 
divisionn and DNA 
synthesiss _____ _ _ _ 
Cellularr organization CWH36 HKR1 HTB1 HTB2 HHF1 LAS1 HM01 KCS1 PEX8 FIG2 RPS27B 
andd biogenesis NUF1 SPT8 
Celll rescue, defence, 
celll death and ageing 
Cellularr transport and 
transportt mechanism 
Cellularr communication 
andd signal transduction 
Energy y 
Metabolism m 
Proteinn destination 
Proteinn synthesis 

Transcription n 

Transposablee elements 

CCZ11 ESR1 TIP1 YGP1 

PXA22 ENT1 ENT2SEC16BPH1 GYP7 

BMH11 CRZ1 ROM2 ROM1 MDG1 BAG7 

SNF77 PIG2 GRR1 QCR9 QCR6 COQ2 
BNA11 ARG82GRF10MSS11 GPI10 FAT1 
ALG11 UBC4 GSP1 NSR1 PRB1 ANP1 VPS41 TOM71 TIM22 
RPS25BB RPS26B RPS26A GRC5 RPL13 RPL26B RPL6B SOS1 SOS2 
RPL43AA RPL46 RPL6A RPLA2 PET112 RPL16A RPL22A RPL47A URP2 
RPL21BB URP1 RPL5B RPS24A RPS18A RPS18B RPS25 YS29B RPS7B 
RPS7AA RPS5 YLR009W EFB1 UBI2 
MAK55 RNA15 CYC8 IXR1 HIR3 RRP1 SAS10 RIC1 PUB1 RPA34 NMD2 
NAB33 SRP40 TAF61 FUN81 TFA1 TFC4 SPT4 MCM1 MSN4 MED2 
RTT102RTT103 3 

Unknownn function, DON1 DOP1 FYV9 HOS1 PPT1 RTT106 SED1 SRC1 TCI1 YRF1-1 YR02 
hypotheticall ORFs YBL081W YDL189W YDR186C YEL023C YEL059W YGL066W YGL081W 

YGR046WW YGR053C YHR095W YIR010W YJR023C YKR022C YLR255C 
YLR437CC YML053C YNL143C YNL179C YPL080C YPR096CYNL034W 
YGL128CC YBR113W YDL026W YDL172C YDR133C YDR154C YDR442W 
YDR526CC YGL102C YGR064W YGR069W YGR073C YGR114C 
YGR115CC YGR160W YJL188C YJR114W YKL030W YKL036C YKL202W 
YKR040CC YKR047W YLR041W YLR062C YLR076C YMR290W-A 
YOR309CC YGR054W YLR114C YMR285C YJR115W YGR066C YFR039C 
YDR348CC YDR458C YMR002W YER130C YOR053W YOL164W 
YGL164CC YDR466W YOL045W YBL109W YEL074W YKL105C YDR134C 
YGL139WW YLR231C YNL338W YBR302C YDR544C YEL077C YNL337W 
YNL339CC YAL069W YCL049C YCRX05W YCRX06W YCRX16C 
YCRX19WW YER138C YFL015C YJR027W YLR391W YMR045C YMR050C 
YNR042WW YPL146C YHR143W YBR066C YBL089W YDR152W 
YER002WW YJL123C YPR022C YPL158C YBL046W YLR311C YEL033W 
YMR124WYFL024C C 

Nott all K. lactis genes that are highly conserved at the DNA level are found on the filters, since 

bothh the sequence identity and transcript copy-number contribute to the intensity of the signal. 

Low-abundancee transcripts might fall beyond the detection limit, and therefore we assume that 

thee novel genes identified here are highly conserved and their transcripts abundant. 

Interestingly,, most of the high-intensity spots on the filters corresponded to novel K. lactis genes 

withh unknown functions, increasing the interest in identification of their function. Furthermore, it 
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shouldd be noted that we used the same stringent hybridization conditions as described for 

homologouss hybridization of S. cerevisiae cDNA. Therefore, it is not surprising that the genes 

detectedd in this study in general show a high level of DNA sequence-identity with S. cerevisiae. 

Wee can expect that less stringent hybridization conditions will lead to detection of a larger 

numberr of known and unknown K. lactis genes detected in this way. 

Becausee of the decline in hybridization efficiency and increase in background signals during 

succesivee hybridizations, we could only perform one hybridization with cDNA from CBS2359 

grownn on ethanol/glycerol and one from JA6 grown on glucose. Although this does not allow 

extensivee statistical analysis, some interesting global transcriptional changes were observed. As 

expected,, transcripts of genes involved in glycolysis are more abundant in CBS2359 on glucose 

thann on the non-fermentable carbon source ethanol/glycerol and this nicely illustrates that 

heterologouss hybridization of S. cerevisiae GeneFilters is a reliable tool to study transcript levels 

inn K. lactis. This is further confirmed by a higher transcript abundance of genes involved in 

proteinn synthesis under glucose-grown conditions, a feature that is correlated with increased 

growthh rate on glucose and has also been observed in S. cerevisiae [53]. Validation of the 

Genefilterr results by cross-hybridization under the same stringent hybridization conditions 

strengthenss the powerful possibilities of heterologous hybridization for yeast species of which 

noo complete genomic sequence is yet available. 

Inn this study, application of heterologous GeneFilter hybridization also turned out to be 

successfull in the monitoring of transcriptional differences between the two K. lactis strains 

CBS23599 and JA6. Although JA6 has been referred in the literature as a fermentative strain 

withh high glucose and ethanol production rates [200], no clear physiological data to support this 

havee yet been reported. Ethanol production in JA6 has been only demonstrated in shake flask 

culturess [197], but under these conditions oxygen limitation might also contribute to ethanol 

productionn [104]. Furthermore, direct comparison between ethanol production in CBS2359 and 

JA66 has never been performed under defined conditions in aerobic chemostat cultures. 

Nevertheless,, the genetic difference in glucose transporters between JA6 and CBS2359 does 

implyy that JA6 has adapted to a more fermentative metabolism, since single mutants in khtl 

andd kht2 (JA6 background) sustain growth on glucose in the presence of antimycin [197], in 

contrastt to ragl mutants (CBS2359 background), and illustrate that these single mutants still 

maintainn sufficient fermentative capacity. One parameter linking glucose uptake and 

fermentationn is glycolytic flux, and it has been hypothesized that an increased rate of glucose 

uptakee in JA6 causes a higher glycolytic flux. Our comparative analysis between JA6 and 

CBS23599 is strongly in favour of this hypothesis. All genes involved in glycolysis that could be 
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detectedd on the filter were, without exception, more highly expressed in JA6 than in CBS2359. 

Moreover,Moreover, the transcript level of PDC1, encoding a protein acting at the pyruvate branchpoint 

betweenn fermentative and oxidative glucose metabolism, was more abundant in JA6, directing 

glucosee metabolism towards fermentation (figure 5) and suggesting that JA6 has indeed 

adaptedd to a more fermentative glucose metabolism. Interestingly, the high expression of PDC1 

iss lost in a JA6 derivative lacking the two low-affinity glucose transporters [24], indicating that 

thee high expression requires an elevated rate of glucose uptake and a higher glycolytic flux. 

Figur ee 5. Scheme of metaboli c pathway s for glucos e utilization . Based on our results we propose 
thatt glucose metabolism is directed towards fermentation in strain JA6 (light shadow) and directed 
towardss respiration in strain CBS2359 (dark shadow). 

Besidess the higher expression of glycolytic genes in JA6, our results show that genes involved 

inn respiration were all more highly expressed in CBS2359, implying that CBS2359 is directed to 

metabolizee glucose via the respiratory pathway (figure 5). Although comparison of physiological 

parameterss concerning glucose uptake rate, glucose consumption rate, ethanol production rate 

andd respiratory activity in both strains needs to be performed under clearly defined growth 

conditionss in chemostat cultures in order to substantiate statements on fermentative or 

respiratoryy K. lactis strains, the global differences in transcript patterns of glycolytic and 

respiratoryy genes as observed in this study contribute to a better understanding of the different 

physiologiess of the two strains. 
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