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Chapter 5
Genome-wide transcriptome response to CO

2
 

depletion in Lactobacillus johnsonii
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Summary
Lactic acid bacteria belonging to the Lactobacillus acidophilus-group, including 

Lactobacillus johnsonii, require a wide variety of nutrients for growth, such as amino 

acids, vitamins, fatty acids, acetate and CO
2
. In chapter 4, we showed that CO

2
 depletion 

during growth of L. johnsonii not only causes growth stagnation but also results in cell 

death. 

To study the molecular events following CO
2
 exhaustion, we followed the transcriptional 

changes in anaerobically growing cultures that were exposed to a a CO
2
 depleted 

condition. The transcriptome analysis revealed an extensive rearrangement of gene 

expression profiles, with 343 genes that were more than twofold induced or repressed 

after 120 minutes of CO
2
 depletion, including substantial rearrangements of the 

expression of metabolic functions. These encompassed the strong upregulation of the 

carbamoyl-phosphate synthesis pathway (up to 17-fold). This pathway utilizes CO
2
, 

aspartate and glutamine as substrates in the biosynthesis of pyrimidines, suggesting 

that intracellular depletion of the pyrimidine pool may be a direct consequence of 

CO
2
 depletion. However, supplementation of the MRS growth media with pyrimidines 

could not alleviate CO
2
 induced growth stagnation. Moreover, addition of several other 

metabolites of which the synthesis is associated with CO
2
 dependency in other lactic 

acid bacteria (arginine and aspartate) could also not complement the CO
2
 requiring 

phenotype, leaving the mechanism behind CO
2
 dependency to be determined.
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Introduction	
Lactic acid bacteria (LAB) are Gram-positive bacteria that produce lactic acid as their 

main metabolic end-product. Several LAB have been recognized to be capnophilic, 

which means that their growth is stimulated by supplementation with inorganic 

carbon in the form of bicarbonate, gaseous CO
2
, formate

 
or ureic acid (249-251). In L. 

plantarum, the pyr-encoded uridine monophosphate biosynthesis pathway has been 

shown to be related to its inorganic carbon requirement. This pathway incorporates 

ammonia (from glutamine), phosphate and CO
2
 to synthesize carbamoyl-phosphate, 

which is the precursor for arginine and pyrimidine nucleotides. The inorganic carbon 

requiring isolates of L. plantarum depend on exogenous pyrimidine and arginine for 

growth in environments that are low in inorganic carbon (252-254, 263). 

Aspartate biosynthesis is another metabolic pathway that has been shown to contribute 

to CO
2
 requirements in LAB. The enzyme pyruvate carboxylase uses CO

2
 to produce the 

aspartate precursor, oxaloacetate (251). Correspondingly, supplementation with either 

aspartate or citrate (which LAB can convert to oxaloacetate) could complement the 

CO
2
 dependent phenotype (264). Additionally, an older report suggests that oleic acid 

(Tween 80) could also be used to complement growth of certain lactobacilli in a CO
2
 

deficient environment (265).

Along with the metabolic pathways that use inorganic carbon as a substrate, several 

other biological processes may be affected by the level of environmental CO
2
. 

Pathogenic bacteria are known to modulate virulence related genes in response to CO
2
 

and bicarbonate (266-268). In L. plantarum protein levels other than those belonging 

to the pyr-regulon undergo significant modulation by elevated CO
2
 levels, including 

for example genes associated with purine synthesis (269). Although arginine and uracil 

supplementation suffice to complement the CO
2
 requirement of L. plantarum, the 

supplementation with inorganic carbon could still further stimulate its growth, even in 

the presence of these compounds (270). These results indicate that a third unidentified 

metabolic pathway requires CO
2
 as a substrate. 

Lactobacillus johnsonii, a bacterium that is marketed as a probiotic, and is recognized 

for its immunomodulatory properties (182, 183) and pathogen inhibition (38) was also 

shown to require CO
2
 for growth. The removal of gaseous CO

2
, from an exponential 

growing culture by flushing with dinitrogen gas resulted not only in rapid growth 

stagnation but was accompanied by extensive cell death (chapter 4). Interestingly, low 

level exposure to molecular oxygen could overcome this CO
2
 dependency, while it also 



116

﻿

relieved the acetate-requirement for growth. These observations were explained by a 

central role of the pyruvate oxidase pathway in the production of these compounds, as 

was supported by the observation that a pox deletion derivative of this species remained 

CO
2
 and acetate dependent, irrespective of the presence of molecular oxygen. 

L. johnsonii has many auxotrophies, and is routinely grown in rich and complex 

media like MRS (205), which are assumed to contain abundant levels of pyrimidines 

and amino acids (176). Nevertheless, even under these rich conditions CO
2
 depletion 

elicited growth stagnation and cell death, which we study here at the molecular level by 

analyzing the transcriptome pattern changes over time following CO
2
 depletion. Despite 

the rich media employed, CO
2
 depletion elicited a major adaptation of the expression 

of the carbamoyl-phosphate pathway in L. johnsonii. However, unlike L. plantarum the 

CO
2
 dependency of L. johnsonii could not be complemented by exogenous nucleotide 

supplies, suggesting that CO
2
 may have an additional role in L. johnsonii. 

Materials & Methods
Strain & cultivation

Lactobacillus johnsonii NCC 533 was obtained from the Nestlé Culture Collection and 

was routinely cultured in MRS medium at 37°C under anaerobic conditions. 

Growth in liquid and solid MRS media 

Cells were inoculated in fresh MRS medium (205). Growth was monitored in continuously 

stirred vessels with 400 ml working volume. Batches were sparged at 750 ml/min 

with either a gas mix containing 5% CO
2
 and 95% nitrogen gas or pure nitrogen 

gas. Cultures were grown at 37°C with constant mixing (ca. 200 rpm) and pH was 

maintained at pH 6.5 by automatic 4M NaOH titration. Cell density was determined 

by measuring the optical density at 600 nm (OD
600

). Viable counts were determined by 

placing 2 µl drops of culture dilutions on MRS plates in triplicate and incubating these 

plates overnight in a closed container in the presence of an AnaerogenTM bag. 

Cultures of L. johnsonii were grown overnight in MRS medium (>16 hours) and serially 

diluted in triplicate in fresh MRS medium. Drops of 2 µL from each dilution and each 

replicate were placed on the agar plates. Plates were incubated at 37°C in air-tight jars 

in CO
2
-rich or CO

2
-depleted conditions. Such conditions were achieved by applying 

three consecutive cycles of vacuum (0.8 bar) and refilling with either 100% N
2
 gas (CO

2
 

free) or 95% N
2
 + 5% CO

2
 gas (CO

2
 rich). 
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Transcriptome analysis

Cells were harvested at different time points: 0 minutes (prior to closing of the CO
2
 

feed) and 30, 60 and 120 minutes after closing the CO
2
 feed. The first sample was 

taken at OD
600

 0.13 ± 0.017 (inoculation level 0.025 ± 0.008, i.e. more than two 

duplications after inoculation level), and cells were harvested from 50 ml of culture by 

cold centrifugation (5’, 2600xg, 4°C). Sample volumes of the samples taken at later time 

points were adjusted in order to obtain a similar amount of biomass for RNA isolation. 

Cell pellets were resuspended in 0.5 ml ice-cold Tris-EDTA buffer and transferred to 

screw-cap tubes with 0.5 gram zirconium beads (0.1 mm), 0.25 ml acidic phenol, 30 µl 

10% SDS and 30 µl 3 M sodium acetate. After mixing, the samples were immediately 

frozen in liquid nitrogen and stored at -80°C until further use.

Cells were disrupted by bead-beating in 3 rounds of 40 seconds in a Savant FastPrep 

FP120, with in between cooling on ice. Cell debris was removed by centrifugation (20817 

x g, 10’, 4°C) and residual phenol was extracted by addition of ice-cold chloroform 

followed by centrifugation. RNA was isolated using a High Pure RNA Isolation Kit 

(Roche Diagnostics, Mannheim, Germany). RNA purity and yield was determined by 

comparison of absorption at 260 and 280 nanometer (Ultrospec 3000, Pharmacia 

Biotech, Roosendaal, The Netherlands). RNA quality control was carried out using the 

RNA 6000 Nano Assay in an Agilent 2100 Bioanalyzer (Agilent technologies, Palo Alto, 

Ca, USA). The Cyscribe Post-labeling kit was used to synthesize cDNA using 5 µg of 

total RNA, which was subsequently labeled according to the manufacturer’s protocol 

(Amersham Biosciences, Amersham, UK). Samples in which the CyDye labeled cDNA 

concentration was below 24 ng/µl were concentrated prior to cDNA synthesis using a 

Hetovac VR-1 (Heto Lab Equipment A/S, Birkerod, Denmark). 

A hybridization scheme was designed that allowed duplicate comparisons between 

the transcriptome profiles of aerobic and anaerobic grown cultures. 60 Oligomer 

microarrays (Agilent technologies) were used with 12 ± 2.5 probes per gene and 21841 

probes in total (GEO accession number GPL18009). These arrays were employed as 

previously described (173). In short, two differentially labeled cDNAs (300 ng) were 

mixed (final-volume 25µl), incubated at 95° C for 3 minutes and subsequently cooled 

to 68° C. To these mixed cDNAs 25 µl Slidehyb#1 hybridization buffer (Ambion, Austin, 

USA) and 2X Hi-RPM hybridization buffer (Agilent Technologies) were added and 40 

µl of the resulting solution was applied on a 8 * 15K slide preheated at 68°C. Slides 

were hybridized at 65°C, rotating at 10 rpm for 16 hours in an Agilent hybridization 

oven (Agilent technologies). Subsequently, slides were washed with wash buffer 1 
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(Agilent technologies) at room temperature for 1 minute and wash buffer 2 (Agilent 

technologies) at 37 °C. The slides were dried using nitrogen gas and scanned with 

a ScanArray Express 4000 scanner (Perkin Elmer, Wellesley, MA). Image analysis and 

processing were performed using the ImaGene Version 7.5 software (BioDiscovery Inc., 

Marina Del Rey, CA, USA). The microarrays were scanned at different intensities. For 

each of the individual microarrays the best scan was selected on the basis of signal 

distribution (combination of a low number of saturated spots and a low number of 

low signal spots). The data were normalized using Lowess normalization as available 

in MicroPrep (230). The data were corrected for inter-slide differences on the basis 

of total signal intensity per slide using Postprep (230). The median intensity of the 

different probes per gene was selected as the gene expression intensity. CyberT was 

used to compare the different transcriptomes, taking into account the duplicates (dye 

swaps) of each of the conditions (231). This analysis resulted in a gene expression ratio 

and false discovery rate (FDR) for each gene. Differential gene expression values of 

expression-ratios with FDR values <0.05 were considered to be statistically significant. 

All microarray data is MIAME compliant and is available in GEO (accession number 

GSE52876).

Data analysis 

Time dependent gene expression during CO
2
 depletion was analyzed using Short 

Time-series Expression Miner (STEM; http://www.cs.cmu.edu/~jernst/st/; (271)). Log 

normalized expression data time series (with four data points obtained for every gene) 

were assigned to model profiles. Model profiles are considered significantly enriched 

when p<.05. Statistical significance of enriched model profiles was corrected for multiple 

hypothesis testing using the Bonferroni method. Time-resolved gene expression of all 

genes with significant changes in expression (minimally twofold induction or repression 

between any of the four timepoints and p<0.05) can be found in Supplementary 

material (Table S5.1A and S5.1B). Functional classes/categories were assigned to each 

gene by using the GeneOntology (272) and KEGG platform (273). Categories were 

considered statistically significant enriched when p<0.05.

Results and discussion
Inorganic carbon is one of the many growth requirements of Lactobacillus johnsonii. 

In chapter 4, we have shown that anaerobic growth of this lactic acid bacterium is 

dependent on supplementation of gaseous CO
2
. Upon termination of the CO

2
 supply 
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to an exponentially growing culture, growth quickly stagnates which is accompanied by 

a considerable loss in cell-viability. Notably, exposure of this bacterium to low-levels of 

molecular oxygen relieves this CO
2
 growth dependency in the wild type L. johnsonii but 

not in a derivative that lacks a functional pyruvate oxidase encoding gene (pox deletion 

derivative), indicating that endogenously produced CO
2
 through the pyruvate oxidase 

pathway relieves the exogenous CO
2
 dependency (chapter 4).

To further explore the processes that play a role in CO
2
 dependency, the global 

transcriptome pattern of logarithmic cultures grown under anaerobic conditions during 

their gradual depletion for CO
2
 was analyzed. To this end, L. johnsonii was grown in 

batches in which pH, temperature, mixing and gas flow were kept constant. The gas 

supply was interrupted by switching from a 5% CO
2
/95% N

2
 gas mixture to 100% N

2
 

gas. One hour after the onset of CO
2
 depletion growth stagnated, whereas growth 

continued in the culture in which CO
2
 was continuously supplemented (Figure 5.1). 

Along with growth stagnation, a 1-log drop in colony counts indicating cell death was 

observed. These results were in good agreement with experiments presented in chapter 

4.

Figure 5.1: Optical density (A) or colony forming units (B) of stirred pH-controlled batch cultures sparged by N2 + 5% CO2 (triangular 
symbols) or switched from N2 + 5% CO2 to N2 (square symbols, dashed line indicates the switch to pure N2). RNA for transcriptome 
analysis was isolated before the switch to CO2-depletion (sample 1), and 30 (sample 2), 60 (sample 3) and 120 minutes (sample 4) 
after the intervention. Data shown are the mean of two independent experiments ± standard error of the mean.

The gas-intervention elicits a rapid stripping of the inorganic carbon from the system. 

This CO
2
 removal is driven by the concentration difference between dissolved and 

gaseous form of CO
2
. Many LAB express a carbonic anhydrase (CA), which is generally 

assumed to convert CO
2
 to HCO

3
-

 (270), which could skew the equilibrium between CO

2
 

and its protonated bicarbonate towards bicarbonate. Three types of CA are described 
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in LAB: the α-type (such as lp_2736 in L. plantarum WCFS1), the b-type (such as icfA/

bl_0616 in Bifidobacterium longum) and the γ-type (such as ef_2918 in Enterococcus 

faecalis) (55). However, none of the three types of carbonic anhydrases has a homolog 

in L. johnsonii, implying that L. johnsonii has no means to influence the HCO
3

-

 / CO

2
 

equilibrium. 

Samples were taken from the culture prior to closing of the CO
2
 supply (reference 

sample) and at different time points after closing of the CO
2
 flow (30, 60, and 120 

minutes). Notably, the sample taken two hours after closing the CO
2
 supply represents 

a culture in which growth has completely halted and in which viability has decreased 

approximately 10-fold (chapter 4). 

Global transcriptome analysis

For the interpretation of the transcriptome data, the time-dependent pattern of gene 

expression was analyzed using Short Time Series Expression Miner (STEM), which is a 

pattern recognition suite that assigns each gene to a model profile based on its pattern 

of expression over time. Gene expression data from duplicate independent time series 

were compared and four model profiles were significantly enriched. A total of 384 

genes passed the criterion of a minimal twofold induction or repression between any 

of the four timepoints. 

The model profile 40 and 42 that both fall in a cluster of model profiles showing a 

general trend of induction of expression over time, comprised 259 genes. In addition, 

34 genes were assigned to model profile 11 and 26 that both fall in a cluster of model 

profiles that show a general trend of repression over time (see Figure S5.1 for general 

trend of each model profile). These profiles were statistically significant enriched when 

either a Bonferroni correction or an fdr-correction for multiple hypothesis testing was 

applied (significance level p < 0.05). Table 5.1 provides an overview of the induced and 

repressed model profiles and overrepresented GeneOntology and KEGG categories in 

these model profiles (See Table S5.1A and B for expression values of the genes assigned 

to the profile clusters). 

Analysis of overrepresentation of genes associated with a specific function or pathway 

amongst the induced and repressed groups showed that expression of a number of 

predicted regulators and ABC-type transporters was induced. However, since the 

predicted target genes of many of the regulators are unknown or have unknown 

function and many of the transporters have unknown substrates, the regulation of 
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these particular genes does not readily provide biological insights in the adaptation that 

the cell undergoes under these conditions. 

Table 5.1: Overrepresented GeneOntology groups (p<0.05) and KEGG categories in the STEM model profiles.

Model 
profile

# genes 
assigned

GeneOntology group numbers 
(p<0.05)

KEGG categories (p<0.05)

231 GO:0043565 sequence-specific 
DNA binding
GO:0003700 sequence-specific 
DNA binding transcription factor 
activity
GO:0006355 regulation of 
transcription, DNA-template
GO:0042626 ATPase activity, 
coupled to transmembrane 
movement of substances

M0051: Uridine 
monophosphate 
biosynthesis: glutamine 

(+ PRPP) ==>UMP

	28

19 No categories enriched No categories enriched

15

Carbamoyl-phosphate pathway

To identify any metabolic patterns present in these data, a functional category 

analysis was performed using a KEGG functional categories annotation. This led to 

the observation that the genes belonging to the carbamoyl-phosphate pathway were 

significantly overrepresented in the STEM model profiles with a general pattern of 

induction (p<.0045). Previously, this pyrimidine and arginine synthesis pathway has 

extensively been studied in L. plantarum. Two types of carbamoyl-phosphate synthase 

(CPS) enzymes were identified that are involved in the first carboxylation reaction of 

the synthesis pathway (252). In L. plantarum, expression of CPS-P (encoded by pyrAB) 

is regulated by intracellular UMP-levels via a transcription attenuation mechanism (263), 

whereas expression of CPS-A (encoded by carAB) is controlled by intracellular levels of 

arginine. Moreover, two regulators control this pathway, PyrR1 acts as a repressor when 

pyrimidine levels in the environment are high (252), while PyrR2 positively regulates 

expression of the pyr-operon in response to low inorganic carbon levels (253). 

The L. johnsonii genome encodes homologues of all the enzymes involved in the 

pyrimidine synthesis pathway described in L. plantarum, including the two PyrR 
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regulators. Moreover, L. johnsonii also encodes two copies of the CPS encoding genes, 

which are both present in an operon (lj_1276-1277 and lj_1185-1184). The entire 

carbamoyl-phosphate and pyrimidine synthesis pathways were induced in L. johnsonii 

120 minutes after the onset of CO
2
 depletion, with the highest fold-induction within 

the entire datasets assigned to the aspartate carbamoyltransferase encoding pyrB and 

dihydroorotase encoding pyrC genes that were 17- and 13-fold induced, respectively. 

The CPS-A encoding genes (carAB) did not display any significant change in expression. 

Moreover, the uracil permease (lj_0709; pyrP) of L. johnsonii was also strongly induced 

(10-fold higher expression), indicating that similar to L. plantarum (274) the uracil 

transport capacity is coregulated with the pyr-operon in L. johnsonii. However, the 

uracil phosphoribosyltransferase enzyme (encoded by lj_0933; upp), which catalyzes the 

conversion of imported uracil to UMP, was not significantly affected by CO
2
 depletion. 

Notably, the absolute level of expression of upp was found to be among the 200 highest 

expressed genes within the L. johnsonii genome, which may suggest that this function 

may not be limiting for pyrimidine import. In a second potential uracil salvage pathway, 

uridine monophosphate is formed via the ribonucleoside uridine. Genes encoding the 

enzymes that catalyze the two reactions, uridine kinase (lj_0763; udk) and uridine 

phosphorylase (lj_1217-lj1218; udp), are both present in the L. johnsonii genome but 

their expression did not show significant induction or repression upon CO
2
 depletion. 

A schematic overview of the carbamoyl-phosphate pathway is presented in Figure 5.2 

including changes in gene expression. 

The observed activation of expression of the carbamoyl-phosphate synthesis operon 

and pyrimidine import strongly suggests that, analogous to what has been shown for 

L. plantarum, depletion of the pyrimidine pool in L. johnsonii is the main cause of the 

observed growth stagnation upon removal of inorganic carbon supplies. In L. plantarum, 

approximately 30% of the strains displayed a high environmental-C1-carbon demand, 

which could be complemented by supplementation of the growth media with either 

arginine or uracil (249). L. johnsonii is auxotrophic for arginine, irrespective of the 

availability of environmental CO
2
, suggesting that it is unlikely that arginine exhaustion 

is the main cause of growth stagnation in this species. Moreover, the transcription of 

the genes encoding the arginine-depletion responsive CPS-A (carAB) were unaffected 

during CO
2
 depletion, supporting that intracellular arginine depletion is not occurring. 

Analogously, supplementation of solid MRS medium with excessive concentrations of 

arginine (10 mM), did not relieve the CO
2
 dependency of L. johnsonii (Figure 5.4).

Although the current experiments employed the rich laboratory medium MRS for 
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growth of L. johnsonii, the extracellular pyrimidine concentrations or their rate of 

import may still be limiting to sustain normal growth under CO
2
 depleted conditions. 

Moreover, it is well-established that the exhaustion of thymine, another product of 

the carbamoyl-phosphate pathway, can cause cell death in auxotrophic bacteria, by 

creating disbalanced endogenous dNTP-pools, leading to single and double strand DNA 

breaks (275). This so-called thymineless death was also shown to occur in species of 

the L. acidophilus group (276). Therefore, we evaluated whether pyrimidine exhaustion 

could be the primary cause of cell death following CO
2
-depletion, by supplementing 

MRS with pyrimidines and pyrimidine precursors at a very high level (100 mg/L). 

Although the genome of L. johnsonii predicts that this bacterium can interconvert uracil 

to the other pyrimidines (thymidine and cytosine), also thymidine, uracil and the uracil 

precursor orotic acid were added to the medium. None of these supplementations was 

able to overcome the growth stagnation and cell death induced by CO
2
 depletion. It 

even appeared that the growth arrest of the pyrimidine supplemented culture was even 

slightly accelerated as compared to the normal MRS media (Figure 5.3).

In addition to the experiment in liquid medium, growth of L. johnsonii on solid MRS 

medium with and without addition of nucleotides was tested. To this end, overnight 

cultures were spotted on MRS agarose, with or without 100 mg/l of uracil, thymidine, 

cytosine and orotic acid and colonies were enumerated after growth with or without 

5% gaseous CO
2
. The difference between colony forming units (cfu) in the presence 

and absence of CO
2
 on regular MRS medium was approximately 2 log. Analogous 

to liquid medium, growth in the absence of CO
2
 on solid media supplemented with 

excess pyrimidines and pyrimidine precursors did not improve compared to regular 

medium. We conclude that extracellular pyrimidine supplementation cannot overcome 

the inorganic carbon requiring phenotype in L. johnsonii, which is in clear contrast 

to previous observations made for L. plantarum. However, there is no experimental 

evidence that the PyrP uracil transporter in L. johnsonii is functional, and ineffective 

import could explain why supplementation of pyrimidines did not complement this 

cell death. Alternatively, the upp- or the udk/udp-encoded pathway to convert uracil 

into UMP may be defective in L. johnsonii, which could also explain why the uracil 

supplementation is not effective. The transcriptome analyses imply clearly that drainage 

of the intracellular pyrimidine pools may be the causal mechanism of CO
2
-related cell 

death in L. johnsonii, but for as yet unknown reasons, extracellular supplementation 

with the corresponding components failed to overcome such drainage and could thus 

not overcome the observed cell death.
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Figure 5.3: Optical density of L. johnsonii cultures grown in regular MRS (closed symbols) or MRS supplemented 
with 100 mg/l of uracil, thymidine and orotic acid (open symbols). The dashed line indicates the time point where 
gas regime is switched from sparging N2 + 5% CO2 to pure N2. Data shown are the mean of two independent 
experiments ± standard error of the mean.

Aspartate biosynthesis

In other LAB, aspartate biosynthesis has been identified as one of the CO
2
 requiring 

pathways (251, 277, 278). Aspartate is required in the carbamoyl-phosphate pathway 

as a substrate for PyrB, the aspartate carbamoyl transferase. This amino acid is one of 

the few amino acids that L. johnsonii is predicted to be able to synthesize autonomously 

from intermediates of the glycolytic pathway. Aspartate transaminase (aspC, lj_1390) 

(176) uses oxaloacetate and glutamine as substrates to produce aspartate and 

α-ketoglutarate. The transcription of the aspC gene was 2.1-fold induced after 120 

minutes of CO
2
 depletion, relative to CO

2
 rich conditions. Oxaloacetate is formed by 

carboxylation of phospoenolpyruvate (PEP), catalyzed by a PEP-carboxylase (PEPC) 

that uses primarily bicarbonate as a substrate and does not produce an additional 

ATP, or by PEP carboxykinase (PEPCK) that uses CO
2
 and produces one ATP (279). The 

PEPC function in L. johnsonii appears to be disrupted by a single point mutation that 

introduces a premature stop-codon and thus is classified as a pseudogene (lj_1272 and 

lj_1273). In contrast the PEPCK function appears intact and is encoded by the lj_0149 

gene. Thus, PEPCK and ASPC could synthesize aspartate from central metabolism (PEP), 

using glutamine and CO
2
 as co-substrates (Figure 5.2). Although transcription of aspC 

is induced and transcription of pepCK is not significantly changed, we hypothesize that 

aspartate may be synthesized through a CO
2
 requiring pathway. Although aspartate is 

assumed to be presented in sufficient amounts in the MRS medium, we verified that 

excess supplementation with this amino acid (30 mM) did not complement the CO
2
 

requirement (Figure 5.4).
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Figure 5.4: Enumeration of colony forming units of L. johnsonii on solid MRS agar supplemented with aspartate 
(30 mM), arginine (10 mM) or pyrimidine nucleotides and precursors (100 mg/L) incubated under a N2 + 5% CO2 
(open bars) or N2 (grey bars) atmosphere. Concentrations of the supplements were approximately 10-fold higher 
than those normally present in chemically defined medium (see Materials & Methods section of chapter 4). Data 
represent average of two independent experiments + standard error.

Concluding remarks
The experiments in chapter 4 show that L. johnsonii requires CO

2
 for growth. In 

other LAB, the CO
2
 growth-dependency was shown to be related to the biosynthesis 

pathways of pyrimidines (uracil) and/or amino acids (arginine and aspartate). Our results 

clearly show that, analogous to L. plantarum, the carbamoyl-phosphate pathway is 

regulated in response to CO
2
 levels. However, supplementation of uracil, thymidine 

and the uracil-precursor orotic acid could not prevent the stagnation of growth 

related to CO
2
 depletion, nor could it prevent the induction of cell death. This implies 

that besides pyrimidine synthesis, an alternative pathway is responsible for the CO
2
 

demand. However, it may also be that the pyrimidine uptake system is compromised 

in L. johnsonii, which could explain why pyrimidine supplementation of the media did 

not overcome the growth stagnation. The constitutively high expression of the uracil 

phosphoribosyltransferase-encoding upp gene, may indicate that the catalytic function 

of this enzyme is compromised. This could imply that it is part of a futile regulatory circuit, 

in which the importer is transcriptionally upregulated but fails to increase intracellular 

levels of its substrate and therefore provide negative feedback on its expression.

One of the possibilities to study the uracil transport capacity is to use the toxic uracil 

analog 5-fluorouracil. If the uracil transport function in L. johnsonii is impaired, the cells 

should be resistant to this cytotoxic molecule. Furthermore, uridine supplementation 

should be able to bypass the postulated impairment of uracil import and conversion, 

and could thus prevent the CO
2
-related cell death, provided that drainage of the 
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pyrimidine pool is indeed the prime cause of cell death.

An alternative pathway that could depend on CO
2
 is aspartate biosynthesis, where the 

first step in the biosynthesis pathway involves the carboxylation of phosphoenolpyruvate, 

leading to the formation of the aspartate-precursor oxaloacetate and ATP. However, 

aspartate supplementation to the medium did also not complement the CO
2
 requirement. 

Nevertheless, we cannot rule out that, besides aspartate, also other metabolites depend 

on oxaloacetate as an intermediate and their synthesis may thereby be dependent on 

an adequate CO
2
 supply.

Overall we conclude that L. johnsonii has limited decarboxylases that could generate 

endogenous CO
2
. A comparison of the CO

2
 dependency of a wild type strain of 

L. johnsonii and its pyruvate oxidase deficient derivative in the presence of oxygen 

suggested that oxidation of pyruvate could provide an additional CO
2
 source (chapter 4). 

L. johnsonii lacks most other genes encoding C1-generating enzymes, such as several 

known amino acid decarboxylases, pyruvate dehydrogenase and pyruvate formate lyase. 

Interestingly, L. johnsonii’s natural habitat is the intestinal tract of mammals, where 

these bacteria may encounter substantial levels of CO
2
 and bicarbonate in certain areas 

of the GI-tract, e.g., due to bicarbonate-rich pancreatic secretions (280) or as a result of 

the metabolic activity of other microbiota members. We speculate that, analogous to 

the loss of the capacity to synthesize many of the amino acids, or vitamins, evolutionary 

adjustment to the CO
2
 rich environment of the GI-tract may include the loss of CO

2
 

producing capacities. 

Finally, it is noteworthy that at present many of the genes that were modulated by the 

CO
2
 depletion lack a function prediction and/or do not contain recognizable domains, 

including several genes of which the expression was quite drastically changed like 

lj_1790 (10.2-fold induced) and lj_1300 (6.6-fold repressed). These genes may play a 

significant role in the CO
2
 depletion response, but such a role remains to be established, 

which illustrates the importance of continued elucidation of the biological functions of 

such genes.
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Supplementary material
Figure S5.1: General trend of expression of STEM model profiles.
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NCBI annotation

LJ_0020 40 1,3 1,4 2,3 Transcriptional regulator
LJ_0021 40 1,4 1,4 2,1 Molybdenum cofactor biosynthesis, MoeB
LJ_0025 40 1,1 1,3 2,4 EDD domain protein, DegV family
LJ_0027 40 1 1,1 3,7 Transcriptional regulator
LJ_0030 40 1,2 1,1 2,1 Endopeptidase O
LJ_0031 40 1,4 1,5 3,2 Transcriptional regulator
LJ_0034 40 1,3 1,4 5,7 Mg2+ transporter protein, CorA-like/Zinc transport protein ZntB
LJ_0036 40 1,1 1,3 2,4 Exodeoxyribonuclease
LJ_0037 40 1,3 1,2 2,4 Helicase, C-terminal
LJ_0038 40 1,2 1 4,9 Cell surface hydrolase
LJ_0039 40 1,4 1,3 6 Cell surface hydrolase
LJ_0040 40 1,1 1 3,8 Uncharacterized protein
LJ_0041 40 1 0,9 3,5 Predicted permease
LJ_0042 40 1,2 1,1 2,1 FAD-dependent pyridine nucleotide-disulphide oxidoreductase
LJ_0047 40 1,1 1,1 3,2 Adhesion exoprotein
LJ_0048 40 1,2 1,2 2,2 Homeobox protein, antennapedia type, conserved site
LJ_0050 40 1,3 1,1 2 LysR, substrate-binding
LJ_0059 40 1,2 1,3 2,1 Phospholipid/glycerol acyltransferase
LJ_0062 40 1,1 1 3 Glycosyl transferase, family 8
LJ_0063 40 1,2 1,1 4,5 Phospholipid/glycerol acyltransferase
LJ_0072 18 0,9 1,1 2,7 ABC transporter permease component
LJ_0073 18 1 1,2 3,2 ABC transporter ATPase component
LJ_0074 18 1 1,2 4,1 ABC transporter permease
LJ_0077 18 1 0,9 1,8 LemA-like protein
LJ_0083 40 1,2 1,4 2,2 HD containing hydrolase-like enzyme
LJ_0084 42 1,3 1,7 3,1 HNH endonuclease
LJ_0089 40 1,5 1,6 2,5 MarR family transcriptional regulator
LJ_0090 40 1,1 1,2 3 Membrane protein

LJ_0091 18 1 1,1 2,9
Methylated DNA-protein cysteine methyltransferase DNA binding 
domain 

LJ_0092 40 1 1,3 3,9
Methylated DNA-protein cysteine methyltransferase ribonuclease-
like domain 

LJ_0093 40 1,3 1,5 2,9 Sirtuin family
LJ_0098 42 1,4 1,6 2,3 Ribonuclease H domain
LJ_0099 40 1,1 1 2,3 Uncharacterized, extracellular protein 
LJ_0101 40 1,2 1,3 2,2 Alpha/beta superfamily hydrolase
LJ_0107 40 1,1 1,1 3,2 SCP-like protein
LJ_0123 40 1,3 1,3 2,4 Uncharacterized membrane protein 
LJ_0128 42 1,6 2,2 2,7 Universal stress protein
LJ_0143 40 1,1 1,7 3,7 LPXTG-motif cell wall anchor domain protein
LJ_0154 40 1,2 1,5 2,7 Uncharacterized small conserved protein
LJ_0162 40 1,1 1 2 Putative secreted protein
LJ_0163 40 1,2 1,1 3,7 Sensory box protein

 

Table S5.1A: Expression ratio of all genes with minimal twofold induction between any of the four timepoints 
(p<0.05). NCBI annotation is shown where available. Alternatively Gene Ontology classification of proteins or 
conserved domains is shown (in grey). Where no Gene Ontology classification could be assigned, the closest BlastP 
result is shown (displayed in grey, bold and italic). PTS: phosphotransferase system. PEP: phosphoenolpyruvate.



130

﻿

LJ_0165 40 1,2 1,6 3,2 Toxin-antitoxin system
LJ_0172 40 1,2 1,1 2,1 Cell envelope-like function transcriptional regulator
LJ_0181 42 1,2 1,6 2,1 Heat shock protein Hsp20
LJ_0185 40 1,4 1,5 2,6 Transcription regulator, GntR
LJ_0186 40 1 1,2 2,3 Transposase IS204/IS1001/IS1096/IS1165
LJ_0187 40 1,3 1,4 2,3 Uncharacterized
LJ_0197 40 1,2 1,3 3,8 Uncharacterized
LJ_0201 40 1 1,3 8,2 Cation-transporting P-type ATPase
LJ_0222 40 1,2 1,3 2,3 Uncharacterized
LJ_0227 40 1,3 1,5 2,5 Xanthine phosphoribosyltransferase
LJ_0228 40 1,2 1,4 2 Beta-carotene 15,15-monooxygenase
LJ_0234B 18 0,8 1 1,8 Uncharacterized
LJ_0243 27 1,1 1,9 0,8 Uncharacterized
LJ_0253 42 1 1,6 2,5 Uncharacterized
LJ_0254 42 1,2 1,8 2,1 Uncharacterized
LJ_0259 14 1 0,9 1,9 Raffinose operon transcriptional regulator

LJ_0260 40 1,2 1,2 2,9
Raffinose permease containing PEP-dependent sugar PTS EIIA 
domain 

LJ_0261 40 1,1 1,1 2,4 Alpha-galactosidase
LJ_0262 40 1 1 2 Sucrose phosphorylase
LJ_0288 40 1,2 1,2 2,2 Lj965 prophage integrase
LJ_0292 40 1,1 1,1 2,6 Lj965 prophage protein
LJ_0293 18 1 1 3,1 Lj965 prophage repressor
LJ_0294 40 1,2 1,2 4,5 Lj965 prophage repressor
LJ_0304 40 1,1 1,3 3,1 Lj965 prophage protein
LJ_0305 40 1,2 1,4 2,4 Lj965 prophage protein
LJ_0306 18 1 1,3 2,3 Lj965 prophage protein
LJ_0309 14 0,9 0,7 2,3 Lj965 prophage portal protein
LJ_0310 40 1,2 1,1 2,2 Lj965 prophage protein
LJ_0324 14 0,9 0,8 3,3 Lj965 prophage protein
LJ_0325 40 1,2 1,3 4,7 Lj965 prophage protein
LJ_0328 40 1,1 1,1 4,4 Lj965 prophage holin
LJ_0329 40 1,2 1,2 5,9 Lj965 prophage lysin
LJ_0376 40 1,1 1,1 2,9 ArsR-type DNA-binding domain
LJ_0377 40 1,2 1,4 5 Cation efflux protein
LJ_0378 40 1,1 1,2 2,2 Uncharacterized
LJ_0379 40 1,3 1,4 2,1 Uncharacterized
LJ_0383 14 0,9 0,8 2,4 Amino acid/polyamine transporter I
LJ_0394 40 1,2 1,3 3,5 Beta-1,6-galactofuranosyltransferase
LJ_0396 40 1,1 1 2,5 LytR family transcriptional regulator
LJ_0418 18 0,8 1 1,8 Uncharacterized
LJ_0420 40 1 1,1 2,3 Putative flagellar protein FliS
LJ_0421 42 1,3 1,9 3 Uncharacterized
LJ_0422 40 1,1 1,2 3,7 tRNA-specific adenosine deaminase
LJ_0452 40 1,2 1,4 2,1 Uncharacterized
LJ_0456 40 1,3 1,4 3,4 Lysine decarboxylase
LJ_0457 40 1,3 1,5 3 PEP-dependent sugar PTS EIIC cellobiose specific
LJ_0458 40 1,4 1,7 3,5 LytTR DNA-binding domain
LJ_0459 40 1,3 1,6 3 Uncharacterized
LJ_0459B 40 1,2 1,6 3,8 Uncharacterized
LJ_0462 40 1,1 1,5 3,7 Transcriptional regulator
LJ_0463 40 1,2 1,4 2,3 Putative transcriptional regulator
LJ_0464 40 1,2 1,2 3,6 ABC transporter ATPase and permease components 
LJ_0481 42 1,1 1,8 2,2 uncharacterized hydrocarbon binding protein
LJ_0482 40 1,1 1,1 2 Glutamate racemase
LJ_0483 40 1,2 1,2 2,5 Non-canonical purine NTP pyrophosphatase
LJ_0486 40 1,3 1,5 2,2 Small mechanosensitive ion channel protein
LJ_0494 40 1,1 1 2,3 Glycerophosphoryl diester phosphodiesterase
LJ_0495 40 1,2 1,3 3,5 Uncharacterized
LJ_0496 40 1,1 1,1 2,2 5'-Nucleotidase, C-terminal
LJ_0499 40 1,1 1,2 2 uncharacterized membrane protein
LJ_0502 18 1 1,4 2,6 General stress protein 13
LJ_0522 40 1,1 1,4 2,3 Glutamine amidotransferase
LJ_0524 40 1,2 1,3 3 MFS transporter permease
LJ_0525 18 1 1,1 2,7 Tat pathway signal sequence domain protein / cytochrome C5
LJ_0528 40 1,1 1,2 2,6 Transcriptional regulator protein RpiR
LJ_0529 40 1 1,3 2,1 Beta-lactamase class A
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LJ_0536 40 1,1 1,1 3,5 Alpha/beta hydrolase fold domain
LJ_0553 40 1,2 1,2 4,7 Colicin V production, CvpA
LJ_0573 40 1,2 1,1 2,3 YSIRK Gram-positive signal peptide
LJ_0574 40 1,1 1,1 2,4 Gram-positive signal peptide protein
LJ_0589 42 1,5 1,7 2,5 Plasmid maintenance toxin/Cell growth inhibitor
LJ_0595 40 1,1 1,3 2 Uncharacterized
LJ_0599 40 1,4 1,7 3,2 GTPase HflX
LJ_0600 40 1,2 1,3 2,8 ABC transporter ATPase component
LJ_0613 40 1,1 1 4,3 Cation-transporting ATPase
LJ_0614 18 1 1 5,1 Cation-transporting ATPase
LJ_0615 40 1,3 1,5 13,8 Metallopeptidase, catalytic domain
LJ_0617 40 1,1 1,2 3,6 Cysteine protease YvpB
LJ_0618 40 1,1 1,4 2,8 SGNH hydrolase-type esterase domain
LJ_0623 40 1,6 1,5 2,4 CAT RNA-binding domain
LJ_0637 18 0,9 1 2 Transcriptional regulator protein RpiR
LJ_0640 40 1,3 1,6 3,1 Large-conductance mechanosensitive channel
LJ_0644 42 1,4 1,7 2,4 Oxidoreductase
LJ_0645 40 1 1,2 2,2 Peptidase T
LJ_0646 18 1 1,2 2,1 Uncharacterized
LJ_0647 18 0,9 1,1 2,2 Uncharacterized membrane protein
LJ_0648 40 1 1,2 2,3 Sir2 family NAD-dependent protein
LJ_0649 40 1 1,1 2,1 DNA polymerase III
LJ_0652 40 1,2 1,3 3,4 DNA/RNA non-specific endonuclease
LJ_0653 40 1 1 2,1 Dipeptidase
LJ_0669 40 1,1 1,1 2,1 SNARE-like domain protein
LJ_0672 40 1,2 1,2 3,7 Transcriptional regulator
LJ_0673 40 1,1 1,2 5,7 Alpha/beta hydrolase fold-3
LJ_0674 40 1,1 1 2,5 Uncharacterized membrane protein
LJ_0675 40 1,1 1,1 2,6 Acyl-CoA N-acyltransferase
LJ_0709 18 0,9 1,9 10,9 Uracil permease
LJ_0712 40 1,3 1,4 2,3 Phosphoglycerate mutase
LJ_0722 18 1 1 3,6 Major facilitator superfamily permease
LJ_0723 40 1,1 1,3 6,1 Uncharacterized
LJ_0724 40 1,1 1,3 6,6 Transcription regulator, MarR-type
LJ_0725 40 1,1 1,4 5 Uncharacterized
LJ_0726 37 1,3 0,9 3,5 Uncharacterized
LJ_0730 40 1,3 1,4 2,9 Phophatidylserine decarboxylase
LJ_0738 37 1 0,9 1,8 Beta-galactosidase
LJ_0741 14 0,9 0,7 1,5 PEP-dependent sugar PTS EIID, probable fructose specific
LJ_0748 37 1,3 1 2,5 Cell surface hydrolase
LJ_0749 40 1,3 1,5 7,6 Transcriptional regulator, MarR family
LJ_0750 40 1 1,1 3,4 ABC transporter ATPase and permease components 
LJ_0751 40 1 1 2,7 ABC transporter ATPase and permease components 
LJ_0757 42 1,4 2,6 3,5 Uncharacterized
LJ_0758 40 1,1 1,1 2,4 Trehalose-6-phosphate hydrolase
LJ_0759 40 1,1 1 2,2 Trehalose operon repressor
LJ_0760 40 1,1 1,3 2 PEP-dependent sugar PTS EIIABC, probable trehalose specific
LJ_0761 42 1,4 2,3 6,6 Uncharacterized
LJ_0762 40 1,2 1,5 2,7 Uncharacterized
LJ_0783 18 1 1 2,6 Cation-transporting P-type ATPase
LJ_0784 40 1 1,1 2,5 Cation-transporting P-type ATPase
LJ_0785 40 1,2 1,2 3,9 Acyl transferase/acyl hydrolase/lysophospholipase
LJ_0788 42 1,1 1,5 2,2 Acyl-CoA N-acyltransferase
LJ_0814 29 1,1 3,2 5,1 Uncharacterized
LJ_0815 40 1,3 1,4 2,4 ATP-dependent clp protease ATP-binding subunit clpE 
LJ_0836 25 1 0,9 1,8 Glucose/ribitol dehydrogenase
LJ_0864 40 1,1 1,1 2,1 UvrABC system protein A
LJ_0900 37 1,1 0,9 1,9 Alpha/beta superfamily hydrolase
LJ_0902 40 1 1,1 2,1 DNA/pantothenate metabolism flavoprotein
LJ_0923 25 1 0,8 2,2 Glycopeptide antibiotics resistance protein
LJ_0965 18 0,9 1,4 2,1 Uncharacterized
LJ_1004 40 1,1 1,1 2,1 DNA polymerase III
LJ_1005 30 1 2 1,2 30S ribosomal protein S20
LJ_1039 42 1,3 1,6 2,3 Uncharacterized
LJ_1042 40 1,1 1,2 2,6 Uncharacterized
LJ_1049 40 1,1 0,9 4,6 dTDP-glucose 4,6-dehydratase
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LJ_1050 40 1 0,9 3,5 Glucose-1-phosphate thymidylyltransferase
LJ_1051 18 1 0,9 2,5 dTDP-4-dehydrorhamnose 3,5-epimerase
LJ_1052 18 0,9 0,9 2,5 dTDP-4-dehydrorhamnose reductase
LJ_1059 40 1,1 1,2 2,6 Uncharacterized
LJ_1060 40 1,2 1,3 2,5 NUDIX hydrolase domain
LJ_1063 40 1,2 1,3 2,4 Uncharacterized
LJ_1064 40 1,2 1,1 2,1 Rib/alpha-like repeat protein
LJ_1066 40 1,1 1,3 2,4 Oxidoreductase
LJ_1070 40 1,1 1,1 4,1 UvrABC system protein C
LJ_1088 18 0,8 1,1 1,9 ECF transporter, Riboflavin transporter RibU
LJ_1107 40 1,1 1 2,8 SMF protein
LJ_1108 40 1,1 1 2,1 DNA topoisomerase 1
LJ_1118 40 1,1 1,2 2,1 Transcription regulator, LysR
LJ_1121 40 1,3 1,5 2,4 Uncharacterized
LJ_1122 42 1,7 2,5 3,9 ABC transporter ATPase component
LJ_1128 37 1,1 0,9 2,2 Domain of unknown function DUF1542
LJ_1136 40 1,4 1,5 2,8 Uncharacterized
LJ_1137 29 0,8 3,2 3 Branched-chain amino acid transport system carrier protein 
LJ_1146 40 1,7 1,7 4,9 Uncharacterized
LJ_1166 40 1,3 1,3 2,4 ABC transporter ATPase component
LJ_1194 40 1,5 1,3 2,1 Cell division protein GpsB
LJ_1195 40 1,5 1,5 5,3 UPF0398 protein
LJ_1202 37 1 0,9 1,9 ATP-dependent helicase, C-terminal
LJ_1203 14 1 0,9 1,9 ATP-dependent helicase/nuclease subunit A
LJ_1204 40 1 1 1,9 ATP-dependent helicase/deoxyribonuclease subunit B
LJ_1215 42 1,1 1,5 2,1 Bifunctional protein FolD 1
LJ_1229 14 0,9 0,7 1,8 Uncharacterized
LJ_1230 18 1 0,9 2 Phospholipase D-like domain
LJ_1231 40 1,2 1,3 2,1 Uncharacterized
LJ_1237 40 1,4 1,5 3,6 Uncharacterized
LJ_1238 40 1,3 1,3 3,5 Uncharacterized
LJ_1239 18 0,7 1,1 1,7 Acyl-CoA N-acyltransferase
LJ_1247 40 1,1 1,2 3 ABC transporter ATPase and permease components 
LJ_1248 40 1,3 1,4 5,4 ABC transporter ATPase component
LJ_1249 18 1 0,9 4,3 ABC transporter ATPase and permease components
LJ_1250 40 1,5 1,9 3,9 SPFH/Band 7/PHB domain protein
LJ_1252 18 1 0,9 1,9 Sugar-phosphate isomerase
LJ_1254 40 1 1 2,5 Aldolase-type TIM barrel
LJ_1255 40 1,1 1 2,4 Aldolase-type TIM barrel
LJ_1260 40 1,1 1 3,1 Lambda repressor-like, DNA-binding domain
LJ_1266 37 1,1 0,9 2,3 Transketolase
LJ_1270 40 1,3 1,4 5,9 Armadillo-type fold
LJ_1271 40 1,1 1,2 2,3 Glycosyl transferase, family 1
LJ_1275 18 1 0,8 4,3 Bifunctional protein PyrR
LJ_1276 18 0,8 1 6,7 Carbamoyl-phosphate synthase large chain
LJ_1277 18 1 1 9,4 Carbamoyl-phosphate synthase small chain
LJ_1278 40 1 1,1 13,1 Dihydroorotase
LJ_1279 40 1,1 1,2 17,5 Aspartate carbamoyltransferase
LJ_1280 18 1 1,6 4,3 Bifunctional protein PyrR
LJ_1281 40 1,2 1,9 4,4 Dihydroorotate dehydrogenase A (fumarate)
LJ_1282 40 1,1 1,5 6 Orotidine 5'-phosphate decarboxylase
LJ_1283 40 1,2 1,7 4,8 Orotate phosphoribosyltransferase
LJ_1284 18 1 0,9 4 Beta-carotene 15,15-monooxygenase
LJ_1287 42 1,5 2,3 2,5 UPF0145 protein
LJ_1325 20 0,7 1,5 0,9 30S ribosomal protein S21
LJ_1388 40 1,1 1,4 2,3 SGNH hydrolase-type esterase domain
LJ_1390 40 1 1,2 2,1 Aspartate aminotransferase
LJ_1417 18 0,8 0,9 1,8 Phosphatidic acid phosphatase type 2/halopero
LJ_1422 40 1,2 1,2 2,5 Lj928 prophage protein
LJ_1435 18 0,9 1,1 2,1 Lj928 prophage major head protein
LJ_1436 40 1,4 1,4 3,5 Lj928 prophage minor head protein
LJ_1438 40 1,1 1,1 2,6 Lj928 prophage protein
LJ_1441 42 1,3 2 2,4 Lj928 prophage terminase large subunit
LJ_1454 29 1,3 2,2 2 Lj928 prophage protein
LJ_1457 40 1,2 1,3 3,5 Lj928 prophage repressor protein
LJ_1458 40 1 1,1 2,1 Lj928 prophage protein
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LJ_1465 40 1,3 1,4 2,1 Lj928 prophage integrase
LJ_1466 40 1,3 1,3 2,7 LysR, substrate-binding
LJ_1501 40 1,2 1,2 2,1 DNA methylase, N-6 adenine-specific, conserved protein
LJ_1502 40 1,1 1,3 2,8 Phospholipid/glycerol acyltransferase
LJ_1504 42 1,1 1,4 2,1 ABC transporter ATPase and permease components
LJ_1505 40 1,1 1,3 2,2 ABC transporter ATPase and permease components
LJ_1509 40 1,4 1,4 2,3 Uracil-DNA glycosylase
LJ_1510 40 1,5 1,5 2,3 NUDIX hydrolase domain
LJ_1511 42 1,5 1,6 2,2 Signal peptidase I
LJ_1523 42 1,5 1,7 2,3 Oligopeptide ABC transporter solute-binding component 
LJ_1544 42 1,3 1,7 2,7 Uncharacterized
LJ_1556B 40 1,1 1,5 3,5 Uncharacterized
LJ_1557 40 1,2 1,1 2,6 Uncharacterized membrane protein
LJ_1565 40 1,1 1,1 2,7 Uncharacterized membrane protein
LJ_1566 40 1,2 1,6 2,8 Alpha/beta hydrolase fold-3
LJ_1567 40 1,2 1,3 3,3 DNA binding domain, AraC-type
LJ_1568 18 1 1 3,2 RmlC-like cupin domain
LJ_1571 40 1,2 1,4 4,1 Uncharacterized
LJ_1574 42 1,3 2 2,1 ABC transporter solute-binding component
LJ_1575 40 1,1 1,3 2,2 Transcriptional regulator
LJ_1576 40 1,3 1,6 4,1 Major facilitator superfamily permease
LJ_1577 42 1,5 2,3 5 Uncharacterized
LJ_1588 40 1,1 1 2,1 RelA/SpoT
LJ_1590 40 1,2 1,2 2 K homology domain-like, alpha/beta
LJ_1610 40 1,1 1,4 3 Alpha/beta hydrolase
LJ_1615B 30 0,9 2,2 1,6 Uncharacterized
LJ_1621 40 1 1,1 2 ABC transporter permease
LJ_1657 40 1,1 1,3 4,4 GntR family transcriptional regulator
LJ_1658 40 1 1,1 2,4 Two-component system histidine kinase
LJ_1659 40 1,1 1,2 2,1 Two-component system response regulator
LJ_1660 40 1,2 1,3 2,5 Bacterial extracellular solute-binding, family 1
LJ_1666 40 1,4 1,4 3,2 Uncharacterized
LJ_1679 40 1,2 1,4 2,8 Pseudouridine synthase
LJ_1686 18 1 1,3 2,4 Uncharacterized
LJ_1687 40 1,3 1,3 2,8 Uncharacterized
LJ_1688 40 1 1,1 2,7 Aminoglycoside 3-phosphotransferase
LJ_1689 40 1 1,1 4,1 Beta-lactamase
LJ_1690 42 1,4 1,7 2,4 Uncharacterized
LJ_1702 40 1,3 1,5 4,2 DNA-directed RNA polymerase subunit delta
LJ_1724 18 1 1 2 Zinc-metalloprotease
LJ_1725 40 1,1 1 2 Glycosyl transferase
LJ_1727 14 0,9 0,7 2,3 Polysaccharide biosynthesis protein
LJ_1728 14 0,9 0,8 2,4 CDP-glycerol glycerophosphotransferase
LJ_1729 40 1,3 1,6 3,4 Transcriptional regulator
LJ_1730 40 1,1 1,2 2,1 ABC transporter ATPase and permease components
LJ_1738 42 1,3 1,7 2,1 Glycerol-3-phosphate cytidylyltransferase
LJ_1740 40 1,2 1,2 2,3 Uncharacterized
LJ_1747B 40 1,2 1,4 2,1 Phosphate-starvation-induced PsiE
LJ_1751 40 1,2 1,1 2,2 Replication initiation factor
LJ_1752 40 1,3 1,2 2,5 ATP transporter
LJ_1753 40 1,1 1,1 2,6 Uncharacterized
LJ_1754 40 1,5 1,6 2,7 Uncharacterized
LJ_1765 49 1,4 2,1 1,3 Uncharacterized
LJ_1774 18 1 1,3 2 Amino acid transporter
LJ_1778 42 1,3 1,8 3,6 Uncharacterized
LJ_1779 18 0,9 1,2 2,2 Major facilitator superfamily permease
LJ_1785 18 1 1,2 2,7 Uncharacterized
LJ_1786 40 1 1,2 4,6 Quinonprotein alcohol dehydrogenase-like superfamily
LJ_1787 40 1 1,2 5,6 Uncharacterized
LJ_1788 40 1,2 1,5 4,6 Uncharacterized
LJ_1789 40 1,2 1,4 4,1 Uncharacterized
LJ_1790 40 1,2 1,9 10,2 Uncharacterized
LJ_1791 40 1,1 1,1 2,6 Cystathionine beta-synthase, core
LJ_1794 40 1,1 1,6 3,1 Uncharacterized
LJ_1796 40 1 1,2 4,4 Transcriptional regulator
LJ_1802 40 1,2 1,4 2,7 Uncharacterized
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LJ_1803 40 1,4 1,6 3,2 Uncharacterized
LJ_1804 18 0,9 1 2,5 PEP-dependent sugar PTS EIIC, probable galactitol specific
LJ_1805 40 1,1 1,3 2,3 Uncharacterized membrane protein
LJ_1806 40 1,1 1,3 2,3 CAAX amino terminal protease
LJ_1807 40 1,1 1,2 3,1 Uncharacterized membrane protein
LJ_1816 40 1,1 1,5 3,5 Basic membrane lipoprotein
LJ_1817 40 1,1 1,3 3,3 Transcriptional regulator protein RpiR
LJ_1818 40 1,4 1,3 2,3 Aldolase-type TIM barrel
LJ_1819 40 1,2 1,4 2,2 N-acetylmuramic acid 6-phosphate etherase
LJ_1822 40 1,4 1,5 3,9 Aldo/keto reductase
LJ_1823 40 1,3 1,7 3,6 Glucosamine-6-phosphate deaminase
LJ_1828 40 1,4 1,6 2,5 DNA binding domain, putative
LJ_1831 40 1,2 1,3 2,3 Transcriptional regulator
LJ_1833 40 1,3 1,4 2,3 Uncharacterized
LJ_1834 40 1,3 1,6 3,6 Beta-carotene 15,15-monooxygenase
LJ_1839 40 1 1 2 Protein of unknown function DUF1085
LJ_1841 40 1,7 2,1 4,5 Foldase protein PrsA 2
LJ_1843 18 1 0,9 1,9 Ornithine decarboxylase
LJ_1845 42 1,6 2 2,8 Acyl-CoA N-acyltransferase
LJ_1848 40 1 1,1 2,1 ABC transporter ATPase component
LJ_1850 40 1,3 1,4 3,1 DNA mismatch repair protein MutS, C-terminal
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Table S5.1B: Expression ratio of all genes with minimal twofold repression between any of the four timepoints 
(p<0.05). NCBI annotation is shown where available. Alternatively Gene Ontology classification of proteins 
or conserved domains is shown (in grey). Where no Gene Ontology classification could be assigned, the 
closest BlastP result is shown (displayed in grey, bold and italic). PTS: phosphotransferase system. PEP: 
phosphoenolpyruvate.
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LJ_0085 15 0,8 1,1 0,5 Uncharacterized
LJ_0086 27 1 1,3 0,6 ABC transporter ATPase component
LJ_0087 11 0,7 0,9 0,4 ABC transporter permease component
LJ_0129 9 0,8 0,5 0,2 Phosphonate-binding periplasmic protein
LJ_0132 26 0,8 0,9 0,4 Phosphate/phosphonate ABC transporter permease component 
LJ_0240 23 0,8 0,5 0,5 Transcriptional regulator
LJ_0268 11 0,7 0,4 0,1 50S ribosomal protein L31 type B
LJ_0302 9 0,6 0,3 0,1 Lj965 prophage antirepressor
LJ_0312 34 1,2 1 0,6 Lj965 prophage scaffold protein
LJ_0313 9 1 0,7 0,4 Lj965 prophage protein
LJ_0318 22 0,8 0,5 0,6 Lj965 prophage protein
LJ_0319 9 0,8 0,5 0,5 Lj965 prophage major tail protein
LJ_0320 11 0,8 0,8 0,5 Lj965 prophage protein
LJ_0326 38 1,3 1,5 0,7 Lj965 prophage protein
LJ_0416 34 1,1 0,9 0,6 50S ribosomal protein L7/L12
LJ_0490 11 0,9 0,7 0,4 Xaa-Pro dipeptidase
LJ_0506 26 1 0,8 0,4 Seryl-tRNA synthetase
LJ_0512 22 0,8 0,4 0,5 Drug/metabolite transporter
LJ_0604 11 0,8 0,9 0,4 ABC transporter ATPase component
LJ_0605 26 0,9 1,1 0,5 ABC transporter permease protein BceB-type
LJ_0627 15 0,8 1 0,5 PEP-dependent sugar PTS EIIAB, probable mannose specific
LJ_0628 11 0,7 0,8 0,5 PEP-dependent sugar PTS EIIC, probable N-acetylgalactosamine specific 
LJ_0629 25 0,9 0,4 1,9 PEP-dependent sugar PTS EIID, probable N-acetylgalactosamine specific 
LJ_0630 11 0,7 0,8 0,5 Uncharacterized
LJ_0700 11 0,8 0,9 0,4 Glycerol uptake facilitator protein
LJ_0745 26 0,9 0,9 0,4 Dipeptide/tripeptide permease
LJ_0803 26 0,9 0,8 0,4 Probable xylulose-5-phosphate/fructose-6-phosphate phosphoketolase 
LJ_1012 26 0,8 0,9 0,4 Probable GTP-binding protein EngB
LJ_1027 15 0,7 0,9 0,5 Glycosyl transferase, family 1
LJ_1028 11 0,9 0,6 0,4 Glycosyl transferase, family 1
LJ_1029 11 0,8 0,7 0,3 Glycosyl transferase, family 1
LJ_1030 11 0,8 0,8 0,4 Glycosyltransferase
LJ_1031 11 0,8 0,7 0,5 Oligosaccharide repeat unit polymerase
LJ_1035 22 0,8 0,5 0,7 Acyltransferase 3
LJ_1132 26 1 0,9 0,5 Two-component system response regulator
LJ_1156 9 1,1 0,6 0,3 Transcription regulator, MarR-type
LJ_1174 26 1 1 0,5 ATP-dependent DNA helicase RecQ
LJ_1211 26 1,1 0,9 0,5 Major facilitator superfamily permease
LJ_1262 9 1 0,7 0,5 CAT RNA-binding domain
LJ_1299 26 1 0,8 0,5 Uncharacterized
LJ_1300 26 1 0,8 0,5 ABC transporter permease
LJ_1301 11 0,6 0,5 0,2 ABC transporter ATPase component
LJ_1302 34 1 0,7 0,5 Transcription regulator, GntR
LJ_1320 11 0,8 0,5 0,2 Glycine--tRNA ligase alpha subunit
LJ_1392 11 0,7 0,5 0,2 Histidine--tRNA ligase
LJ_1415 9 1 0,7 0,4 SWEET sugar transporter
LJ_1426 20 0,5 1,5 1 Lj928 prophage protein
LJ_1429 11 0,8 0,8 0,4 Lj928 prophage protein
LJ_1448 26 1,1 1,2 0,5 Lj928 prophage protein
LJ_1451 26 1,1 1,1 0,5 Lj928 prophage recombination protein
LJ_1473 11 0,8 0,6 0,2 Amino acid transporter
LJ_1476 11 0,8 0,8 0,5 Sortase
LJ_1533 26 0,9 0,9 0,5 50S ribosomal protein L28
LJ_1625 34 1,1 0,9 0,5 Phenylalanine--tRNA ligase alpha subunit
LJ_1745 27 0,9 1,3 0,5 Surface protein, aggregation promoting factor
LJ_1746 11 0,8 0,9 0,4 Surface protein, aggregation promoting factor
LJ_1763 26 1 0,8 0,5 Carboxymuconolactone decarboxylase
LJ_1827 14 0,7 0,5 1,6 Purine permease PbuG-like


