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Abstract

Background: Using a functional genomics approach we addressed the impact of folate overproduction on
metabolite formation and gene expression in Lactobacillus plantarum WCFS1. We focused specifically on the
mechanism that reduces growth rates in folate-overproducing cells.

Results: Metabolite formation and gene expression were determined in a folate-overproducing- and wild-type
strain. Differential metabolomics analysis of intracellular metabolite pools indicated that the pool sizes of 18
metabolites differed significantly between these strains. The gene expression profile was determined for both
strains in pH-regulated chemostat culture and batch culture. Apart from the expected overexpression of the 6
genes of the folate gene cluster, no other genes were found to be differentially expressed both in continuous and
batch cultures. The discrepancy between the low transcriptome and metabolome response and the 25% growth
rate reduction of the folate overproducing strain was further investigated. Folate production per se could be ruled
out as a contributing factor, since in the absence of folate production the growth rate of the overproducer was
also reduced by 25%. The higher metabolic costs for DNA and RNA biosynthesis in the folate overproducing strain
were also ruled out. However, it was demonstrated that folate-specific mRNAs and proteins constitute 8% and 4%
of the total mRNA and protein pool, respectively.

Conclusion: Folate overproduction leads to very little change in metabolite levels or overall transcript profile, while
at the same time the growth rate is reduced drastically. This shows that Lactobacillus plantarum WCFS1 is unable
to respond to this growth rate reduction, most likely because the growth-related transcripts and proteins are
diluted by the enormous amount of gratuitous folate-related transcripts and proteins.

Background
Microorganisms are often used as cell factories to pro-
duce a wide range of metabolites and proteins. Meta-
bolic engineering is a suitable method to increase the
production levels of these desired compounds. Feasibil-
ity studies with lactic acid bacteria have been performed
in which strains were constructed with increased
production of metabolites such as D-alanine, sorbitol,
riboflavin, and folate [1-4]. In Lactococcus lactis, over-
production of alanine dehydrogenase in a lactate dehy-
drogenase (LDH) deficient strain resulted rerouting the
glycolytic flux towards alanine [3]. In another case, over-
expression of the complete riboflavin gene cluster in L.

lactis resulted in a high riboflavin producing L. lactis
strain [2]. A third example is the combined overexpres-
sion of the folate gene cluster and the p-aminobenzoate
(pABA) gene cluster in L. lactis which resulted in a high
folate producing strain [1]. The latter strain was able to
produce 100-fold more folate (total folate levels) when
compared to control strains. Folate biosynthesis pro-
ceeds via the conversion of GTP in seven consecutive
steps towards the biologically active cofactor tetrahydro-
folate (THF). The biosynthesis of THF includes two
condensation reactions. The first is the condensation
of pABA with 2-amino-4-hydroxy-6-hydroxymethyl-
7,8-dihydropteridine to produce dihydropteroate. Subse-
quently, glutamate is attached to dihydropteroate to
form dihydrofolate [5]. Without pABA, no THF can be
produced and THF is needed as the donor and acceptor
of one-carbon groups (i.e methyl, formyl, methenyl and
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methylene) in the biosynthesis of purines and pyrimi-
dines, formyl-methionyl tRNAfmet and some amino acids
[6,7].
The model organism Escherichia coli is commonly

used for recombinant overexpression of proteins [8].
This micro-organism has a long history of application in
the production of a vast range of proteins such as insu-
lin, human growth hormones or interferon [9-11].
A problem with overexpression of recombinant or
homologous proteins on high-copy plasmids is that the
desired phenotype may be rapidly lost when propagated
for prolonged periods of time [12]. One cause for this
instability is a metabolic burden [13,14]. In E. coli, for
example, the overproduction of a truncated elongation
factor EF-Tu leads to a reduced growth rate of the
strain [15]. It is evident that this EF-Tu overproducing
strain is handicapped because of the production of a
non-functional protein. In this case the production of
functional proteins is reduced since the functional and
non-functional proteins compete for the same resources
of the translation machinery.
Lactobacilli are commonly used to ferment food pro-

ducts like meat, vegetables and dairy products [16]. Lac-
tobacillus plantarum is a well-characterized lactic acid
bacterium and strain WCFS1 was the first in the genus
Lactobacillus for which the entire genome sequence
became publicly available [17]. Previously, a high folate-
producing L. plantarum WCFS1 strain was constructed
that produced more than 100-fold increased folate
pools, when compared to the control strain. Remarkably,
this strain exhibited a 20-25% reduction in growth rate
[18].
It remains unclear whether high production of specific

secondary metabolites such as folate can provoke a large
cellular response. This paper describes the impact of
metabolic engineering of folate production on the over-
all performance of the cell. Functional genomics tools,
including transcriptomics and metabolomics, were used
to elucidate global effects of folate overproduction.
Leads from this analysis were used to help explain the
growth rate reduction upon the overexpression of the
folate gene cluster.

Results
Metabolite formation upon folate overproduction
First of all, the impact of folate overproduction on meta-
bolite formation and the transcript profile was deter-
mined. Secondly, specific analyses were performed to
determine mechanisms that cause the observed growth
rate reduction upon folate overproduction. Previously it
was shown that homologous overexpression of the folate
gene cluster of L. plantarum results in high folate pools
[18]. It was shown that there is 55-fold more folate pro-
duced in L. plantarum cultures harboring plasmid

pNZ7026 (which carries all genes in the folate biosynth-
esis pathway) when compared to the control strain car-
rying plasmid pNZ7021 (empty expression vector) [18].
Using differential metabolomics it was determined
whether specific metabolites were more or less abundant
in L. plantarum harboring pNZ7026 in comparison to
L. plantarum carrying the control plasmid pNZ7021.
Both strains were cultivated in a pH controlled chemo-
stat culture in the presence of pABA. At steady state,
cells were harvested, quenched and extracted for meta-
bolome analysis by LC-MS/MS. In total 18 metabolites
with differential abundance were detected (Table 1). Of
this group, 15 metabolites were significantly more abun-
dant in L. plantarum harboring pNZ7026 and 3 meta-
bolites were significantly less abundant. Five of the 15
metabolites, that were more abundant in L. plantarum
harboring pNZ7026, could be linked directly to folate
biosynthesis. The metabolite assigned as 10-formyl folate
(Figure 1a) showed the largest difference in relative
abundance; this molecule was 117-fold more abundant
in L. plantarum harboring pNZ7026 as compared to the
control strain (pNZ7021). We also detected a 33- and
2.1-fold increase in abundance of a 10-formyl folate iso-
mer and 10-formyl tetrahydrofolate (Figure 1b), respec-
tively. One metabolite, 2-amino-1,4-dihydro-4-oxo-6-
pteridinecarboxylic methyl ester, is a known breakdown
product of folate. When folate is exposed to light it
decomposes into the latter compound and 2-amino-4-
hydroxypteridine [19]. The other 11 metabolites cannot
be linked directly to the folate biosynthesis pathway and
their involvement remains to be investigated. Only
3 metabolites were present in a significantly lower abun-
dance (less than 2-fold) in L. plantarum harboring
pNZ7026; these components were putatively annotated
as thymidine, 3-dehydroshikimate and 1-amino guano-
sine. In conclusion, the overexpression of the folate
gene cluster leads to a massive accumulation in 10-for-
myl folate and other folate related metabolites. However,
the global impact of folate overproduction on metabolite
accumulation is relatively low with only 18 metabolites
showing a significantly different relative abundance. In
addition, folate and pterin (intermediates in the folate
pathway) pools were analyzed by a microbiological assay
and HPLC in the intra- and extracellular fractions,
respectively (Table 2). High intracellular pterin pools
were detected only in L. plantarum harboring pNZ7026
in the absence of pABA. The principal pterin was identi-
fied as 6-hydroxymethylpterin from its chromatographic
properties, and was detected in the extra- and intracellu-
lar fraction. In the folate biosynthesis pathway, 6-hydro-
xymethylpterin (in its dihydroform) is activated by
pyrophosphorylation and then condensed with pABA to
form dihydropteroate, which is then glutamylated
to yield folate. This demonstrates that L. plantarum
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WCFS1 cannot convert 6-hydroxymethylpterin into
folate in a medium lacking pABA. In addition, Table 2
shows that independent from the presence of pABA in
CDM; the growth of L. plantarum harboring pNZ7026
was 25% lower when compared to control strain. In
summary, the high folate or high pterin levels alone can-
not explain the growth rate reduction of the folate over-
producing strain.

Transcriptional profiling of folate overproducing cells
DNA microarrays were used to analyze differential gene
expression in response to high intracellular folate pools.
For this study, we selected two different cultivation con-
ditions (continuous and batch culture) to make a

distinction between gene expression profiles specific for
high folate pools and secondary effects of the overex-
pression of the folate gene cluster, e.g. differences
in growth rate (as can be observed in batch cultures
Table 2). It is assumed that any similarity in gene
expression between both cultivation conditions is due to
the production of folate or the high folate pools. All
genes which are significantly up- or down-regulated are
presented in Table 3. The only genes that were differen-
tially expressed both in batch and continuous culture
are the 6 genes of the folate biosynthesis cluster (shown
in bold and italics in Table 3). Because these genes were
constitutively overexpressed on a high copy plasmid, the
observed response is expected. This analysis shows that

Table 1 Metabolites that differ significantly in relative abundance between L. plantarum WCFS1 harboring pNZ7026
and pNZ7021

Putative compound name ratio pNZ7026/pNZ7021 apparent mass [M+H]+ Ppm Δ mass

10-formyl folate 117.2 470.1431 2.6

10-formyl folate isomer 33.6 470.1493 15.8

Novel C17H14O3 20.4 267.1007 -5.3

Novel folate C24H23N7O5 19.4 490.1796 -7.9

1-[(2-methoxyphenyl)methyl]-5-nitro-2H-indazol-3-one 11.6 300.1000 7.1

C20H22N5O2S 5.7 396.1491 0.3

Unidentified 5.7 728.2331

2-amino-1,4-dihydro-4-oxo-6-pteridinecarboxylic methyl ester 4.9 222.0674 23.5

Unidentified 3.8 254.0952

Adenosine 2.8 268.1066 -2.8

C18H32O16 2.6 505.1852 17.4

5-methylthioadenosine 2.4 298.1034 10.9

C4H10N4OS 2.2 163.0651 1.09

C12H27N7O14P2 e.g. nicotinamide arabinoside adenine dinucleotide 2.1 556.116 12.8

10-formyltetrahydrofolate 2.1 474.1813 7.3

Thymidine 0.6 243.0938 9.4

C10H14N6O5 e.g. 1-amino guanosine 0.6 299.1132 15.1

3-dehydroshikimate 0.5 173.0471 14.3

The table shows the putative compound name, the relative abundance of the metabolite, apparent mass of the compound, and the deviation of the apparent
mass compared to the expected mass.

Figure 1 The structure of 10-formyl folate (a) and 10-formyl tetrahydrofolate (b).
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high folate pools or the elevated synthesis of folate does
not lead to a global transcriptional response. Instead, it
was found that 8 and 11 other genes responded specifi-
cally to secondary effects of the overexpression of the
folate cluster in continuous and batch culture, respec-
tively (Table 3). In continuous culture the 8 differen-
tially expressed genes are involved in cation uptake or
belong to a cell surface cluster which is predicted to be
involved in the uptake of complex carbohydrates [20].
The biological relevance of down-regulation of these
genes is unclear. In the batch experiment a total
of 11 genes were significantly regulated upon the

overexpression of the folate gene cluster. One gene clus-
ter, involved in pyrimidine biosynthesis, appears to
respond specifically to the growth rate reduction; as was
noted in Table 2. Remarkably, this gene cluster was also
down-regulated when the folate gene cluster was over-
expressed in the absence of pABA (data not shown).
The pyrimidine biosynthesis gene cluster is composed of
9 genes, from lp_2697 (pyrE) until lp_2704 (pyrR1),
including a gene upstream of the pyrimidine gene clus-
ter, lp_2696 and a pyrimidine transporter pyrP, lp_2371.
Two additional genes, ansB and rhe1, are up-regulated
upon the overexpression of the folate gene cluster in

Table 2 Intracellular and extracellular concentration of 6-hydroxymethylpterin and folate in L. plantarum harboring
pNZ7021 and pNZ7026 in the presence and absence of pABA

6-Hydroxymethylpterin (nmol/50-ml culture) Folate μg/L per OD600 unit

L. plantarum harboring μmax h
-1 Intracellular Extracellular Intracellular Extracellular

pNZ7021 0.61 (0.02) 0.1 NDa ND ND

pNZ7021 + pABA 0.60 (0.02) 0.1 NDa 3.93 (1) 8.56 (3)

pNZ7026 0.45 0.02) 3.0 1692 ND ND

pNZ7026 + pABA 0.44 (0.01) 0.2 217 216 (29) 3020 (202)
a ND, not detectable

Note: The standard deviation of the folate assay is shown between brackets.

Table 3 Overview of genes that are differentially expressed in the L. plantarum strain harboring pNZ7026 when
compared to the control strain (pNZ7021)

Continuous culture Batch culture

Synonyms Sub class log2 ratio Holmes sign. log2 ratio Holmes sign.

rhe1 ATP dependent RNA helicase -0.38 1.00 -1.59 0.07

mtsC Cations 1.33 0.00 -0.01 1.00

mtsB Cations 1.43 0.00 -0.02 1.00

mtsA Cations 1.46 0.00 -0.07 1.00

pyrP Nucleoside, purines and pyrimidines 0.19 1.00 1.89 0.02

Lp_2696 Conserved: membrane proteins 0.04 1.00 1.32 0.07

pyre Pyrimidine ribonucleotide biosynthesis 0.15 1.00 2.84 0.07

pyrF Pyrimidine ribonucleotide biosynthesis 0.14 1.00 2.73 0.01

pyrD Pyrimidine ribonucleotide biosynthesis 0.14 1.00 2.75 0.00

pyrAB Pyrimidine ribonucleotide biosynthesis 0.11 1.00 2.74 0.00

pyrC Pyrimidine ribonucleotide biosynthesis 0.14 1.00 3.04 0.00

pyrB Pyrimidine ribonucleotide biosynthesis 0.08 1.00 2.88 0.00

pyrR1 Other -0.06 1.00 2.01 0.00

ansB Glutamate familiy -0.16 1.00 -1.37 0.08

mntH2 Cations 1.28 0.00 0.45 1.00

folP Folate biosynthesis -5.50 0.00 -5.86 0.00

Xtp2 Folate biosynthesis -5.31 0.00 -6.28 0.00

folC2 Folate biosynthesis -5.85 0.00 -6.44 0.00

folE Folate biosynthesis -5.36 0.00 -6.41 0.00

folK Folate biosynthesis -5.80 0.00 -6.47 0.00

folB Folate biosynthesis -5.54 0.00 -6.21 0.00

Lp_3412 Cell surface proteins: other -1.53 0.01 -0.28 1.00

Lp_3413 Cell surface proteins: other -1.93 0.00 -0.37 1.00

Lp_3414 Cell surface proteins: other -2.10 0.00 -0.43 1.00

Lp_3415 Other -1.17 0.00 -0.72 0.72
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batch culture. AnsB (E.C. 3.5.1.1) is involved in the con-
version of L-aspargine into L-aspartate. Rhe1 is involved
in the unwinding of RNA-helices. The biological rele-
vance of the differential expression of these genes under
those conditions remains unclear. However, from these
experiments it can be concluded that the reduced
growth rate (as observed in batch culture in the pre-
sence and absence of pABA; Table 2) does not trigger a
large transcriptional response, instead only a few genes
could potentially be linked to the growth rate reduction.
Moreover, none of the genes of L. plantarum appears to
respond specifically to high folate pools, or the increased
biosynthesis of folate.

Mechanism of growth rate reduction
Functional genomics tools such as transcriptomics and
metabolomics showed that folate overproduction in
L. plantarum has a low impact on the global transcrip-
tion profile and metabolite formation. The growth rate
of L. plantarum harboring pNZ7026 was reduced by
25%, when compared to L. plantarum harboring
pNZ7021 in the presence or absence of pABA (Table 2).
This notion shows that a high folate pool itself cannot
explain the growth rate reduction. To get insight into
potential mechanisms for the growth rate reduction we
explored several possible causes of reduced growth rate:
i) metabolic costs for mRNA synthesis and plasmid
synthesis; ii) increased pools of mRNA and/or protein of
the transcription/translation machinery; and iii) deple-
tion of GTP by its drainage away for folate production.
The experimental approaches to investigate the involve-
ment of these mechanisms are described below.

Effect of elevated mRNA synthesis and plasmid
replication on the growth rate
It was determined whether the growth rate reduction
could be explained by increased metabolic cost for
mRNA synthesis or plasmid replication. When compar-
ing the signals of all transcripts (9606 gene related
probes representing the 3688 genes) on the microarrays
with the signals of the folate biosynthesis transcripts (a
total of 18 probes on the microarray), it was found that
the latter are the highest expressed genes on the entire
microarray, even higher than glycolytic and ribosomal
protein transcripts. In L. plantarum WCFS1 harboring
pNZ7021 and pNZ7026 the folate mRNAs are on aver-
age 0.16% and 8.3% of the total mRNA pool, respec-
tively. Next, it was investigated whether the cost for
mRNA synthesis could explain the reduced growth rate
of L. plantarum harboring pNZ7026. Simultaneously,
the difference in plasmid size of pNZ7021 and
pNZ7026, with 3.3 and 7.7 Kb, respectively, was also
marked as a potential cause, reflecting the plasmid

replication cost and assuming a similar copy number for
both plasmids. To test this explanation, the growth per-
formance, mRNA synthesis and plasmid copy numbers
were determined for L. plantarum harboring pNZ8148
(empty vector), pNZ7030 (folate gene cluster in sense
orientation) and pNZ7031 (folate gene cluster in anti-
sense orientation). The gene expression using plasmids
pNZ7021 and pNZ7026 is constitutive which is in con-
trast to pNZ8148, pNZ7030 and pNZ7031, in these plas-
mids gene expression is regulated by the addition of
nisin. Using the strains with the latter plasmids we were
able to make a distinction between the effect of mRNA
synthesis alone (L. plantarum harboring pNZ7031) and
the combined effects of mRNA and protein synthesis
(L. plantarum harboring pNZ7030). In silico analysis
using MEME and MAST predicted no putative func-
tional ribosome binding sites on the folate gene cluster
in the antisense orientation (pNZ7031), showing that no
antisense-proteins are likely to be made using this con-
struct. Growth rates and folate pools were determined
in the strains carrying the different plasmids (Table 4).
The growth rate of L. plantarum harboring pNZ7030
was reduced regardless of whether gene expression was
induced with nisin. The growth rates of L. plantarum
containing pNZ8148 (control plasmid) and pNZ7031
(antisense orientated plasmid) were unaffected. Interest-
ingly, overexpression of the folate gene cluster in the
antisense orientation results in a 6-fold increase in folate
production pools when compared to control strain. By
RT-qPCR it was confirmed that L. plantarum strains
harboring pNZ7030 and pNZ7031 produced the antici-
pated mRNAs (Table 5). The relative expression level in
L. plantarum harboring pNZ8148 is arbitrarily set at 1
and the gene expression values in the two other strains
were related to this strain. Overexpression of the folate
genes in the sense and antisense orientations resulted in
a vast increase in the expected mRNAs, but only in L.
plantarum harboring pNZ7030 was a reduced growth
rate observed, suggesting that mRNA production itself is
not responsible for the growth impairment. The relative
plasmid copy number of L. plantarum harboring
pNZ8148, pNZ7030 and pNZ7031 before and after nisin
induction is shown in Table 6. This analysis shows that
the relative plasmid copy number varies between the
different constructs. The strain with the highest plasmid
copy number is L. plantarum harboring pNZ7030, sug-
gesting that increased plasmid synthesis could explain
the growth rate reduction. However, a 5-fold increase in
relative copy number for L. plantarum harboring
pNZ7031 in the induced and uninduced condition did
not result in a growth rate reduction, showing that rela-
tive copy numbers may vary between strains and are not
necessary linked to growth rate effects. In conclusion,
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the observed growth rate reduction in the folate over-
producer cannot be attributed to the increased meta-
bolic costs for mRNA synthesis or plasmid replication.

Analysis of mRNA and protein pools upon overexpression
of the folate gene cluster
Another explanation for the growth rate reduction of
the folate overproducing strain might be competition
between growth related and gratuitous transcripts/pro-
teins for the transcription/translation machinery. It was
described above that in L. plantarum WCFS1 harboring
pNZ7026, the transcripts derived from the folate genes
constitute 8.3% of the total mRNA pool. Since the
growth rate of L. plantarum harboring pNZ7030 was
also reduced, the same analysis was performed on the
mRNA pools of this strain. It was determined that the
folate specific mRNA pool in this strain constitute an
impressive 33% of the total mRNA pool. Consequently,
the overexpression of the folate gene cluster results in
an enormous accumulation of folate specific mRNAs.
Also, the relative abundance of the folate biosynthesis

enzymes was determined by SDS-PAGE for L.
plantarum WCFS1 harboring pNZ7021, pNZ7026,
pNZ8148, pNZ7030, and pNZ7031 (in pNZ8148,
pNZ7030, and pNZ7031 with and without induction
with nisin) (Figure 2). The protein band patterns on the
SDS-PAGE gel were quantified using ImageJ. The total
peak area (representing the total protein content) and
the peak area of folate biosynthesis proteins were deter-
mined. Clear folate protein peaks could be distinguished
for L. plantarum harboring pNZ7030 that matched with
the expected protein sizes (5 of the 6 proteins were

detected, 1 protein is too small for detection on gel).
For L. plantarum harboring pNZ7026, the two largest
proteins were identified (Figure 2). The folate protein
content in L. plantarum harboring pNZ7021, pNZ8148
and pNZ7031 were set at 0% folate proteins. In L. plan-
tarum containing pNZ7026 and pNZ7030 (after nisin
induction) the folate proteins constitute 4 and 10% of
the total protein pool, respectively. The relatively high
production of folate related transcripts and proteins in
relation to transcripts and protein needed for growth,
indicates that the metabolic burden of folate overpro-
duction is an important factor.

The drain on GTP pools by folate production
Apart from being a precursor in folate biosynthesis,
GTP is also consumed during the synthesis of DNA and
RNA. The drain on the GTP pool due to excessive
folate production is calculated for L. plantarum WCFS1
harboring pNZ7026. Based on the biomass composition
of L. plantarum WCFS1 [21], it was determined that
0.10 mmol/g dry weight (DW) GTP is stored in DNA
and RNA. In L. plantarum harboring pNZ7026 approxi-
mately 0.04 mmol/g DW GTP is stored in folate.
Assuming a free GTP pool of approximately 0.5 mM
[22] and an internal bacterial cell volume of 3.6 μl/mg
protein [23], the free GTP pool is calculated to be in
the order of magnitude of 10-6 mol/g DW and therefore
negligible. Based on these numbers it was estimated that
29% of the GTP in L. plantarum harboring pNZ7026 is
directed into folate (or pterins). For L. plantarum har-
boring pNZ7021 this is less than 0.03%. Surprisingly, the
large drain on GTP did not provoke a transcriptional

Table 4 Growth rates, and folate pools in the uninduced and induced cell culture of L. plantarum harboring
pNZ8148, pNZ7030, and pNZ7030

L. plantarum 0 ng/ml nisin 25 ng/ml nisin

Harboring Folate μg/L per OD600 unit μmax h
-1 Folate μg/L per OD600 unit μmax h

-1

pNZ8148 6 (0.6) 0.40 (0.04) 6 (0.4) 0.369 (0.01)

pNZ7030 783. (63) 0.31 (0.02) 1736 (211) 0.24 (0.03)

pNZ7031 35 (3) 0.41 (0.02) 31 (4) 0.44 (0.01)

Note; standard deviation is given in parentheses.

Table 5 Relative expression of folB and folP in L. plantarum harboring pNZ8148, pNZ7030, and pNZ7030 after
20 minutes and 4 hours following nisin induction and in the uninduced cultures

0 ng/ml nisin 25 ng/ml nisin

time minutes L. plantarum harboring Average expression folB-folP Average expression folB-folP

20 pNZ8148 sense 1 1

20 pNZ7030 sense 64 584

20 pNZ7031 antisense 84 2864

240 pNZ8148 sense 1 1

240 pNZ7030 sense 1 38

240 pNZ7031 antisense 3 11

Expression values of the two folate genes, folB and folP, are normalized to groES, and are indicated as average expression folB-folP.

Wegkamp et al. Microbial Cell Factories 2010, 9:100
http://www.microbialcellfactories.com/content/9/1/100

Page 6 of 14



response with respect to expression of purine biosynth-
esis genes in L. plantarum harboring pNZ7026. These
calculations show that folate overproduction may
impose a large drain on the biosynthesis of important
molecule such as GTP, without affecting the expression
of genes related to purine biosynthesis.

Discussion
Overexpression of the folate gene cluster in L. plan-
tarum leads a high level of folate production, but this is
also accompanied by a reduction in growth rate. This
reduction, however, did not provoke a clear transcrip-
tional or metabolic response. This is in contrast to Sac-
charomyces cerevisiae and Escherichia coli where gene
expression profiles were found to be profoundly differ-
ent at varying growth rates [24,25]. It appears that the
folate overproducing L. plantarum strain is unable to
respond to the growth rate reduction. Our experiments
demonstrated that the folate specific mRNAs constitute

8.3% and 33% of the total mRNA pool of the cell in
cells using the constitutive- (pNZ7026) and nisin induci-
ble plasmid (pNZ7030), respectively. These mRNA levels
were even higher than glycolytic- and ribosomal protein
transcripts. Based on the observed inability of the cell to
respond to the imposed growth rate reduction, we
hypothesize that the reduced growth rate in the over-
producer is caused by the high proportion of gratuitous
transcripts which dilute all growth related mRNAs (such
as those for ribosomal protein synthesis). This is not tri-
vial since the growth rate itself is largely dictated by the
level of protein synthesis and RNA production [26].
Additionally, it is reported that at a high growth rate
the mRNAs become ever more crowded with ribosomes,
thereby the average spacing of ribosomes on the mRNA
shifts from 120 to 60 nucleotides at higher growth rates
[27]. When a huge number of ribosomes start to occupy
gratuitous mRNAs (such as folate mRNAs), translation
of growth related mRNAs (such as ribosomal proteins
themselves) will be reduced. In many cases growth rate
reductions upon the overexpression of gratuitous pro-
teins have been referred to as a metabolic burden, and
have been associated with the production of specific
proteins which lead to a reduction in growth rate
[15,28]. However, since in bacteria the process of tran-
scription and translation are tightly coupled, it might
very well be that dilution of growth related mRNAs is
crucial for explaining the growth rate reduction upon
overexpression. Still, the need for rare tRNAs cannot be
excluded as one of the factors explaining the growth

Table 6 Relative copy number for pNZ8148, pNZ7030,
and pNZ7030 in L. plantarum determined in the induced
and uninduced cultures

0 ng/ml nisin 25 ng/ml nisin

L. plantarum
harboring

Relative copy
number

Relative copy
number

pNZ8148 218 (2) 228 (17)

pNZ7030 2245 (197) 801 (51)

pNZ7031 2058 (171) 387 (17)

Note: The standard deviation is presented between brackets, and is calculated
from two independent measurements.

Figure 2 SDS-PAGE gel showing a standard protein marker with the indicated molecular weights (in kDa) on both outside lanes of
the gel. Lane 1 till 8 show the protein content of L. plantarum harboring pNZ7021, pNZ7026, pNZ8148 (0 ng/ml nisin), pNZ8148 (25 ng/ml
nisin), pNZ7030 (0 ng/ml nisin), pNZ7030 (25 ng/ml nisin), pNZ7031 (0 ng/ml nisin) and pNZ7031 (25 ng/ml nisin), respectively. In lane 6 five
bands are indicated as: a) (FolC2, 50.4 KDa), b) (FolP, 29.2 KDa), c) (Xtp2, 21.7 KDa), d) (FolE, 21.0 KDa), and e) (FolK, 18.9 KDa). In lane 2 the bands
a) (Folc2, 50.4 KDa) and b) (Folp, 29.2 KDa) were detected.
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rate reduction. It was found that three codons (tRNAArg

(AGG), tRNACys, (UGC), and tRNAIle (AUA)) were
5-fold less abundant in the genome of L. plantarum
WCFS1 when compared to the sequence of the folate
gene cluster (unpublished data). In E. coli it was
observed that the overexpression of tryptophanase (EC
4.1.99.1) resulted in a growth rate reduction mainly
because it led to a shortage of a specific tRNA mole-
cules [29].
The reduced growth rate of L. plantarum harboring

pNZ7026 suggests a kind of stress, but besides the
down-regulation of pyrimidine gene cluster (in the
batch cultures) no generic stress response was provoked.
Applying stress to a microorganism often leads to
slower growth. In E. coli, for example, the transcrip-
tional response was determined in a strain carrying a
plasmid for overproduction of chloramphenicol acetyl-
transferase in comparison with a wild-type strain carry-
ing no recombinant plasmids [14]. From this experiment
it was evident that overproduction of chloramphenicol
acetyltransferase provoked stress to the cell, as indicated
by the large number of stress-response and growth
related genes that were differentially expressed. The
response of L. plantarum to folate overproduction is
clearly different from the response of E. coli towards
overproduction of chloramphenicol acetyltransferase.
One possible explanation is that we have used a control
strain carrying an empty plasmid, and therefore both
the control strain and the overproducer experience the
presence of chlorampenicol.
The metabolomics data in our study indicate that only

a few metabolites were significantly affected in their
relative abundance in L. plantarum harboring pNZ7026.
One metabolite, 10-formyl folate, was 117-fold more
abundant in L. plantarum harboring pNZ7026. This was
unexpected since it is assumed that the reduced deriva-
tive, 10-formyl tetrahydrofolate, is produced by the
organism. In L. lactis, for example, 10-formyl tetrahy-
drofolate was detected as the most dominant type of
folate [30]. Since tetrahydrofolate derivatives are known
to be unstable [31-33] this component may have been
converted to the oxidized form (folate) in the bacterial
cells or during metabolite extraction or LC-MS analysis.
The compound 10-formyl folate is supposed to be biolo-
gically inactive [34], however, we have demonstrated
that 10-formyl folate can be used by the indicator strain
in the microbiological folate assay.
Remarkably, overexpression of the folate gene cluster

in the antisense orientation results in 6 fold increased
folate production when compared to control strain. Pos-
sibly, the antisense mRNA stabilizes the sense mRNA.
This partially double stranded RNA is expected to
be protected from degradation by RNA nucleases
which may explain increased folate production and

consequently elevated folate pools. Such mechanism of
antisense overexpression could be exploited as a novel
procedure for overproduction of proteins or metabolites.
Based on our results, we calculated that approximately

29% of the synthesized GTP is directed into folate, indicat-
ing that the growth rate reduction is, at least partly, linked
with a shortage in the supply of GTP. Therefore, since
folate overproduction has a large drain on GTP pools, this
might have implications for protein synthesis, since GTP
hydrolysis for protein synthesis alone accounts for more
than 32% of the total energy turnover a of lactic acid bac-
terium [35,36]. Transcriptome analysis showed no differen-
tial expression of the purine biosynthesis genes, suggesting
that either there is no shortage in GTP supply, or GTP
shortage does not provoke a transcriptional response to
the purine genes. In Bacillus subtilis, a positive correlation
was found between free GTP pools and the growth rate
[37]. In L. lactis, the GMP-synthetase inhibitor, decoyinine,
reduced the free GTP pool 2-fold, and reduced the growth
rate of the organism [22]. When comparing the metabo-
lome of the control strain with the folate overproducer, no
reduction in relative abundance of GMP, GDP, or GTP
was detected in our metabolome analysis. The only meta-
bolite that could be linked to GTP shortage is 1-amino
guanosine. However, it remains unclear whether this com-
ponent can be phosphorylated, since few nucleoside
kinases are known in lactic acid bacteria [36,38].

Conclusion
High copy plasmids are often used for the overproduc-
tion of commercially interesting proteins or metabolites.
In Lactobacillus plantarum WCFS1, homologous over-
expression of entire gene cluster encoding folate bio-
synthsis results in high folate production. An important
obstacle for robust folate production is the reduced
growth rate of this overproducing strain. In the folate
overproducing L. plantarum strain we did not observe
large changes in transcript or metabolite formation.
Apparently, L. plantarum does not adequately respond
to the adverse (metabolic) effects of excessive high levels
of folate biosynthesis. A possible explanation for the
observed growth rate reduction is competition between
highly abundant non-growth related mRNAs (of the
folate biosynthesis pathway) and growth related (house-
hold) mRNAs at the level of the transcription/transla-
tion machinery. This explanation is generally applicable
for all microbial cell factories employing high copy over-
expression vectors.

Methods
Bacterial strains, media and culture conditions
Lactobacillus plantarum WCFS1 and derivatives thereof
(Table 7 for the complete list of used strains and plas-
mids) were cultivated at 37°C on Chemically Defined
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Medium (CDM), as described before [39]. Unless stated
otherwise, CDM is complete. In a number of specific
batch culture experiments pABA was omitted or added,
thereby using a concentration of 10 mg/L. Precultiva-
tions of L. plantarum harboring pNZ7021 and pNZ7026
was performed in non-pH regulated batch cultures
using 56 mM glucose as fermentable substrate. L. plan-
tarum harboring pNZ7021 and pNZ7026 was also culti-
vated in a pH-regulated batch fermentor and in
chemostat culture on CDM supplemented with 25 mM
glucose. A concentration 80 mg/L chloramphenicol
(CM) was used in batch and continuous culture. For the
construction of genetically modified strains, MRS broth
and agar was used (Difco, Surrey, U.K.). For selection on
MRS plates 10 mg/L CM was applied to the agar. Lacto-
coccus lactis was grown at 30°C on CDM supplemented
with 56 mM glucose as described previously [40,41].

Transformed L. lactis strains were cultivated and
selected on M17 broth [42] and agar using 10 mg/L
CM.

Construction of genetically engineered strains
Genomic DNA of L. plantarum WCFS1 was isolated
using established procedures [43]. PCR was performed
using PFX (Invitrogen, Breda, The Netherlands), apply-
ing PCR cycles of 94°C for 30 sec denaturation, 43°C for
30 sec for primer annealing, and 68°C for elongation (1
min per Kb). DNA ligation was performed using T4
DNA ligase (Invitrogen) by overnight incubation at
16°C. DNA fragments were mixed at a 5:1 insert:vector
weight ratio. Two nisin inducible vectors were con-
structed, based on pNZ8148 [44]. In one vector the
folate gene cluster of L. plantarum was cloned under
the control of the nisin promoter in the sense

Table 7 List of strains, constructed plasmids, and primers used in this study

Material Relevant features Source of reference

Strains

L. lactis; NZ9000 MG1363 pepN:nisRK, Cloning host [44]

L. plantarum WCFS1 Cloning host, genomic DNA isolation [17]

L. plantarum NZ7100 WCFS1 :nisRK, Cloning host [46]

Plasmids

pNZ7021 CmR, pNZ8148 derivative, nisin promoter replaced by pepN promoter [1]

pNZ7026 CmR, pNZ7021 derivative containing the folB, folP, folK, folE, xtp2 and folC2 gene
cluster of L. plantarum WCFS1

[18]

pNZ8148 CmR, nisin regulated promotor [44]

pNZ7030 CmR, pNZ8148 derivative containing folB, folP, folK, folE, xtp2 and folC2 gene
cluster of L. plantarum WCFS1 in the sense orientation

(this study)

pNZ7031 CmR, pNZ8148 derivative containing folB, folP, folK, folE, xtp2 and folC2 gene
cluster of L. plantarum WCFS1 in the antisense orientation

(this study)

Primers

LpfBnco-F CTGGGATACCCATGGGCATGATTC

LpfPkpn-R CGTCAAAAGGTACCGGACTAATCATTATTCG

pNis-F TAGTCTTATAACTATACTGAC

LpfB-R CTTGCCATTCGGCGTCCCCTCCACCTCAATTTCC

LpfBatg-F ATGGGCATGATTCGAATTAATAATTTACG

LpfP-xbatest GAATTTAATTATTTGCGACGCCCAAT

FQPCRfolBS CCTATCGAAACCAAGGTTCAACA

RQPCRfolBS ACAAATTCATCGACCACGTTACG

FQPCRfolBAS TCAACTTGTATGAATGGGTCGTTACA

RQPCRfolBAS CGTTCACGAGACCATCAATTACG

FQPCRFPS CATTATTAACGATGTGAACGCCTTT

RQPCRFPS CGCGACTGTCAGCCATCAAT

FQPCRfPAS CTAACAGCGTAATCAATTGCTTGGT

RQPCRfPAS CTTAAGGGTGGCCGGATCA

groES-fo(2) CCCAAAGCGGTAAGGTTGTT

groES-re(2) CTTCACGCTGGGGTCAACTT

pfk-fo1 TCCAGGGACGATCGATAATGA

pfk-re1 GCTTGCACGTTGGTGTTGAAC
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orientation and, in the other, in the antisense orienta-
tion. The folate gene cluster was amplified in the sense
orientation by PCR using LpfBnco-F and LpfPkpn-R as
forward and reverse primers, respectively. Both primers
were modified to introduce a restriction site for cloning
of the DNA fragments (modified bases underlined in
Table 7). The insertion plasmid pNZ8148 and the
amplified DNA were digested with KpnI and NcoI. Both
fragments were mixed and used for T4 DNA ligation.
The DNA mix was transferred to L. lactis NZ9000 for
transformation by electroporation, using established pro-
cedures [45]. The electroporated L. lactis suspension
was plated and incubated for 40 h at 30°C. Chloramphe-
nicol (CM) resistant colonies were checked for the pre-
sence of proper plasmids by PCR with pNis-F and LpfB-
R as forward and reverse primer, respectively. Positive
colonies were grown and plasmid DNA was extracted
and then isolated using Jetstar columns (Genomed
GmbH, Bad Oeynhausen, Germany). The restriction
profile of the plasmid was determined; the plasmid with
the proper restriction profile was named pNZ7030. The
antisense vector was made by amplification of the folate
gene cluster using, LpfBatg-F and LpfPkpn-R as the for-
ward and reverse primers, respectively. The amplified
linear fragment of DNA was digested with KpnI, and
pNZ8148 was digested with KpnI and PmlI. The
digested PCR product and digested plasmid were mixed
and used for T4-DNA ligation. The DNA mix was
transferred L. lactis NZ9000 for transformation as
described above and plated on M17 plates with CM.
After 40 h of growth, CM resistant colonies were
checked for the presence of the correct plasmid by PCR;
pNis-F and LpfP-xbatest were used as forward and
reverse primer, respectively. Positive colonies were
grown and plasmid DNA was extracted and then iso-
lated using Jetstar columns. The restriction profile of
the plasmid was determined and the plasmid with the
proper restriction profile was named pNZ7031. The
plasmids pNZ8148, pNZ7030 and pNZ7031 were used
for transformation of L. plantarum NZ7100 [46] by
electroporation using established procedures [47], and
plated on MRS with CM. CM-resistant colonies were
checked for the proper plasmid by PCR, using the pri-
mers as described above. Colonies with the proper plas-
mid were grown on CDM with the 80 mg/L CM and
stored at -80°C in glycerol stocks waiting for further use.

Continuous culture
Chemostat cultivation was performed in a 1-L reactor
(Applikon Dependable Instruments, Schiedam, The
Netherlands) containing 0.5 L CDM. Temperature was
controlled at 37°C. L. plantarum harboring pNZ7021
and pNZ7026 were inoculated in the reactor; first expo-
nential growth of the culture was allowed until the

maximal turbidity at 600 nm was reached. Next, the
dilution rate of both cultures was set at 0.25 h-1. Steady
state was assumed after 5 volume changes. A stable pH
of 5.5 was maintained by titration with 5 M NaOH, the
pH was monitored by an ADI 1020 fermentation control
unit (Applikon Dependable Instruments, Schiedam, The
Netherlands). Anaerobic conditions were obtained by
flushing the headspace of the reactor with nitrogen gas.

Folate, pABA and pterin analyses
Folate was quantified using the microbiological assay,
including enzymatic deconjugation of polyglutamate
tails [48,49]. Pterin pools were determined (after oxida-
tion to the aromatic forms) by HPLC in the intracellular
and extracellular fractions of L. plantarum WCFS1 cul-
tures using the procedures described by Klaus [50]. The
6-hydroxymethylpterin standard for HPLC was pur-
chased from Schircks (Jona, Switzerland).

Transcriptome analysis
Cultures of L. plantarum WCFS1 strains were quenched
using the cold methanol method [51]. Total RNA was
isolated and extracted as described before [52]. The
RNA concentration was determined with the ND-1000
spectrophotometer (NanoDrop Technologies Inc., USA).
The quality of the isolated RNA was checked using the
2100 Bioanalyser (Agilent Technologies, Santa Clara,
CA, USA); a ratio of 23 S over 16 S rRNA of ≥1.6 was
taken as satisfactory. For cDNA synthesis, 5 μg RNA
was used. Indirect labeling was performed with the
CyScribe first-strand cDNA labeling kit (Amersham,
United Kingdom) according to the manufacturer’s pro-
tocol. The cDNA samples were labeled with cyanine 3
and cyanine 5. After labeling, the cDNA concentration
and the labeling-efficiency were determined using the
ND-1000 spectrophotometer. Each microarray was
hybridized with 0.5 μg labeled Cy3 and Cy5 cDNA.
A total of 12 custom designed microarrays (Agilent
Technologies) were used for the comparison between
the L. plantarum harboring pNZ7021 and pNZ7026 in
continuous culture. Both strains were also cultivated in
pH regulated batch culture on CDM with and without
pABA; for this experiment 21 microarrays were used.
Microarrays were hybridized and washed according to
the manufactures protocol. Slides were scanned with
a ScanArray Express scanner (Perkin-Elmer), using a 10-
μm resolution. Images were analyzed with the ImaGene
4.2 software (BioDiscovery, Inc.). Raw data are deposited
on GEO under accession number GSM226923 till
GSM226943 for the batch experiment microarrays and
GSM239110 till GSM239121 for the continuous culture
experiment, respectively.
The fraction of folate mRNAs as part of the total

mRNA pool was determined as follows. First the signals
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from the control spots, which are needed for validation
purposes, on the custom designed Agilent DNA-micro-
arrays were removed from the raw data set, assuring
that only 8012 L. plantarum probes, representing 2792
genes (91.5% of the genome), were measured. From
each probe the intensity of the foreground-signal and
background-signal was measured separately for Cy3 and
Cy5 signals. The pure probe signal was determined by
subtracting the background from the foreground signal.
Total signal was determined by summing the raw probe
signal of all 8012 probes, the folate signal was deter-
mined by adding-up the raw probe signals of the 18
folate probes.
Microarray hybridization schemes were made for the

continuous culture experiment and the batch experi-
ment performed in the presence and absence of pABA.
The continuous culture scheme consisted of a loop
design with 12 microarrays with the following samples
hybridized on one array and labeled with Cy3 and Cy5,
respectively: C1 and F1, F1 and C3, C3 and F2, F2 and
C2, C2 and F3, and F3 and C1, C1 and C2, F2 and F1,
C4 and F4, C2 and C4, F4 and F1, and F4 and C3. Here,
C1, C2, C3, and C4 represent fourfold biological repli-
cates from L. plantarum harboring pNZ7021. F1, F2, F3,
and F4 represent fourfold biological replicates of L.
plantarum harboring pNZ7026. The experimental
scheme for the batch experiment performed with and
without pABA, consisted of a loop design with 21
microarrays with the following samples hybridized on
one array and labeled with Cy3 and Cy5, respectively:
C1+P and F1+P, F1+P and C2+P, C2+P and F3+P, F3+P
and C3+P, C3+P and F2+P, F2+P and C1+P, C1+P and
C2+P, F2+P and F3+P, C1-P and F1-P, F1-P and C2-P,
C2-P and F3-P, F3-P and C3-P, C3-P and F2-P, F2-P
and C1-P, C1-P and C2-P, F2-P and F3-P, C3-P and F1
+P, F2+P and C1-P, C2+P and F3-P, F1-P and C3+P,
and F2+P and F1-P. Here, C1+P, C2+P, C3+P, F1+P, F2
+P, and F3+P represent threefold biological replicates of
the L. plantarum harboring pNZ7021 and pNZ7026,
respectively, when grown in batch in the presence of
pABA. The C1-P, C2-P, C3-P, F1-P, F2-P, and F3-P,
represent the L. plantarum harboring pNZ7021 and
pNZ7026, respectively, when grown in batch in the
absence of pABA.
Microarray data were analyzed as described previously

[52]. The statistical significance of differences was calcu-
lated from variation in biological replicates, using the
eBayes function in Limma (cross-probe variance estima-
tion) and Holmes determination of significance. Only
genes with a log2 ratio of -1 and +1 and a Holmes value
less than 0.1 were considered significant.
The microarray platform and microarray data are avail-

able at the Gene Expression Omnibus http://www.ncbi.
nlm.nih.gov/geo under the accession numbers given above.

Metabolome analysis
The complete metabolome of L. plantarum WCFS1 har-
boring pNZ7021 and pNZ7026 from continuous cultiva-
tion, in three independent replicates, was quenched
using the sodium chloride-method as described pre-
viously [53]. After dissolving in water, the intracellular
metabolites were profiled in an untargeted manner on a
reversed phase HPLC-MS system with a high resolution
accurate mass detector (QTOF Ultima MS) as described
before [54]. A Synergi Hydro-RP column, 250 × 2.0 mm
and 4 μm pore size (Phenomenex, USA), and a gradient
of 0 to 35% acetonitrile in water (acidified with 0.1% for-
mic acid) during 45 min were used to separate the
metabolites. Full scan accurate mass data (m/z 80-1500)
were collected in both positive and negative electrospray
ionization mode, using leucine enkephalin as a lock
mass. Hereafter the mass signals exceeding three times
the local noise were extracted, and mass profiles of both
strains were compared using MetAlign™ software
[54-56]. This program is designed for determining sig-
nificant differences in the relative abundance of mass
signals originating from metabolites. Based on their
accurate masses and MS/MS fragmentation patterns,
metabolites have been annotated by using the PubChem
DB metabolite database http://www.ncbi.nlm.nih.gov.

Determining the relative copy number of the pNZ
derived plasmids
The relative copy number was determined by quantita-
tive PCR (qPCR). One primer-set was designed for the
CM resistance gene on the plasmids pNZ7021 and
pNZ7026, the other primer set was designed for the
tryptophan gene, trpE, on the chromosome of L. plan-
tarum WCFS1. The primers for the CM gene on the
plasmid contain the following sequences, CTTAGTGA-
CAAGGGTGATAAACTCAAA and CAATAACC-
TAACTCTCCGTCGCTAT, for the forward and reverse
primers, respectively. The primer sequences of the tryp-
tophan gene, trpE, on the chromosome of L. plantarum
WCFS1 were as follows: GCTGGCGCGCCTAAGA (for-
ward primer) and GCGGCACCTGCTCATAATG
(reverse primer). The primers for the chromosome are
used as marker for the chromosomal copy number to
which all plasmid copy numbers were compared; this
determines the relative copy number. Total DNA frac-
tion was isolated from L. plantarum in the stationary
phase. Total DNA was isolated from 5 ml of cell pellet
using established procedures [43]. For qPCR, 0.2 μg of
total DNA was used. The amplification efficiency was
determined for: genomic DNA of L. plantarum WCFS1,
pNZ7021 plasmid DNA and pNZ7026 plasmid DNA,
amplification factors ranging from 1.9 to 2.0 were con-
sidered to be reliable. Sybr Green (ABI, Cheshire, UK)
was used as fluorescent dye for determining the level of
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amplification. The Critical threshold number (Ct) was
determined using ABI Prism 7500 Fast Real-Time PCR
system and software. The Ct value was used to calculate
the relative gene copy number (Nrelative) for the plasmid
copy number in relation to the chromosomal copy num-
ber with the formula Nrelative = 2(Ct,plasmid

-C
tchromosome

).
Ct,plasmid is Ct value for plasmid and Ct,chromosome is Ct

value for the chromosome. All relative copy number
determinations were performed in triplicate.

RT-qPCR
Cells of L. plantarum WCFS1 cultures were quenched
using the cold methanol method as described above.
RNA was extracted, quantified, and checked for quality
as described above. Primers were used to convert specific
mRNA molecules into cDNA using a first-strand cDNA
synthesis kit (Amersham, United Kingdom). In L. plan-
tarum harboring pNZ8148 and pNZ7030 the following
primers were used for cDNA synthesis: groES-re(2), pfk-
re1, RQPCRfolBS, and RQPCRFPS. In L. plantarum har-
boring pNZ7031 the following primers were used for
cDNA synthesis: groES-re(2), pfk-re1, RQPCRfolBAS,
and RQPCRfPAS. The sequence of the primers can be
found in Table 7. All cDNA samples were diluted 100-
fold to allow accurate quantification by qPCR. Sybr
Green (ABI, Cheshire, UK) was used as fluorescent dye
for determining the level of amplification. For qPCR on
groES, pfK, folBS, folBAS, folPS, and folPAS the following
primers-sets were used: groES-fo(2) and groES-re(2), pfk-
fo1 and pfk-re2, FQPCRfolBS and RQPCRfolBS,
FQPCRfolBAS and RQPCRfolBAS, FQPCRFPS and
RQPCRFPS, and FQPCRfPAS and RQPCRfPAS, respec-
tively. The Critical threshold number (Ct) was deter-
mined using ABI Prism 7500 Fast Real-Time PCR system
and software. The Ct value was used to calculate
the relative gene expression (Nrelative) using the formula
Nrelative = 2((CtRF

-C
tRN

)-(C
tEF

-C
tEN

)). In this formula, CtRF

and CtRN represent the Ct value in the reference strain
for the folate gene and normalizing gene, respectively.
CtEF and CtEN are the Ct value for the tested strain for
the folate and normalizing gene, respectively.

SDS-PAGE and protein quantification
Protein was isolated as described previously [57]. To
determine the level of protein overexpression, SDS-
PAGE was performed as described previously [44]. The
level of protein overexpression was quantified using Ima-
geJ http://rsb.info.nih.gov/ij/. The program ImageJ has a
package for the conversion of protein bands into peaks,
each peak can be quantified by determining the area.

List of abbreviations used
The abbreviations used are: CDM: Chemically Defined Medium; Ct: Critical
threshold; GTP: Guanosine triphosphate; HPLC: High Performance Liquid

Chromatography; LC-MS/MS: Liquid Chromatography-Mass Spectrometry/
Mass Spectrometry; Limma: Linear models for microarray data; MAST: Motif
Alignment and Search Tool; MEME: Multiple EM for Motif Elicitation; mRNA:
messenger RNA; pABA: para-aminobenzoic acid; PCR: polymerase chain
reaction; SDS-PAGE: Sodium Dodecyl Sulfate Poly Acrylamide Gel
Electrophoreses; RT-qPCR: Reverse Transcriptase quantitative polymerase
chain reaction;.
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