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ABSTRACT
Auxotrophy, the inability to produce an 
organic compound essential for growth, is 
widespread among bacteria. Auxotrophic 
bacteria rely on transporters to acquire 
these compounds from their environment. 
Here, we study the expression of both low- 
and high-affinity transporters of the costly 
amino acid methionine in an auxotrophic 
lactic acid bacterium, Lactococcus lactis. 
We show that the high-affinity transporter 
(Met-transporter) is heterogeneously ex-
pressed at low methionine concentrations, 
resulting in two isogenic subpopulations 
that sequester methionine in different 
ways: one subpopulation primarily relies 
on the high-affinity transporter (high 
expression of the Met-transporter) and 
the other subpopulation primarily re-
lies on the low-affinity transporter (low 
expression of the Met-transporter). The 
phenotypic heterogeneity is remarkably 
stable, inherited for tens of generations, 
and apparent at the colony level. This 

heterogeneity results from a T-box ri-
boswitch in the promoter region of the 
met operon encoding the high-affinity 
Met-transporter. We hypothesize that 
T-box riboswitches, which are commonly 
found in the Lactobacillales, may play as-
yet unexplored roles in the predominantly 
auxotrophic lifestyle of these bacteria.

INTRODUCTION
Many bacteria in nature are auxotrophic: 
they lack functional biosynthetic pathways 
to synthesize organic compounds that are 
essential for growth (D’Souza et al., 2014). 
Amino acid auxotrophy is among the most 
common form of auxotrophies (Mee et al., 
2014; D’Souza et al., 2018). Bacteria that 
lost the capacity to synthesize certain 
essential amino acids depend on their 
environment (e.g. other bacterial species or 
their eukaryotic host) to obtain the missing 
compounds. Auxotrophy is expected to 
evolve when amino acids are abundant in 
the environment and can readily be taken 

CHAPTER 7. A RIBOSWITCH GIVES RISE 
TO MULTI-GENERATIONAL PHENOTYPIC 
HETEROGENEITY IN AN AUXOTROPHIC BACTERIUM

jhonatan a. hernandez-valdes, jordi van gestel, 
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up. Biosynthetic pathways can either be 
lost through selection against the futile 
costs of expressing these pathways or 
through the accumulation of neutral 
mutations that gradually deteriorate them 
(Giovannoni et al., 2005; D’Souza et al., 
2015). Since auxotrophies can give rise 
to ecological dependencies, where one 
bacterium relies on another for growth, 
they are proposed to strongly shape the 
interactions between cells inside bacte-
rial communities (Zengler and Zaramela, 
2018). Indeed, multiple studies have 
shown how syntrophic cross-feeding 
interactions, based on the reciprocal 
exchange of amino acids, lead to stable 
coexistence (Mee et al., 2014; Pande et al., 
2015). Auxotrophies are therefore likely 
to play a prominent role in determining 
the composition and stability of microbial 
communities (Pande et al., 2014; Teusink 
and Molenaar, 2017; Jiang et al., 2018).

Auxotrophic bacteria can obtain the 
essential amino acids by either directly 
sequestering freely available amino acids 
from their environment or through the 
enzymatic breakdown of environmental 
proteins. For example, in mixed-culture 
dairy fermentations of Lactococcus lactis 
strains, bacteria initially compete for free 
amino acids available in milk (isoleucine, 
leucine, valine, histidine and methionine 
are essential for most of the L. lactis strains), 
and subsequently compete for peptides by 
releasing proteases that break down the 

casein molecules (Sieuwerts et al., 2008; 
Juillard et al., 2010). Fluctuations in the 
availability of external amino acids cau-
sed by competition between auxotrophic 
bacteria or otherwise, are expected to favor 
optimized uptake strategies to sequester 
environmental amino acids as efficiently 
as possible, in order to assure that the au-
xotrophic bacterium can continue to grow. 
Different kinds of membrane transporters 
are important for amino acid uptake, ranging 
from generic low-affinity transporters that 
facilitate the uptake of several different 
amino acids (i.e. broad substrate specifi-
city) to targeted high-affinity transporters 
that can import specific amino acids only 
at high efficiency (Burkovski and Krämer, 
2002; Marin and Krämer, 2007).

Here, we study how an auxotrophic 
bacterium regulates amino acid uptake 
in response to different levels of ami-
no acid availability in the environment. 
Specifically, we focus on the uptake of 
methionine in L. lactis, a well-studied 
lactic acid bacterium. Since methionine 
is one of the most costly amino acids to 
synthesize, methionine auxotrophies are 
commonly found in nature (Kaleta et al., 
2013). L. lactis presumably lost the capacity 
to synthesize methionine de novo during 
adaptation to milk (Trip et al., 2013). L. 
lactis can use two different transporters 
to import methionine: a high-affinity ABC 
transporter (named in this study Met-
transporter) and a low-affinity transporter 
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(Gasson, 1983) strain in this study. L. lactis 
cells were grown at 30 °C in M17 broth (Di-
fcoTM  BD, NJ, USA) or in chemically defined 
medium (CDM) (Goel et al., 2012), supple-
mented with glucose (Sigma-Aldrich) 0.5% 
(w/v). CDM contained 49.6 mM NaCl, 20.1 
mM Na2HPO4, 20.2 mM KH2PO4, 9.7 µM 
(±)-α-lipoic acid, 2.10 µM D-pantothenic 
acid, 8.12 µM nicotinic acid, 0.41 µM 
biotin, 4.91 µM pyridoxal hydrochlori-
de, 4.86 µM pyridoxine hydrochloride, 
2.96 µM thiamine hydrochloride, 0.24 µM 
(NH4)6Mo7O24, 1.07 µM CoSO4, 1.20 μM 
CuSO4, 1.04 µM ZnSO4, 20.12 µM FeCl3, 
1.46 mM L-alanine, 1.40 mM L-arginine, 
0.61 mM L-asparagine, 1.03 mM L-aspartic 
acid, 0.35 mM L-cysteine, 0.66 mM L-
glutamic acid, 0.66 mM L-glutamine, 
0.39 mM glycine, 0.16 mM L-histidine, 
0.63 mM L-isoleucine, 0.89 mM L-leucine, 
1.02 mM L-lysine, 0.27 mM L-methionine, 
0.39 mM L-phenylalanine, 3.58 mM L-pro-
line, 1.64 mM L-serine, 0.57 mM L-threo-
nine, 0.18 mM L-tryptophan, 2.76 mM L-
tyrosine and 0.73 mM L-valine.GM17-agar 
or CDM-agar plates were prepared by 
adding agar 1.5% (w/v) and glucose to 
M17 or CDM, respectively. When neces-
sary, culture media was supplemented 
with erythromycin (Sigma-Aldrich, MO, 
USA) 5 µg mL-1.

E. coli DH5α (Life Technologies, 
Gaithersburg, MD, USA) was used to per-
form all the recombinant DNA techniques. 
Cells were grown at 37°C in Luria-Bertani 

named the branched-chain amino acid per-
mease (BcaP). The low-affinity transporter 
primarily transports branched-chain amino 
acids (BCAA: isoleucine, leucine, valine), 
but can also transport methionine and to 
a lesser extent cysteine (Basavanna et al., 
2013). We start our analysis by studying 
the expression of the high-affinity trans-
porter under a range of methionine con-
centrations. When methionine is limiting, 
we observe strong heterogeneity in the 
expression of the Met-transporter: whereas 
some cells show high expression of the 
Met-transporter, others express the same 
transporter only weakly. Cells with weak 
expression rely on the low-affinity BcaP-
transporter to acquire enough methionine. 
Interestingly, the differential expression 
of the Met-transporter is stably inherited 
across tens of generations, due to which 
heterogeneity is also apparent at the co-
lony level. We analyze thousands of these 
colonies to quantify the heterogeneous 
gene expression at different methionine 
concentrations and subsequently study 
the regulatory underpinnings that give 
rise to this heterogeneity. We demonstrate 
that a T-box riboswitch plays a critical 
role in the emergence of the phenotypic 
heterogeneity in methionine uptake.

MATERIALS AND METHODS
Bacterial strains 
and growth conditions
We used the Lactococcus lactis MG1363 
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Amplifications were confirmed by 1 % 
agarose gel electrophoresis method. 

For DNA cloning, we used Fast-digest 
restriction enzymes and T4 DNA ligase 
(Thermo Fisher Scientific Inc., MA, USA). 
Reactions were performed according to 
the manufacturer’s recommendations. 
The ligation products were transformed 
into E. coli DH5α (Life Technologies, 
Gaithersburg, MD, USA) competent cells 
by electroporation. Cells were plated on 
Luria-Bertani agar plates with appro-
priate antibiotics and grown overnight 
at 37 °C. Screening of colonies to confirm 
the genetic construct was performed 
by colony PCR. Positive colonies with 
correct constructs were inoculated in 
Luria-Bertani broth with the appropriate 
antibiotic. Plasmid DNA and PCR products 
were isolated and cleaned-up with a high 
pure plasmid isolation kit (Roche Applied 
Science, Mannheim, Germany), according 
to the protocol of the manufacturer. DNA 
sequences of constructs were always 
confirmed by DNA sequencing (Macrogen 
Europe, Amsterdam, The Netherlands).

Construction 
of the L. lactis gfp strains
All constructed strains are described in 
Supplementary Table 2. To construct 
the vector pSEUDO::Pmet-gfp, carrying 
the L. lactis MG1363 met promoter, the 
promoter region was amplified by PCR 
using the oligonucleotides metFw and 

broth or Luria-Bertani agar 1.5% (w/v) 
(DifcoTM BD, NJ, USA). For screening of 
colonies containing recombinant plasmids, 
erythromycin 150 µg mL-1 was added.

For microscopy experiments and 
plate-reader assays, L. lactis cells were 
grown in CDM with glucose 0.5% (w/v) 
and collected by centrifugation from 
exponential growth cultures (optical 
density of 0.3 at 600 nm) and washed 
three times with phosphate-buffered 
saline (PBS) solution (pH 7.2) containing: 
15.44 µM KH2PO4, 1.55 mM NaCl and 
27.09 µM  Na2HPO4.  

Recombinant DNA 
techniques 
and oligonucleotides
DNA amplifications by PCR were perfor-
med using a PCR mix containing Phusion 
HF Buffer (Thermo Fisher Scientific Inc., 
MA, USA), 2.5 mM dNTPs mix, Phusion 
HF DNA polymerase (Thermo Fisher Scien-
tific Inc., MA, USA), primers (0.5 µM each), 
and 50 ng of L. lactis chromosomal DNA 
as template. Oligonucleotides (Supple-
mentary Table 1) were purchased from 
Biolegio (Nijmegen, The Netherlands). 
PCRs were performed in an Eppendorf 
thermal cycler (Eppendorf, Hamburg, 
Germany). The DNA target sequence of 
interest was amplified by 35 cycles of 
denaturation (98 °C for 30 s), annealing 
(5 °C or more lower than Tm for 30 s), and 
extension (70 °C for 1 min per 1 Kbp). 
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locus was performed as described above, 
and the L. lactis Pmet(-RE)-gfp strain was 
obtained. The same vector pSEUDO::Pmet(-
RE)-gfp was introduced by electroporation 
in L. lactis MG1363 ∆rel.

To construct the plasmid pSEUDO::PbcaP-
gfp, carrying the L. lactis MG1363 bcaP 
promoter, the promoter region was am-
plified by PCR using the oligonucleotides 
bcaP_Fw and bcaP_Rv, using chromoso-
mal DNA as template. The PCR fragment 
was cleaved with PaeI/XhoI enzymes and 
ligated to pSEUDO-gfp(Pinto et al., 2011). 
The vector pSEUDO::PbcaP-gfp was inte-
grated into the llmg_pseudo10 locus of L. 
lactis MG1363 by single-crossover recom-
bination. Transformants were selected 
on M17-agar plates supplemented with 
sucrose, glucose and erythromycin 5 ug 
mL-1, yielding the L. lactis PbcaP-gfp strain.

The T-box mutants: mutant 1 (G72T, 
G73T), mutant 2 (ΔUGGU), mutant 3 
(C258U, G259U, U260C) and mutation 4 
(Δ306-365), were constructed by using 
two strategies. The first strategy consists 
of site directed mutagenesis of who-
le plasmid(Laible and Boonrod, 2009). 
PCRs were performed with mutagenic 
oligonucleotides carrying the desired 
mutation in form of mismatches to the 
original plasmid and using the the vector 
pSEUDO::Pmet-gfp as DNA template. The 
oligonucleotides containing the desired 
mutations: Mut1-Fw and Mut1-Rv (mu-
tant 1), Mut2-Fw and Mut2-Rv (mutant 

metRv, using chromosomal DNA as tem-
plate. The PCR fragment was cleaved 
with PaeI/XhoI enzymes and ligated to 
pSEUDO-gfp(Pinto et al., 2011). The vector 
pSEUDO::Pmet-gfp was introduced in L. 
lactis MG1363 via electroporation(Holo 
and Nes, 1995). The vector was integrated 
into the silent llmg_pseudo10 locus of L. 
lactis by a single-crossover integration. . 
Transformants were selected on M17-agar 
plates supplemented with sucrose, gluco-
se and erythromycin 5ug mL-1, yielding 
the L. lactis Pmet-gfp strain. The vector 
pSEUDO::Pmet-gfp was introduced by 
electroporation in L. lactis MG1363 ∆met, 
L. lactis MG1363 ∆codY (den Hengst et 
al., 2005), L. lactis MG1363 ∆rel (a kind 
gift of Saulius Kulakauskas), L. lactis 
MG1363 ∆cmhR (a kind gift of Anne de 
Jong), L. lactis MG1363 ∆ccpA (Zomer et 
al., 2007), L. lactis MG1363 ∆bcaP (Den 
Hengst et al., 2006) and L. lactis MG1363 
∆bcaP∆brnQ(Den Hengst et al., 2006).

To construct the plasmid pSEUDO::Pmet(-
RE)-gfp, carrying the L. lactis MG1363 met 
promoter, but lacking the regulatory 
element (RE) of the promoter region (the 
T-box riboswitch was completely deleted), 
the met(-RE) promoter was amplified by 
PCR using the oligonucleotides metFw and 
met(-RE)_Rv, using chromosomal DNA as 
template. The PCR fragment was cleaved 
with PaeI/XhoI enzymes and ligated to 
pSEUDO-gfp. Chromosomal integration 
in L. lactis MG1363 at the llmg_pseudo10 
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into pCS1966 via KpnI/EcoRI restriction 
sites. The plasmid obtained was named 
pCS1966-A. Fragment B (PCR product 
using the primers B_metKO_Fw and B_me-
tKO_Rv)  was cloned into pCS1966-A via 
BamHI/NotI restriction sites, and the plas-
mids obtained was named pCS1966-AB. 
All recombinant pCS1966 were initially 
constructed in E. coli DH5a (Life Technolo-
gies) and then introduced to L. lactis. The 
L. lactis MG1363 strain was transformed 
with the vector pCS1966-AB via electro-
poration. Homologous recombination in 
two-steps was performed by growing L. 
lactis cells in SA medium plates (Jensen 
and Hammer, 1993) supplemented with 
30 ug mL-1 5-fluoroorotic acid hydrate 
(Sigma-Aldrich). The deletion mutant 
strain L. lactis ∆met was confirmed by PCR 
and sequencing of a PCR fragment in the 
genomic region of interest (Macrogen 
Europe, Amsterdam, The Netherlands).

RNA Extraction, RT-PCR 
and Quantitative RT-PCR
Total RNA was isolated from L. lactis 
MG1363 wild type and bcaP deletion 
mutant, grown overnight in CDM as des-
cribed above. L. lactis cells were diluted 
1:20 in CDM supplemented with different 
methionine concentrations (0.025 mM 
and 10 mM). Cells were harvested at late 
exponential phase at an optical density at 
600 nm  (OD600) of 0.35. RNA was isolated 
with the High Pure RNA isolation kit 

2), Mut3-Fw and Mut3-Rv (mutant 3) 
are listed in Supplementary Table 1. The 
vectors containing the desired muta-
tions: Pmet(mut1)-gfp, Pmet(mut2)-gfp, and 
Pmet(mut3)-gfp, were obtained in E. coli 
and  confirmed by DNA sequencing. After 
confirmation, the vectors were integrated 
into the L. lactis genome as described 
above, yielding the Mutant 1, Mutant 2 
and Mutant 3 strains. The second strategy 
was used to obtain Mutant 4 strain. This 
mutant lacking 60bp of the terminator 
was obtained by PCR amplification using 
the oligonucleotides metFw and Mut4-
Rv using chromosomal DNA as template. 
The PCR fragment was cleaved with PaeI/
XhoI enzymes and ligated to pSEUDO-
gfp. Chromosomal integration in L. lactis 
MG1363 at the llmg_pseudo10 locus was 
performed as described above, and the 
Mutant 4 strain was obtained.

Gene manipulation
Gene deletion mutants were obtained by 
homologous recombination using the 
system based on homologous recombi-
nation with pCS1966 (Solem et al., 2008). 
To delete the native promoter of the met 
operon, upstream and downstream regions 
of the promoter region were amplified 
using the oligonucleotides: A_metKO_Fw, 
A_metKO_Rv, B_metKO_Fw, and B_me-
tKO_Rv. The fragment A obtained (PCR 
product using the oligonucleotides A_me-
tKO_Fw and A_metKO_Rv) was ligated 
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Time-lapse microscopy 
experiments
 Washed cells were transferred to a solidi-
fied thin layer of CDM with high-resolution 
agarose 1.5% (w/v) (Sigma-Aldrich, MO, 
USA). When appropriate, CDM without 
methionine was used, and supplemented 
with varying concentrations of methio-
nine (L-methionine; Sigma-Aldrich, MO, 
USA) or L-homocysteine (Sigma-Aldrich, 
MO, USA). A standard microscope slide 
was prepared with a 65 µL Gene Frame 
AB-0577 (1.5 x 1.6 cm) (Thermo Fisher 
Scientific Inc., MA, USA). A 30 µL volu-
me of heated CDM-agar was set in the 
middle of the frame and covered with 
another microscope slide to create a 
homogeneous surface after cooling. The 
upper microscope slide was removed and 
bacterial cells were spotted on the agar. 
The frame was sealed with a standard 
microscope coverslip.

Microscopy observations and time-
lapse recordings were performed with a 
temperature-controlled (Cube and box 
incubation system Life Imaging Services) 
DeltaVision (Applied Precision, Wash-
ington, USA) IX7I microscope (Olympus, 
PA, USA), at 30 °C. Images were obtained 
with a CoolSNAP HQ2 camera (Princeton 
Instruments, NJ, USA) at X60 or X100 
magnification. 300-W xenon light source, 
bright –field objective and GFP filter set 
(filter from Chroma, excitation 470/40 nm 
and emission 525/50 nm). Snapshots in 

(Roche Life Science; Penzberg, Germany). 
Assessment of RNA integrity and purity 
was performed by running an aliquot of 
the RNA sample on a denaturing agarose 
gel stained with ethidium bromide (EtBr), 
and by quantification using a NanoDrop™ 
Spectrophotometer. The RNA samples 
were treated with 2 U of DNase I (Invi-
trogen, UK).

For qRT-PCR, reverse transcription of 
the RNA samples was performed with the 
SuperScriptTM III Reverse Transcriptase 
kit (Thermo Fisher Scientific Inc., MA, 
USA). Quantitative PCR analysis was 
performed using an iQ5 Real-Time PCR 
Detection System(Livak and Schmitt-
gen, 2001) (Bio-Rad Laboratories, CA, 
USA). Reactions were performed using 
a master mix containing SsoAdvanced 
universal SYBR® Green supermix 2x 
(Bio-Rad), 2.5 mM dNTPs mix (Thermo 
Scientific), primers (0.5 µM each), and 
100 ng of cDNA as template. Oligonu-
cleotides (Supplementary Table 1) were 
purchased from Biolegio (Nijmegen, The 
Netherlands).The transcription level of 
the met operon was normalized to rpoE 
and rarA transcription. The amplification 
was performed with oligonucleotides: Fw-
qRT_PCR, Rv2-qRT-pCR, and Rv8-QRT-pCR 
(met operon); rarA-Fw and rarA-Rv (rarA 
gene), and rpoE_Fw and rpoE-Rv (rpoE 
gene). The results were interpreted using 
the comparative CT method(Schmittgen 
and Livak, 2008).
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regions are automatically removed, based 
on size and shape; (3) Individual colonies 
are then detected by fitting circles to 
the segmented image regions, using the 
imfindcircles function; (4) All identified 
colonies are subsequently inspected, to 
manually remove all wrongly-detected 
colonies and to annotate which colonies 
show signs of switching (see inset of Fig. 
2g and Supplementary Fig. 4); (5) Finally, 
summary statistics of the manually-cura-
ted set of colonies are collected, including 
colony size, colony location and average 
fluorescence intensity of colony. In this 
way, we acquired data for more than 8,000 
individual colonies. For Fig. 3b, we acquired 
all measurements of the colony diameters 
manually using Fiji 1.51d (Schindelin et 
al., 2012), to avoid potential biases that 
could be introduced by the algorithm by 
irregularly shaped colonies (importantly, 
however, qualitatively similar results are 
obtained based on automatic size detection).

DNA sequencing
The bacterial colonies of each phenotype 
were resuspended in 15 µL of PBS, and 1 
µL of the colony suspension was used as 
template to perform colony PCR. The met 
promoter was amplified by colony PCR 
using the oligonucleotides met_promo-
ter_Fw and met_promoter_Rv. The DNA 
sequences and the reference met promo-
ter sequence were aligned with Clustal 
Omega (Madeira et al., 2019). 

bright-field and GFP-channel were taken 
every 10 min for 20 h with 10% APLLC 
while LED light and a 0.05 s exposure for 
bright–filed, or 100 % xenon light and 0.8 
s of exposure for GFP-signal detection. 
The raw data was stored using softWoRx 
3.6.0 (Applied precision) and analyzed 
using ImageJ software (Rasband, 2014). 

Microscopy observations 
in bacterial colonies
L. lactis cells were grown overnight in 
CDM, washed three times in PBS, streaked 
on CDM-agar plates containing varying 
concentrations of methionine and incu-
bated at 30 °C for 48 h. The fluorescence 
in L. lactis colonies was detected using an 
Olympus MVX20 macro zoom fluorescence 
microscope equipped with a PreciseExcite 
light-emitting diode (LED) fluorescence 
illumination (470 nm), GFP filter set 
(excitation 460/480 nm and emission 
495/540 nm). Images were acquired with 
an Olympus XM10 monochrome camera 
(Olympus Co., Tokyo, Japan).

Colony analysis
Microscopy images were analyzed in 
Matlab R2018a using automatic image 
analysis (see also Supplementary Fig. 2 
and 3). The algorithm consists of five 
steps: (1) Images are first converted to 
a black and white images to identify re-
gions with potential colonies, using the 
im2bw function; (2) Wrongly segmented 
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in relative fluorescence units (RFU) were 
normalized by the corresponding OD600 
measurements yielding RFU/OD600 values.

Flow Cytometry
L. lactis cultures were grown overnight in 
CDM as described above, washed three 
times in PBS and transferred to fresh 
CDM supplemented with varying con-
centrations of methionine. The cultures 
were incubated at 30 °C and samples were 
taken either at exponential or stationary 
growth phase. A threshold for the FSC 
and SCC parameters was set (200 in both) 
in the FACS Canto flow cytometer (BD 
Biosciences, CA, USA) to remove all the 
events that do not correspond to cells. 
The GFP-signal at all the measured cells 
was recorded in 10,000 events and used 
for downstream analysis (named ungated 
events in the corresponding figures). GFP-
signal measurements were obtained with 
a FACS Canto flow cytometer (BD Bios-
ciences, CA, USA) using a 488 nm argon 
laser. Raw data was collected using the 
FACSDiva Software 5.0.3 (BD Biosciences). 
And the FlowJo software was used for data 
analysis (https://www.flowjo.com/).  

For the analysis of single colonies by 
flow cytometry, L. lactis were grown in 
CDM-agar plates with varying concentra-
tions of methionine. After incubation at 
30 °C for 48 h, the colonies were randomly 
chosen, and carefully taken out by using 
a pipette tip. We cut off the end of p200 

The genomes of all different colonies 
were paired-end sequenced at the Beijing 
Genomics Institute (BGI, Copenhagen N, 
Denmark) on a BGISEQ-500 platform. 
A total of 5 million paired-end reads 
(150 bp) were generated. FastQC version 
0.11.5 (Andrews et al., 2015) was used to 
examine the quality of the reads. Identifi-
cation of mutations was performed with 
Breseq(Deatherage and Barrick, 2014), 
using the Lactococcus lactis subsp. cremoris 
MG1363, complete genome, as a reference 
sequence (GenBank: AM406671.1).

Plate-reader assays
Cultures of L. lactis were grown and prepa-
red as described above. For fluorescence 
intensity measurements, L. lactis cells 
were diluted 1:20 in CDM. When testing 
the effect of varying concentrations of 
methionine, CDM was used and supple-
mented with different methionine con-
centrations. The growth and fluorescence 
signal were recorded in 0.2 mL cultures 
in 96-well micro-titer plates and moni-
tored by using a micro-titer plate reader 
VarioSkan (Thermo Fisher Scientific Inc., 
MA, USA). Growth was recorded with 
measurements of the optical density at 
600 nm (OD600) and the GFP-signal was 
recorded with excitation 485 nm and 
emission 535 nm every 10 min for 24 
h. Both signals were corrected for the 
background value of the corresponding 
medium used for growth. The GFP-signals 
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or DNA sequences (Sievers et al., 2011). 
Identification of mutations was performed 
with breseq version 0.32.1. 

RESULTS
Phenotypic heterogeneity 
at the single-cell level
We start by analyzing the expression of 
the high-affinity transporter of methionine, 
i.e. the ABC-transporter of the methionine 
uptake transporter family in L. lactis. The 
genome of L. lactis MG1363 encodes a 
single Met-transporter in the met operon, 
which resembles the metNPQ operon of 
Bacillus subtilis (Hullo et al., 2004), but 
is composed of six genes: four genes en-
code homologous ATP-binding proteins 
(plpA, plpB, plpC and plpD), one encodes 
a permease (ydcB) and one encodes a 
lipoprotein (ydcC). To visualize the expres-
sion of the Met-transporter at different 
methionine concentrations, we fused the 
met promoter (Pmet) to a gene encoding 
for a green fluorescent protein (gfp). The 
resulting strain, L. lactis Pmet-gfp, shows 
that the Met-transporter is expressed at 
the population level in a concentration 
dependent way: at lower methionine 
concentrations the expression levels of 
the met operon are higher (Fig. 1a). Next, 
we examine L. lactis Pmet-gfp cells using 
time-lapse fluorescence microscopy in 
the standard chemically defined medium 
(CDM) that contains 0.27 mM methio-
nine (Goel et al., 2012). To our surprise, 

tips to create an agar cutter and isolate 
single colonies. The isolated colonies 
were vigorously suspended in 400 µL 
PBS. A constant volume of 120 µL was 
analyzed by flow cytometry to calculate 
the number of cells in each colony and 
the GFP-signal at single-cell level. The 
generation number (n) was calculated with 
the formula  where X is the total number 
of cells in the colony, considering that the 
initial number of cells in each colony is 
one (see Supplementary Table 3). 

Statistics 
and Reproducibility
Statistical analyses were performed using 
Prism 6.01 (GraphPad software https://
www.graphpad.com/) and R v3.3.0. All 
experiments were repeated independently 
at least three times. All micrographs, in-
cluding small insets, show representative 
images from three independent replicate 
experiments. 

Bioinformatics
The regulatory elements (T-box riboswitch) 
in promoter regions were identified using 
RibEX (Abreu-Goodger and Merino, 2005) 
and RegPrecise 3.0 database (Novichkov 
et al., 2013). Transcription factor binding-
motifs identified in the met promoter 
region were analyzed with PePPER (de 
Jong et al., 2012). Alignments and sequen-
ces identities were determined by using 
Clustal 2.1 using the full-length protein 
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mM) methionine concentrations (Fig. 1c; 
see also Supplementary Fig. 1). In other 
words, the subpopulation of GFP+ cells, 
with high met expression, disappears at 
high methionine concentrations (Fig. 
1d), corresponding to the low expression 
levels observed at the population level 
(Fig. 1a). Interestingly, the time-lapse 
experiment also shows that both GFP- 

cells show a strongly heterogeneous 
expression of the met operon, whereas 
some cells exhibit a high expression of 
the met operon (GFP+ cells), others show 
a low expression (GFP- cells) (Fig. 1b). 
Heterogeneity could also be observed at 
lowest possible methionine concentra-
tion that supports stable growth in CDM 
(0.025 mM), but was absent at higher (1 

Figure 1. The Met-transporter is heterogeneously expressed at low methionine 
concentrations in L. lactis. a, Expression of the Met-transporter at the population 
level in cultures of the L. lactis Pmet-gfp strain, grown in CDM supplemented with in-
creasing concentrations of methionine (0.025 mM to 10 mM). Data are presented as 
mean ± S.D. Error bars represent standard deviation (SD) of the mean values of three 
independent experiments. Source data are provided as a Source Data file. b, Two pheno-
types coexist when L. lactis Pmet-gfp is grown in standard CDM containing methionine 
at concentration of 0.27 mM. Snapshots of a time-lapse fluorescence microscopy experi-
ment, where the GFP+ cells (green cells) reflect high met expression and the GFP- cells 
(black cells) show low met expression. Scale bar, 15 µm. c and d, Snapshots of single-cell 
fluorescence microscopy, when the cells are grown in CDM with low and high methio-
nine concentrations (0.025 mM and 1 mM) respectively (Supplementary Video 2 and 3). 
Overlays of green-fluorescence and phase-contrast images are shown. Scale bars, 15 µm. 
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Figure 2. The phenotypic heterogeneity at the colony level. L. lactis colonies 
grown for 48 h on CDM-agar plates with either, a, low (0.025 mM) or, b, high (1 mM) 
methionine concentrations. a and b, left image shows green-fluorescence channel and 
right image shows bright-field channel. Scale bars, 1 mm. c, Mean fluorescence inten-
sities of individual colonies grown on CDM-agar plates at different methionine con-
centrations (0.025 mM to 10 mM, red to blue; see also Supplementary Fig. 2 and 3). 
Transparent boxes show mean and standard deviation, and number between parenthe-
ses shows number of analyzed colonies. d, Distribution of mean fluorescence intensities 
across colonies for different methionine concentrations (0.025 mM to 10 mM, red to 
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agreement with the single-cell data (Fig. 
1), also at the colony level, we observe 
clear heterogeneity in the expression of 
the Met-transporter at low methionine 
concentrations (Fig. 2a, 2c). This finding 
confirms that phenotypic heterogeneity is 
indeed stably inherited across numerous 
of generations, as shown in the time-lapse 
experiment (Fig. 1b). At high methionine 
concentrations, the heterogeneity in met 
expression disappears (Fig. 2b, 2c). In 
order to quantify the phenotypic hetero-
geneity in more detail, we categorize the 
colonies based on their expression level 
(see Methods): GFP+ colonies with high 
met expression and GFP- colonies with 
low met expression (Fig. 2d). Fig. 2e shows 
that the fraction of GFP+ colonies across 
the different methionine concentrations 
follows a step function, having ~45% 
GFP+ colonies at the lowest methionine 
concentrations and only GFP- phenotype 
at the highest concentrations.

and GFP+ cells continue to proliferate 
over time without changing fluorescence 
levels, which suggests that phenotypic 
heterogeneity is stably inherited across 
generations (Fig. 1b and Supplementary 
Video 1-3).

Stable phenotypic 
heterogeneity across 
colonies
Since the time-lapse microscopy shows 
stable phenotypic inheritance, we next 
studied the expression of the met ope-
ron at the colony level. To this end, we 
grew colonies on agar plates of CDM 
supplemented with a range of different 
methionine concentrations (0.025 mM 
to 10 mM) (Fig. 2, Supplementary Fig. 2) 
and analyzed the expression of the met 
operon. In total, we quantified expression 
levels in more than 8,000 colonies using 
automatic image analysis (see Methods 
and Supplementary Fig. 2 and 3). In 

blue). Vertical dotted line demarcates colonies categorized as having low met expres-
sion (GFP-) or high met expression (GFP+). Scale bar, 1 mm e, Fraction of GFP+ colo-
nies at different methionine concentrations. Dotted line shows fit of step function (; a = 
0.450±0.007 (s.e.), Pa<10-10

, b = 3.110±0.001, Pb<10-16). f, Fluorescence measurements by 
flow cytometry show the met expression in each type of colony phenotype: GFP+ colony 
(light-red) grown on low methionine concentrations (0.025 mM), GFP- colony (dark-red) 
grown on low methionine concentrations (0.025 mM), and GFP- colony (blue) grown on 
high methionine concentrations (10 mM). 10,000 ungated events for each sample are 
shown. g, Switching rate at different methionine concentrations (0.025 mM to 10 mM, 
red to blue). Inset shows example of colony with switch in expression level. Numbers 
in parenthesis show number of colonies with expression switch and total number of 
analyzed colonies. Dotted line shows exponential fit (; a = 1.34±0.27 (s.e.), Pa<0.01; b = 

6.41±0.61, Pb<10-5). Scale bar, 1 mm. Source data are provided as a Source Data file.
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extremely rare, we did manage to capture 
a few phenotypic switches between low 
and high expression of the met operon 
at the single-cell level using time-lapse 
microscopy (e.g. Supplementary Video 4).

To make sure that the rare phenoty-
pic switches are not caused by genetic 
mutations, we sequenced the upstream 
region of the met operon in both GFP+ 
and GFP- sectors in switching colonies, as 
well as in homogeneous GFP+ and GFP- 
colonies. No mutations were detected in 
the met promoter region. To also rule out 
mutations elsewhere, we also performed 
whole-genome sequencing on the same 
colony samples (GFP+, GFP-, and sectored 
colonies; see Supplementary Fig. 5) and 
also there no mutations were observed. 
These results confirm our notion that the 
heterogeneous expression of the met operon 
and rare phenotypic switches between GFP+ 
and GFP- cells have a phenotypic origin.

Given the stability of the phenotypic 
heterogeneity, we were curious to see if 
met expression had any effect on colony 
growth by analyzing the sizes of both 
GFP+ and GFP- colonies. Fig. 3a shows 
that, at low methionine concentrations, 
the GFP+ colonies are significantly larger 
than GFP- colonies, although the differen-
ce is minimal. This result suggests that 
high expression of the Met-transporter 
provides an advantage when methionine 
concentration are low, but also shows that 
high met expression is not strictly neces-

We also analyzed met expression of cells 
within individual GFP+ and GFP- colonies 
at both low (0.025 mM) and high (10 mM) 
methionine concentrations to determine 
if within-colony expression levels are 
homogeneous. Specifically, we collected 
individual colonies, resuspended them 
in phosphate-buffered saline solution, 
and used flow cytometry to quantify 
the fluorescence of the constituent cells. 
Fig. 2f shows that no heterogeneity in 
fluorescence levels could be detected 
within colonies, meaning that all cells 
homogeneously show either high met 
expression (GFP+ colonies) or low met 
expression (GFP- colonies). Cells in GFP- 
colonies grown at 10 mM methionine 
show lower fluorescence levels than cells 
from GFP- colonies at 0.025 mM. This 
observation shows that the latter colonies 
weakly express the Met-transporter. The 
lack of phenotypic heterogeneity inside 
colonies confirms that cells rarely switch 
phenotype and are committed to either 
a high or low expression of the Met-
transporter for numerous generations. 
Only sometimes, we observed phenotypic 
switches, which are apparent at the colony 
level through sector formation (e.g. inset 
of Fig. 2g and Supplementary Fig. 4). At 
the lowest methionine concentration, 
less than 3% of the colonies show signs 
of switching and this fraction declines 
exponentially with higher methionine 
concentrations (Fig. 2g). Despite being so 
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of each colony based on the total number 
of cells present after 48 h of colony growth 
(Methods; Supplementary Table 3), assu-
ming that a single cell founded each colony. 
The flow cytometry data also suggests that 
cells inside GFP+ colonies grow slightly 
quicker than cells in GFP- colonies at 
low methionine concentrations (Fig. 3b), 
although in this case the difference is not 
significant. Taken together, these results 

sary to support growth on low methioni-
ne concentrations. At high methionine 
concentrations the advantage of high met 
expression disappears, as indicated by the 
large colony sizes of GFP- colonies (GFP+ 
colonies are absent at this concentration). 
Additionally, we also quantified the GFP+ 
and GFP- colonies using flow cytometry, 
which allows us to assess generation times. 
We calculated the number of generations 

Figure 3. The phenotypic states are inherited in long-term. a, Diameter of colo-
nies on CDM-agar plates with high (10 mM) and low (0.025 mM) methionine concen-
trations. At high methionine concentrations, only GFP- colonies are observed (blue). 
At low methionine concentrations, both GFP- (dark red) and GFP+ (red) colonies are 
observed. Transparent boxes show mean and standard deviation. P<10-8 (10 mM GFP- vs. 
0.025 GFP-/GFP+), P<10-3 (0.025 mM GFP- vs. 0.025 mM GFP+). Statistically significant 
based on two-tailed Mann–Whitney U test. b, Number of generations in colonies as de-
termined by flow cytometry. Although the number of generations inferred from the flow 
cytometry data in b follow the same trend as the colony diameter data in a, differences 
were not significant (two-tailed Mann-Whitney test). Data are presented as mean ± S.D. 

Error bars represent standard deviation (SD).
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neous (Fig. 4c, d). These results support 
our expectation that the GFP- cells in the 
wild-type strain utilize the low-affinity 
transporter to compensate for the relative 
low expression of the Met-transporter. 
This compensation likely results from 
increased expression levels of the low-
affinity transporter. To test this, we con-
structed a codY knockout mutant. CodY 
is a transcriptional repressor of bcaP 
(den Hengst et al., 2005). Its knockdown 
therefore increases the expression of the 
low-affinity transporter. As expected, the 
codY knockout mutant shows a decreased 
met expression (Supplementary Fig. 11), 
thereby confirming that the low-affinity 
transporter can directly compensate for 
the high-affinity transporter.

In agreement with the homogeneous 
expression of the met operon in L. lactis 
∆bcaP strain, the deletion of the met 
operon results in a homogeneous ex-
pression as well (Supplementary Fig. 7, 
Supplementary Video 5, 6). Importantly, 
the L. lactis ∆met strain requires higher 
concentrations of methionine for growth, 
confirming that the Met-transporter is 
essential for growth on low methionine 
concentrations. This finding corroborates 
our results in Fig. 3, which shows that GFP+ 
colonies have a slight growth advantage 
over GFP- colonies at low methionine 
concentrations (see also Supplementary 
Fig. 7-9). In the absence of a high-affinity 
transporter, all cells become dependent 

are consistent with the hypothesis that the 
high-affinity transporter facilitates growth 
when methionine is limited. Moreover, the 
low fraction of colonies with phenotypic 
switches (Fig. 2g) in combination with 
the number of generations within each 
colony (Fig. 3b), suggests that phenotypic 
heterogeneity is stably inherited for (at 
least) tens of generations.

The role of transporters in 
the origin of heterogeneity
We expect that the GFP- cells, which only 
weakly express the Met-transporter at 
low methionine concentrations, rely on 
the branched-chain amino acid permease 
(BcaP) to acquire enough methionine. We 
therefore hypothesize that in the absence 
of this low-affinity transporter, all cells 
homogeneously express the high-affinity 
Met-transporter when methionine is 
limiting. Fig. 4 shows the expression 
of the met operon in the absence of the 
low-affinity transporter (ΔbcaP) at both 
low and high methionine concentra-
tions (see also Supplementary Fig. 6). 
Indeed, the deletion of bcaP resulted 
in the homogeneous expression of the 
high-affinity Met-transporter (Fig 4a). 
In accordance, the flow cytometry data 
shows a clear separation in fluorescence 
levels between populations grown at low 
and high methionine concentrations for 
the L. lactis ∆bcaP strain, but not for the 
wild type, where expression is heteroge-



235

7

chapter 7 

Figure 4. The low-affinity methionine transporter, BcaP, supports the growth 
of the GFP- cells. a and b, Snapshots of single-cell fluorescence microscopy in the 
L. lactis ∆bcaP Pmet-gfp strain. a, cells grown at low methionine concentrations (0.025 
mM) and b, at high methionine concentrations (1 mM). Scale bars, 15 µm. c and d, 
Single-cell fluorescence measurements by flow cytometry in the bcaP deletion mutant 
strain (c; L. lactis ∆bcaP Pmet-gfp) and wild-type strain (d; L. lactis Pmet-gfp), grown in 
CMD with low and high methionine concentrations (0.025 mM and 1 mM, in red and 
blue respectively), 10,000 ungated events recorded are shown. Source data are provided 

as a Source Data file.  

Global regulators 
and phenotypic 
heterogeneity
To further disentangle how the pheno-
typic heterogeneity in met expression is 
brought about, we next focus on the role 
of global regulators. It has been shown 
before that heterogeneity can result from 
cells that enter distinct physiological 
states (Solopova et al., 2014; Van Boxtel 
et al., 2017). In general, Gram-positive 
bacteria employ two global regulators 
to regulate amino acid uptake: CodY 
and Rel (Lindbäck et al., 2012; Fang and 
Bauer, 2018). CodY is a transcription factor 
that represses the expression of amino 
acid transporters when amino acids are 

on the low-affinity BcaP-transporter for 
methionine uptake. At this transporter, 
methionine encounters competition with 
the other branched-chain amino acids, 
which are transported via BcaP as well 
(Basavanna et al., 2013). Consequently, 
higher methionine concentrations are 
acquired to sustain growth. The com-
petition between methionine and the 
branched-chain amino acids is also 
apparent in the wild type, where bcaP is 
over-expressed when L. lactis PbcaP-gfp 
is grown at high methionine concentra-
tions, but normalizes again when the 
other branched-chain amino acids are 
provided at high concentrations as well 
(Supplementary Fig. 10). 
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concentrations; Supplementary Fig. 11). 
This finding suggests that the stringent 
response is essential for the appearance 
of the GFP+ subpopulation. Since Rel 
does not directly bind to the met promo-
ter, the effect of Rel on met expression 
is probably indirect. Therefore we next 
examine transcriptional regulation of 
the met operon specifically.

Transcriptional regulation 
of the met operon
In the closely-related streptococci, genes 
underlying the uptake and metabolism 
of sulfur amino acids (methionine and 
cysteine) are known to be controlled by 
three LysR- family regulators, MetR/
MtaR, CmbR and HomR(Liu et al., 2012). 
The MetR/MtaR regulator activates a 
met-like operon, where promoter bin-
ding is triggered by homocysteine (L-
HC) (Sperandio et al., 2010; Afzal et al., 
2016). The genome of L. lactis MG1363 
encodes one homologue of MetR, called 
CmhR. Similar to MetR in the streptococci, 
CmhR is predicted to have a binding site 
in the promoter region of the met operon 
(Novichkov et al., 2013). To examine if 
CmhR indeed affects met expression, we 
determined expression of the met operon 
in a cmhR knockout strain. In contrast to 
the deletion of the global regulators, which 
only reduce expression, the deletion of 
CmhR completely precludes expression 
of the met operon. This indicates that, 

abundant (like the effect of CodY on bcaP 
expression mentioned above) (Guédon 
et al., 2001; Den Hengst et al., 2006). Rel 
is a bifunctional protein that can both 
synthesize and degrade phosphorylated 
purine-derived alarmones (p)ppGpp (Rallu 
et al., 2000). In this way, Rel can activate 
the so-called stringent response, which 
is a general stress response triggered 
by nutrient stress (Chang et al., 2002), 
such as amino acid starvation that is sen-
sed through uncharged tRNAs. Besides 
CodY and Rel, also the carbon catabolite 
repression, regulated by CcpA, has been 
linked to amino acid uptake through 
its indirect effect on sulfur metabolism 
(Gaudu et al., 2003; Zomer et al., 2007). 
We investigated whether CodY, CcpA 
and Rel also affect the expression of the 
met operon by deleting either codY, ccpA 
or rel from the chromosome of L. lactis. 
Interestingly, the gene deletions strongly 
reduce met expression at low methionine 
concentrations (Supplementary Fig. 11), 
showing that the met operon is affected by 
global expression changes during amino 
acid starvation. Moreover, in all cases we 
see a loss of the bimodal distribution in 
met expression, and hence a loss of GFP- 
and GFP+ cells. The most striking results 
were obtained for the rel mutant, which 
reduced met expression most strongly and 
gave rise to expression distributions that 
exactly match those of the GFP- cells in 
the wild type (across various methionine 



237

7

chapter 7 

similar to its homolog in streptococci 
(Sperandio et al., 2007; Afzal et al., 2016), 
CmhR directly regulates met expression 
(Fig. 5a, Supplementary Fig. 13). Since 
L-HC was shown to facilitate promoter 
binding (Sperandio et al., 2007), we also 
evaluated the effect of L-HC on the met 
expression. Fig. 5b shows that under low 
methionine concentrations (0.025 mM), 
the addition of L-HC strongly increases 
met expression (Supplementary Fig. 14). 
Yet, surprisingly, the addition of L-HC 
left the phenotypic heterogeneity prac-
tically unchanged, i.e. both populations 
with low and high fluorescence levels are 
still observed (Fig. 5c), which shows that 
CmhR activity is not responsible for the 
observed heterogeneity.

In addition to transcription factors, 
many methionine transporters in the 
Bacilli and Clostridia are regulated by 
riboswitches (Hullo et al., 2004; Rodionov 
et al., 2004). We therefore examined if 
a riboswitch could mediate the obser-
ved heterogeneity. Based on sequence 
analysis (see Methods), we identified a 
single regulatory element (RE) in the 
leader region of the met operon that, with 
high confidence, corresponds to a T-box 
riboswitch (Supplementary Fig. 15). This 
is a well-known regulatory element that 
occurs in many lactobacilli and staphylo-
cocci (Henkin and Grundy, 2006; Wels et al., 
2008; Gutierrez-Preciado et al., 2009) and 
has been detected in other L. lactis strains 

before (Novichkov et al., 2013). The T-box 
monitors amino acid availability by discri-
minating between charged and uncharged 
tRNA, and effectively up-regulates gene 
expression when the amino acid associated 
with the sensed tRNA is limiting (that is, 
when uncharged tRNAs are abundant) 
(Green et al., 2010). Interestingly, in our 
case, the T-box riboswitch is predicted to 
specifically respond to uncharged tRNAMet 

based on sequence similarity to other 
T-box elements (Novichkov et al., 2013). 
We therefore hypothesize that under low 
methionine availability, the presence of 
uncharged tRNAMet could facilitate the 
expression of the met operon, thereby 
giving rise to high expression levels and 
potentially phenotypic heterogeneity.

Fig. 5d and 5e show that the deletion 
of the RE sequence of the met promoter 
results in homogeneous Met-transporter 
expression (see also Supplementary Fig. 
17a). The lack of the RE sequence delimi-
tates the regulation of the met promoter 
to the activity of the CmhR transcription 
factor. At low methionine concentrations, 
CmhR promotes the expression of the met 
operon. Conversely, at high concentrations, 
expression of the met operon decreases, 
although some expression remains, pro-
bably because of residual CmhR activity 
that is triggered by the cellular pool of 
homocysteine (Supplementary Fig. 16). 
In contrast, in the wild type where the 
RE is present, low methionine concen-
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Figure 5. Transcriptional regulation of the met operon. a, Expression of the Met-
transporter at the population-level, in the cmhR deletion mutant (L. lactis ΔcmhR Pmet-
gfp) and wild-type (L. lactis Pmet-gfp) strains at low (0.025 mM) and high (1 mM) methio-
nine concentrations. Data are presented as mean ± S.D. Error bars represent standard 
deviation (SD) of the mean values of three independent experiments. b, Single-cell fluo-
rescence measurements by flow cytometry, in the L. lactis Pmet-gfp strain in the absence 
(left) and presence of 0.27 mM L-homocysteine (L-HC; right) (in both cases with 0.025 
mM methionine; see Supplementary Video 7 and 8). 10,000 ungated events for each 
sample are shown. c, Snapshots of single-cell fluorescence microscopy in the L. lactis 
Pmet-gfp strain in the presence (left) and absence of 0.27 mM L-homocysteine (L-HC; 
right). Scale bar, 15 µm. d, Single-cell fluorescence measurements by flow cytometry, in 
the met promoter-driven expression of GFP with (L. lactis Pmet-gfp; left) or without the 
regulatory element in the met promoter (L. lactis Pmet(-RE)-gfp; right) at low (0.025 mM) 
and high (1 mM) methionine concentrations. 10,000 ungated events for each sample are 
shown. e, Snapshots of single-cell fluorescence microscopy in the L. lactis Pmet(-RE)-gfp 
strain at low (0.025 mM; left), and high (1 mM; right) methionine concentrations. Scale 

bar, 15 µm. Source data are provided as a Source Data file.
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of the T-box sequence, which are the 
nucleotides where the uncharged tRNA 
binds and triggers the formation of the 
anti-terminator complex (Chang and Niko-
nowicz, 2013); Mutant 3 (C258U, G259U, 
U260C) targets conserved nucleotides of 
the anti-terminator conformation (Suddala 
et al., 2018), thereby affecting its stability; 
Mutant 4 is a 60 bp deletion (Δ306-365) 
in the terminator sequence, preventing 
the formation of the terminator hairpin. 

We compare met expression in each 
of the four mutants to that of the wild 
type (L. lactis Pmet-gfp) across a range of 
methionine concentrations (0.025, 0.035, 
0.5, 1, 10 mM). In contrast to the wild 
type, all riboswitch mutants show a single 
expression peak and, thus, the absence 
of phenotypic heterogeneity. Mutation 
1 and 3 show the weakest met expression. 
In these mutations the riboswitch is 
entirely dysfunctional, which results in 
transcriptional attenuation by the ter-
minator hairpin. Interestingly, mutant 
2 and 4 give expression distributions 
that closely match that of the GFP- and 
GFP+ subpopulations in the wild type, 
respectively (at low methionine concen-
trations). These results are in agreement 
with the T-box tRNA sensing mechanism 
(Suddala et al., 2018). Namely, in the 
absent of key residues in the T-box (Mu-
tant 2), uncharged tRNA cannot bind the 
riboswitch, which prevents the formation 
of the anti-terminator complex. As a 

trations result in a fraction of cells that 
strongly express the met operon (GFP+ 
cells), whereas the remaining cells have 
the same expression level (GFP- cells) as 
the mutant strain that lacks the RE. On 
the contrary, at high methionine concen-
trations, the expression of the met operon 
is more strongly suppressed in the wild 
type than in the mutant strain that lacks 
the RE. These results are consistent with 
the regulatory architecture of a T-box ri-
boswitch, where high levels of uncharged 
tRNAMet stimulate the expression of the 
met operon at low methionine concen-
trations, and low levels of uncharged 
tRNAMet at high concentrations prevent 
its expression. 

To further delineate the role of the 
T-box riboswitch in the origin of pheno-
typic heterogeneity, we next examine 
highly targeted mutations inside the 
conserved domains of the riboswitch. 
Fig. 6a visualizes the various domains 
in the T-box riboswitch at the 5’ UTR of 
the met operon, based on homology with 
previously studied riboswitches (Liu et 
al., 2015; Suddala et al., 2018; Zhang et 
al., 2019) (see Supplementary Fig. 17). In 
total, we examine four targeted mutations: 
Mutant 1 (G72T, G73T) targets the stability 
of the stem I domain, which is known to 
interact with the tRNA in order to ensure 
binding and recognition of the cognate 
tRNA ligand (Li et al., 2019; Zhang et al., 
2019); Mutant 2 (ΔUGGU) is a deletion 
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Figure 6. Regulation of the methionine sensing by structural elements of the 
T-box riboswitch. a, Secondary structure diagram of the regulatory element (RE; T-box 
riboswitch) used in this study. The four introduced mutations to the T-box are shown in 
red and with numbers (1-4). Highly conserved domains in T-box riboswitches are indi-
cated. b, Single-cell fluorescence measurements by flow cytometry, in the met promoter-
driven expression of GFP in the L. lactis Pmet-gfp (WT) and each of the four mutants of 
the regulatory element in the met promoter (1-4), grown in CDM supplemented with 
increasing concentrations of methionine (0.025 mM to 10 mM; red to blue). 10,000 un-
gated events for each sample are shown. Source data are provided as a Source Data file. 
c, Snapshots of single-cell fluorescence microscopy in all the L. lactis Pmet-gfp strains, 

grown in standard CDM (0.27 mM methionine). Scale bar, 15 µm. 



241

7

chapter 7 

changing the expression of large suites 
of genes involved in amino acid uptake 
and biosynthesis; (ii) then, at a lower level, 
CmhR affects the expression of the met 
operon by specifically binding the pro-
moter region (the same regulator is also 
involved in the uptake and metabolism of 
other sulfur amino acids); and, at the lowest 
level, (iii) a T-box riboswitch regulates 
expression of the met operon, by respon-
ding to methionine starvation, thereby 
giving rise to a remarkably stable form 
of phenotypic heterogeneity. Together, 
these regulatory layers orchestrate how 
the auxotrophic L. lactis cells respond to 
methionine starvation; enabling cells to 
sequester sufficient amounts of methio-
nine when concentrations are low.

DISCUSSION
Auxotrophic bacteria often rely on trans-
porters to acquire essential organic com-
pounds from their environment. Here, 
we studied the regulation of methionine 
uptake by examining the expression of 
low- and high-affinity transporters in L. 
lactis, a well-studied lactic acid bacte-
rium that is auxotrophic for this amino 
acid. We reveal an extraordinary case 
of long-term phenotypic heterogeneity. 
Under methionine-limited conditions, L. 
lactis differentiates into two phenotypic 
subpopulations (Fig. 7): one subpopula-
tion imports free methionine from the 
environment by a high-affinity transporter 

consequence, transcriptional attenuation 
by the terminator hairpin lowers met 
expression. Conversely, in the absence 
of the terminator hairpin (Mutant 4), 
transcriptional attenuation does not occur. 
As a consequence, met expression solely 
depends on the activity of the transcription 
factor (CmhR), which results in high met 
expression at low methionine concentra-
tions (0.025 mM) and low met expression 
at high methionine concentrations (10 
mM) (see also Supplementary Fig. 18). 
Altogether, these results confirm that the 
T-box riboswitch is directly responsible 
for the observed phenotypic heterogeneity 
in the wild type, giving rise to GFP- and 
GFP+ subpopulations.

We finally also tested if the effect of 
the stringent response on met expression, 
as studied by the rel knockout above 
(Supplementary Fig. 11), exerts its effect 
through the riboswitch (as opposed to the 
transcription factor, CmhR) by examining 
a double knockout mutant (Supplementary 
Fig. 12). This revealed that rel deletion 
mutant only results in the loss of the 
GFP+ subpopulation in the presence of 
the riboswitch (i.e. regulatory element), 
showing that the stringent response affects 
met expression via the riboswitch only.

In summary, our results show that 
the met operon is subject to three hie-
rarchical layers of regulation (see Fig. 
7); at the highest level, (i) global regula-
tors indirectly affect met expression, by 
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Figure 7. Proposed model of methionine uptake and phenotypic heterogenei-
ty in L. lactis. Free methionine can enter to the cell by two ways, via a low-affinity 
BcaP-transporter (branched-chain amino acid permease) and through a high-affinity 
Met-transporter (composed of the PlpABCD, YdcC and YdcB proteins). The met operon 
is regulated by CmhR, using homocysteine (L-HC) as coeffector. The expression of bcaP 
is controlled by CodY, which is activated by branched-chain amino acids (BCAA). At 
low methionine concentrations, the cells increase methionine uptake rates to sustain 
growth and two colony phenotypes are observed: GFP- colonies (a; left) and GFP+ co-
lonies (b; right). a, In GFP- colonies the repression of bcaP by CodY is released timely, 
and the upregulation of the low affinity transporter results in enough methionine to 
support growth. Although GFP- colonies weakly express the Met transporter as well. b, 
In GFP+ colonies, methionine starvation leads to the presence of uncharged tRNAMet , 
and this signal strongly up-regulates the expression of the met operon via the regulatory 
element (RE; T-box riboswitch) in the leader region of the met mRNA, which assures 
transcriptional continuation. In addition, the uncharged tRNAMet triggers the stringent 

response due to amino acid starvation. 

(GFP+), whereas the other one is primarily 
sustained by the uptake via a low-affinity 
transporter (GFP-). These phenotypes are 
remarkably stable and inherited for tens 
of generations.

Our data support the following origin 
of phenotypic heterogeneity (Fig. 7): Upon 
methionine depletion, cells need to in-
crease methionine uptake rates to sustain 
growth. In some cells, the repression of 
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(Henkin, 2008; Serganov and Patel, 2009; 
Smith et al., 2010; Mccown et al., 2017). 
To our knowledge, this study is the first 
to show that regulation at the RNA 
level, namely the T-box at the 5’UTR of 
the met operon, can give rise to pheno-
typic heterogeneity. Comparative ge-
nomic studies have shown that T-box 
regulation strongly expanded in the 
Lactobacillaceae family (i.e. lactic acid 
bacteria), where it replaced the S-box 
riboswitch (Supplementary Table 4) that 
is triggered by S-adenosyl-L-methionine 
(Rodionov et al., 2004; Vitreschak et al., 
2008). This same phylogenetic group 
is also characterized by extensive gene 
loss, presumably because the ancestor 
underwent a lifestyle switch from being 
mostly free-living to a host-associated 
lifestyle (Makarova et al., 2006; Makarova 
and Koonin, 2007). Loss was particu-
larly common among genes underlying 
biosynthetic pathways; not surprisingly, 
many lactic acid bacteria are therefore 
auxotrophic for methionine synthesis, 
including Lactococcus lactis (Flahaut et 
al., 2013; Teusink and Molenaar, 2017), 
Lactobacillus plantarum (Teusink and 
Molenaar, 2017), Lactobacillus helveticus 
(Chopin, 1993), Streptococcus pyogenes 
(Levering et al., 2016), Streptococcus 
thermophilus (Pastink et al., 2009), and 
Enterococcus faecalis (Veith et al., 2015). 
In accordance with this lifestyle switch, 
the lactic acid bacteria are also characte-

bcaP by CodY (den Hengst et al., 2005) is 
released timely, resulting in the upregula-
tion of the low-affinity transporter, which 
allows cells to sequester enough methio-
nine from the environment to support 
growth. These cells also weakly express 
the high affinity transporter, through 
transcriptional activation of CmhR. As 
a consequence, this first subpopulation 
(GFP-) of timely-responding cells will not 
experience methionine starvation (Fig. 
7a). In contrast, cells that do not respond 
timely will experience methionine star-
vation, which leads to the accumulation 
of uncharged tRNAMet (Fig. 7b). These 
tRNAs bind to the riboswitch (Zhang et 
al., 2019), where they trigger formation 
of the anti-terminator complex that pre-
vents transcriptional attenuation by the 
terminator hairpin (Naville and Gauthe-
ret, 2009; Green et al., 2010). In addition, 
tRNAs trigger the stringent response 
(Agirrezabala et al., 2013; Hauryliuk et 
al., 2015), leading to a physiological state 
in which cells presumably stay locked 
(Ferullo and Lovett, 2008; Solopova et al., 
2014; Boniecka et al., 2017) for several 
generations. Ultimately, the increased 
expression of the high-affinity trans-
porter increases the rate of methionine 
uptake and, thereby, supports growth in 
the second subpopulation of cells (GFP+).

Over the last decades, riboswitches 
have been shown to play a central role 
in amino acid biosynthesis and uptake 



244

chapter 7 

more abundant. Bet-hedging has been 
reported in L. lactis before, where different 
cell types that appear during the diauxic 
shift are prepared to consume alternative 
future carbon sources (Solopova et al., 
2014). Second, phenotypic heterogeneity 
could also support a division of labor (van 
Gestel et al., 2015b, 2015a), where cells 
that either strongly or weakly express the 
Met-transporter engage in a cooperative 
interaction that benefits them both. At 
this stage, we can only speculate what 
such cooperative benefits might be, but 
one can imagine that cells might not 
only differ in methionine uptake, but 
also in a number of other metabolic 
traits (Solopova et al., 2014). If so, this 
could allow for some form of metabolic 
division of labor, where subpopulations 
exchange metabolites in the same way 
as synthetic bacterial communities can 
exchange amino acids (Harcombe, 2010; 
Pande et al., 2014; Harcombe et al., 2018; 
San Roman and Wagner, 2018; Libby et al., 
2019; Thommes et al., 2019). Exploring 
these and other potential benefits of the 
long-term phenotypic heterogeneity in 
methionine uptake is an exciting topic 
for future research. 

ACKNOWLEDGEMENTS
We thank Ana Solopova (PC Microbio-
me Institute, University College Cork) 
for helpful discussions. We thank Anne 
de Jong and Danny Incarnato (both De-

rized by an exceptional broad repertoire 
of carbon and amino acid transporters 
(Makarova et al., 2006), indicating that 
these bacteria often live in nutrient-rich 
environments. We postulate that the 
T-box regulation underlying some of 
these transporters might have evolved 
to accommodate the largely auxotrophic 
lifestyle of the lactic acid bacteria, where 
the T-box riboswitch might provide a more 
immediate regulatory response to amino 
acid starvation than the S-box riboswitch 
due to its specificity for methionine or 
any of the other auxotrophic amino acids 
(Vitreschak et al., 2004; Schoenfelder et 
al., 2013).

Why is methionine uptake heteroge-
neously expressed? Although phenotypic 
heterogeneity could simply arise as a side-
product of regulation that is effectively 
neutral or even deleterious, it can also 
convey a few important advantages. First, 
phenotypic heterogeneity could support a 
bet-hedging strategy (Starrfelt and Kokko, 
2012). When the distinct phenotypes in a 
heterogeneous population provide benefits 
under different environmental conditions, 
a population could prepare itself for 
unexpected changes in the environment 
by expressing both phenotypes: e.g. cells 
that strongly express the Met-transporter 
might do better in environments with 
limited methionine, whereas cells that 
weakly express the Met-transporter might 
do better when the amino acid becomes 



245

7

chapter 7 

AUTHOR CONTRIBUTIONS
J.A.H.V. and O.P.K. conceived the study. 
J.A.H.V. designed and carried out all the 
experiments. J.v.G. designed and perfor-
med the colony analysis. J.A.H.V. and 
J.v.G. analyzed the data. J.A.H.V, J.v.G. and 
O.P.K. wrote the manuscript. J.v.G. and 
O.P.K. provided supervision. All authors 
discussed the results and commented on 
the manuscript. 

partment of Molecular Genetics, Uni-
versity of Groningen) for their help with 
sequence analysis. J.A.H.V. and O.P.K. 
were financed by the Netherlands Orga-
nization for Scientific Research (NWO), 
research program TTW (13858). J.v.G. 
received support from the EMBO Long-
Term Fellowship (ALTF 1101-2016) and 
the Marie Sklodowska-Curie Individual 
Fellowship (742235). 



246

chapter 7 

REFERENCES

Abreu-Goodger, C., and Merino, E. (2005). RibEx: A web server 
for locating riboswitches and other conserved bacterial re-
gulatory elements. Nucleic Acids Res. doi:10.1093/nar/gki445.

Afzal, M., Shafeeq, S., and Kuipers, O. P. (2016). Methionine-
mediated gene expression and characterization of the CmhR 
regulon in Streptococcus pneumoniae. Microb. Genomics. 
doi:10.1099/mgen.0.000091.

Agirrezabala, X., Fernández, I. S., Kelley, A. C., Cartón, D. G., Ra-
makrishnan, V., and Valle, M. (2013). The ribosome triggers 
the stringent response by RelA via a highly distorted tRNA. 
EMBO Rep. doi:10.1038/embor.2013.106.

Andrews, S., Krueger, F., Seconds-Pichon, A., Biggins, F., and 
Wingett, S. (2015). FastQC. A quality control tool for high 
throughput sequence data. Babraham Bioinformatics. Ba-
braham Inst.

Basavanna, S., Chimalapati, S., Maqbool, A., Rubbo, B., Yuste, J., 
Wilson, R. J., et al. (2013). The Effects of Methionine Acqui-
sition and Synthesis on Streptococcus Pneumoniae Growth 
and Virulence. PLoS One. doi:10.1371/journal.pone.0049638.

Boniecka, J., Prusińska, J., Dąbrowska, G. B., and Goc, A. (2017). 
Within and beyond the stringent response-RSH and (p)ppGpp 
in plants. Planta. doi:10.1007/s00425-017-2780-y.

Burkovski, A., and Krämer, R. (2002). Bacterial amino acid 
transport proteins: Occurrence, functions, and significance 



247

7

chapter 7 

for biotechnological applications. Appl. Microbiol. Biotechnol. 
doi:10.1007/s00253-001-0869-4.

Chang, A. T., and Nikonowicz, E. P. (2013). Solution NMR deter-
mination of hydrogen bonding and base pairing between the 
glyQS T box riboswitch Specifier domain and the anticodon 
loop of tRNA Gly. FEBS Lett. doi:10.1016/j.febslet.2013.09.003.

Chang, D. E., Smalley, D. J., and Conway, T. (2002). Gene expression 
profiling of Escherichia coli growth transitions: An expanded 
stringent response model. Mol. Microbiol. doi:10.1046/j.1365-
2958.2002.03001.x.

Chopin, A. (1993). Organization and regulation of genes for ami-
no acid biosynthesis in lactic acid bacteria. FEMS Microbiol. 
Rev. doi:10.1016/0168-6445(93)90056-F.

D’Souza, G., Shitut, S., Preussger, D., Yousif, G., Waschina, S., and 
Kost, C. (2018). Ecology and evolution of metabolic cross-
feeding interactions in bacteria. Nat. Prod. Rep. doi:10.1039/
c8np00009c.

D’Souza, G., Waschina, S., Kaleta, C., and Kost, C. (2015). Plasticity 
and epistasis strongly affect bacterial fitness after losing 
multiple metabolic genes. Evolution (N. Y). doi:10.1111/
evo.12640.

D’Souza, G., Waschina, S., Pande, S., Bohl, K., Kaleta, C., and Kost, 
C. (2014). Less is more: Selective advantages can explain the 
prevalent loss of biosynthetic genes in bacteria. Evolution 
(N. Y). doi:10.1111/evo.12468.

de Jong, A., Pietersma, H., Cordes, M., Kuipers, O. P., and Kok, J. (2012). 
PePPER: a webserver for prediction of prokaryote promoter 
elements and regulons. BMC Genomics. doi:10.1186/1471-
2164-13-299.

Deatherage, D. E., and Barrick, J. E. (2014). Identification of 
mutations in laboratory-evolved microbes from next-ge-
neration sequencing data using breseq. Methods Mol. Biol. 
doi:10.1007/978-1-4939-0554-6_12.

den Hengst, C. D., Groeneveld, M., Kuipers, O. P., and Kok, J. 
(2006). Identification and functional characterization of 



248

chapter 7 

the Lactococcus lactis CodY-regulated branched-chain ami-
no acid permease BcaP (CtrA). J. Bacteriol. 188, 3280–3289. 
doi:10.1128/JB.188.9.3280-3289.2006.

den Hengst, C. D., van Hijum, S. A. F. T., Geurts, J. M. W., Nauta, 
A., Kok, J., and Kuipers, O. P. (2005).  The Lactococcus lactis 
CodY Regulon . J. Biol. Chem. doi:10.1074/jbc.m502349200.

Fang, M., and Bauer, C. E. (2018). Regulation of stringent factor 
by branched-chain amino acids. Proc. Natl. Acad. Sci. U. S. A. 
doi:10.1073/pnas.1803220115.

Ferullo, D. J., and Lovett, S. T. (2008). The stringent response and 
cell cycle arrest in Escherichia coli. PLoS Genet. doi:10.1371/
journal.pgen.1000300.

Flahaut, N. A. L., Wiersma, A., Van De Bunt, B., Martens, D. E., 
Schaap, P. J., Sijtsma, L., et al. (2013). Genome-scale metabolic 
model for Lactococcus lactis MG1363 and its application to 
the analysis of flavor formation. Appl. Microbiol. Biotechnol. 
doi:10.1007/s00253-013-5140-2.

Gasson, M. J. (1983). Plasmid complements of Streptococcus lactis 
NCDO 712 and other lactic streptococci after protoplast-
induced curing. J. Bacteriol.

Gaudu, P., Lamberet, G., Poncet, S., and Gruss, A. (2003). CcpA 
regulation of aerobic and respiration growth in Lactococcus 
lactis. Mol. Microbiol. doi:10.1046/j.1365-2958.2003.03700.x.

Giovannoni, S. J., Tripp, H. J., Givan, S., Podar, M., Vergin, K. L., 
Baptista, D., et al. (2005). Genetics: Genome streamlining in a 
cosmopolitan oceanic bacterium. Science (80-. ). doi:10.1126/
science.1114057.

Goel, A., Santos, F., de Vos, W. M., Teusink, B., and Molenaar, D. 
(2012). Standardized Assay Medium To Measure Lactococcus 
lactis Enzyme Activities while Mimicking Intracellular Con-
ditions. Appl. Environ. Microbiol. doi:10.1128/aem.05276-11.

Green, N. J., Grundy, F. J., and Henkin, T. M. (2010). The T box 
mechanism: tRNA as a regulatory molecule. FEBS Lett. 
doi:10.1016/j.febslet.2009.11.056.

Guédon, E., Serror, P., Ehrlich, S. D., Renault, P., and Delorme, C. 



249

7

chapter 7 

(2001). Pleiotropic transcriptional repressor CodY senses the 
intracellular pool of branched-chain amino acids in Lactococ-
cus lactis. Mol. Microbiol. 40, 1227–1239. doi:10.1046/j.1365-
2958.2001.02470.x.

Gutierrez-Preciado, A., Henkin, T. M., Grundy, F. J., Yanofsky, C., 
and Merino, E. (2009). Biochemical Features and Functional 
Implications of the RNA-Based T-Box Regulatory Mecha-
nism. Microbiol. Mol. Biol. Rev. doi:10.1128/mmbr.00026-08.

Harcombe, W. (2010). Novel cooperation experimentally evol-
ved between species. Evolution (N. Y). doi:10.1111/j.1558-
5646.2010.00959.x.

Harcombe, W. R., Chacón, J. M., Adamowicz, E. M., Chubiz, L. 
M., and Marx, C. J. (2018). Evolution of bidirectional costly 
mutualism from byproduct consumption. Proc. Natl. Acad. 
Sci. doi:10.1073/pnas.1810949115.

Hauryliuk, V., Atkinson, G. C., Murakami, K. S., Tenson, T., and 
Gerdes, K. (2015). Recent functional insights into the role 
of (p)ppGpp in bacterial physiology. Nat. Rev. Microbiol. 
doi:10.1038/nrmicro3448.

Henkin, T. M. (2008). Riboswitch RNAs: Using RNA to sense 
cellular metabolism. Genes Dev. doi:10.1101/gad.1747308.

Henkin, T. M., and Grundy, F. J. (2006). Sensing metabolic 
signals with nascent RNA tanscripts: The T box and S box 
riboswitches as paradigms. in Cold Spring Harbor Symposia 
on Quantitative Biology doi:10.1101/sqb.2006.71.020.

Holo, H., and Nes, I. F. (1995). “Transformation of Lactococ-
cus by electroporation,” in Methods in Molecular Biology 
doi:10.1385/0-89603-310-4:195.

Hullo, M. F., Auger, S., Dassa, E., Danchin, A., and Martin-Verstraete, 
I. (2004). The metNPQ operon of Bacillus subtilis encodes an 
ABC permease transporting methionine sulfoxide, D- and L-
methionine. Res. Microbiol. doi:10.1016/j.resmic.2003.11.008.

Jensen, P. R., and Hammer, K. (1993). Minimal requirements 
for exponential growth of Lactococcus lactis. Appl. Environ. 
Microbiol.



250

chapter 7 

Jiang, X., Zerfaß, C., Feng, S., Eichmann, R., Asally, M., Schäfer, P., 
et al. (2018). Impact of spatial organization on a novel auxo-
trophic interaction among soil microbes. ISME J. doi:10.1038/
s41396-018-0095-z.

Juillard, V., Furlan, S., Foucaud, C., and Richard, J. (2010). Mixed 
Cultures of Proteinase-Positive and Proteinase-Negative 
Strains of Lactococcus lactis in Milk. J. Dairy Sci. doi:10.3168/
jds.s0022-0302(96)76447-0.

Kaleta, C., Schäuble, S., Rinas, U., and Schuster, S. (2013). Metabo-
lic costs of amino acid and protein production in Escherichia 
coli. Biotechnol. J. doi:10.1002/biot.201200267.

Laible, M., and Boonrod, K. (2009). Homemade site directed 
mutagenesis of whole plasmids. J. Vis. Exp. doi:10.3791/1135.

Levering, J., Fiedler, T., Sieg, A., van Grinsven, K. W. A., Hering, 
S., Veith, N., et al. (2016). Genome-scale reconstruction of 
the Streptococcus pyogenes M49 metabolic network reveals 
growth requirements and indicates potential drug targets. 
J. Biotechnol. doi:10.1016/j.jbiotec.2016.01.035.

Li, S., Su, Z., Lehmann, J., Stamatopoulou, V., Giarimoglou, N., 
Henderson, F. E., et al. (2019). Structural basis of amino acid 
surveillance by higher-order tRNA-mRNA interactions. Nat. 
Struct. Mol. Biol. doi:10.1038/s41594-019-0326-7.

Libby, E., Hébert-Dufresne, L., Hosseini, S.-R., and Wagner, A. 
(2019). Syntrophy emerges spontaneously in complex meta-
bolic systems. PLOS Comput. Biol. 15, e1007169. doi:10.1371/
journal.pcbi.1007169.

Lindbäck, T., Mols, M., Basset, C., Granum, P. E., Kuipers, O. P., 
and Kovács, Á. T. (2012). CodY, a pleiotropic regulator, in-
fluences multicellular behaviour and efficient production 
of virulence factors in Bacillus cereus. Environ. Microbiol. 
doi:10.1111/j.1462-2920.2012.02766.x.

Liu, L. C., Grundy, F. J., and Henkin, T. M. (2015). Non-conserved 
residues in Clostridium acetobutylicum tRNAAla contribute 
to tRNA tuning for efficient antitermination of the alaS T 
Box riboswitch. Life. doi:10.3390/life5041567.



251

7

chapter 7 

Liu, M., Prakash, C., Nauta, A., Siezen, R. J., and Francke, C. (2012). 
Computational analysis of cysteine and methionine metabo-
lism and its regulation in dairy starter and related bacteria. 
J. Bacteriol. doi:10.1128/JB.06816-11.

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative 
gene expression data using real-time quantitative PCR and 
the 2-ΔΔCT method. Methods. doi:10.1006/meth.2001.1262.

Madeira, F., Park, Y. M., Lee, J., Buso, N., Gur, T., Madhusoodanan, 
N., et al. (2019). The EMBL-EBI search and sequence analysis 
tools APIs in 2019. Nucleic Acids Res. doi:10.1093/nar/gkz268.

Makarova, K. S., and Koonin, E. V. (2007). Evolutionary genomics 
of lactic acid bacteria. J. Bacteriol. doi:10.1128/JB.01351-06.

Makarova, K., Slesarev, A., Wolf, Y., Sorokin, A., Mirkin, B., Koonin, 
E., et al. (2006). Comparative genomics of the lactic acid 
bacteria. Proc. Natl. Acad. Sci. doi:10.1073/pnas.0607117103.

Marin, K., and Krämer, R. (2007). “Amino Acid Transport Systems 
in Biotechnologically Relevant Bacteria,” in Amino Acid 
Biosynthesis ~ Pathways, Regulation and Metabolic Engineering 
doi:10.1007/7171_2006_069.

Mccown, P. J., Corbino, K. A., Stav, S., Sherlock, M. E., and Breaker, 
R. R. (2017). Riboswitch diversity and distribution. RNA. 
doi:10.1261/rna.061234.117.

Mee, M. T., Collins, J. J., Church, G. M., and Wang, H. H. (2014). 
Syntrophic exchange in synthetic microbial communities. 
Proc. Natl. Acad. Sci. doi:10.1073/pnas.1405641111.

Naville, M., and Gautheret, D. (2009). Transcription attenuation 
in bacteria: Theme and variations. Briefings Funct. Genomics 
Proteomics. doi:10.1093/bfgp/elp025.

Novichkov, P. S., Kazakov, A. E., Ravcheev, D. A., Leyn, S. A., Ko-
valeva, G. Y., Sutormin, R. A., et al. (2013). RegPrecise 3.0 - A 
resource for genome-scale exploration of transcriptional 
regulation in bacteria. BMC Genomics. doi:10.1186/1471-
2164-14-745.

Pande, S., Merker, H., Bohl, K., Reichelt, M., Schuster, S., De Fi-
gueiredo, L. F., et al. (2014). Fitness and stability of obligate 



252

chapter 7 

cross-feeding interactions that emerge upon gene loss in 
bacteria. ISME J. doi:10.1038/ismej.2013.211.

Pande, S., Shitut, S., Freund, L., Westermann, M., Bertels, F., 
Colesie, C., et al. (2015). Metabolic cross-feeding via interce-
llular nanotubes among bacteria. Nat. Commun. doi:10.1038/
ncomms7238.

Pastink, M. I., Teusink, B., Hols, P., Visser, S., De Vos, W. M., and 
Hugenholtz, J. (2009). Genome-scale model of Streptococcus 
thermophilus LMG18311 for metabolic comparison of lactic acid 
bacteria. Appl. Environ. Microbiol. doi:10.1128/AEM.00138-09.

Pinto, J. P. C., Zeyniyev, A., Karsens, H., Trip, H., Lolkema, J. S., 
Kuipers, O. P., et al. (2011). pSEUDO, a genetic integration 
standard for Lactococcus lactis. Appl. Environ. Microbiol. 77, 
6687–6690. doi:10.1128/AEM.05196-11.

Rallu, F., Gruss, A., Ehrlich, S. D., and Maguin, E. (2000). Acid- 
and multistress-resistant mutants of Lactococcus lactis: 
Identification of intracellular stress signals. Mol. Microbiol. 
doi:10.1046/j.1365-2958.2000.01711.x.

Rasband, W. S. (2014). ImageJ, U.S. National Institutes of Health, 
Bethesda, Maryland, USA. http://imagej.nih.gov/ij/.

Rodionov, D. A., Vitreschak, A. G., Mironov, A. A., and Gelfand, 
M. S. (2004). Comparative genomics of the methionine me-
tabolism in Gram-positive bacteria: A variety of regulatory 
systems. Nucleic Acids Res. doi:10.1093/nar/gkh659.

San Roman, M., and Wagner, A. (2018). An enormous potential 
for niche construction through bacterial cross-feeding in a 
homogeneous environment. PLoS Comput. Biol. doi:10.1371/
journal.pcbi.1006340.

Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, 
M., Pietzsch, T., et al. (2012). Fiji: An open-source platform 
for biological-image analysis. Nat. Methods. doi:10.1038/
nmeth.2019.

Schmittgen, T. D., and Livak, K. J. (2008). Analyzing real-time PCR 
data by the comparative CT method. Nat. Protoc. doi:10.1038/
nprot.2008.73.



253

7

chapter 7 

Schoenfelder, S. M. K., Marincola, G., Geiger, T., Goerke, C., 
Wolz, C., and Ziebuhr, W. (2013). Methionine Biosynthesis 
in Staphylococcus aureus Is Tightly Controlled by a Hierar-
chical Network Involving an Initiator tRNA-Specific T-box 
Riboswitch. PLoS Pathog. doi:10.1371/journal.ppat.1003606.

Serganov, A., and Patel, D. J. (2009). Amino acid recognition and 
gene regulation by riboswitches. Biochim. Biophys. Acta - Gene 
Regul. Mech. doi:10.1016/j.bbagrm.2009.07.002.

Sieuwerts, S., De Bok, F. A. M., Hugenholtz, J., and Van Hylckama 
Vlieg, J. E. T. (2008). Unraveling microbial interactions in 
food fermentations: From classical to genomics approaches. 
Appl. Environ. Microbiol. doi:10.1128/AEM.00113-08.

Sievers, F., Wilm, A., Dineen, D., Gibson, T. J., Karplus, K., Li, W., 
et al. (2011). Fast, scalable generation of high-quality protein 
multiple sequence alignments using Clustal Omega. Mol. 
Syst. Biol. doi:10.1038/msb.2011.75.

Smith, A. M., Fuchs, R. T., Grundy, F. J., and Henkin, T. M. (2010). 
Riboswitch RNAs: Regulation of gene expression by direct 
monitoring of a physiological signal. RNA Biol. doi:10.4161/
rna.7.1.10757.

Solem, C., Defoor, E., Jensen, P. R., and Martinussen, J. (2008). 
Plasmid pCS1966, a new selection/counterselection tool 
for lactic acid bacterium strain construction based on the 
oroP gene, encoding an orotate transporter from Lactococcus 
lactis. in Applied and Environmental Microbiology, 4772–4775.

Solopova, A., van Gestel, J., Weissing, F. J., Bachmann, H., Teusink, 
B., Kok, J., et al. (2014). Bet-hedging during bacterial diauxic 
shift. Proc. Natl. Acad. Sci. doi:10.1073/pnas.1320063111.

Sperandio, B., Gautier, C., McGovern, S., Ehrlich, D. S., Renault, 
P., Martin-Verstraete, I., et al. (2007). Control of methionine 
synthesis and uptake by MetR and homocysteine in Strepto-
coccus mutans. J. Bacteriol. doi:10.1128/JB.00703-07.

Sperandio, B., Gautier, C., Pons, N., Ehrlich, D. S., Renault, P., and 
Guédon, E. (2010). Three paralogous LysR-type transcriptional 
regulators control sulfur amino acid supply in Streptococcus 



254

chapter 7 

mutans. J. Bacteriol. doi:10.1128/JB.00119-10.
Starrfelt, J., and Kokko, H. (2012). Bet-hedging-a triple trade-

off between means, variances and correlations. Biol. Rev. 
doi:10.1111/j.1469-185X.2012.00225.x.

Suddala, K. C., Cabello-Villegas, J., Michnicka, M., Marshall, 
C., Nikonowicz, E. P., and Walter, N. G. (2018). Hierarchical 
mechanism of amino acid sensing by the T-box riboswitch. 
Nat. Commun. doi:10.1038/s41467-018-04305-6.

Teusink, B., and Molenaar, D. (2017). Systems biology of lactic 
acid bacteria: For food and thought. Curr. Opin. Syst. Biol. 
doi:10.1016/j.coisb.2017.07.005.

Thommes, M., Wang, T., Zhao, Q., Paschalidis, I. C., and Segrè, D. 
(2019). Designing Metabolic Division of Labor in Microbial 
Communities. mSystems. doi:10.1128/msystems.00263-18.

Trip, H., Mulder, N. L., and Lolkema, J. S. (2013). Cloning, 
expression, and functional characterization of secondary 
amino acid transporters of Lactococcus lactis. J. Bacteriol. 
doi:10.1128/JB.01948-12.

Van Boxtel, C., Van Heerden, J. H., Nordholt, N., Schmidt, P., 
and Bruggeman, F. J. (2017). Taking chances and making 
mistakes: Non-genetic phenotypic heterogeneity and its 
consequences for surviving in dynamic environments. J. R. 
Soc. Interface. doi:10.1098/rsif.2017.0141.

van Gestel, J., Vlamakis, H., and Kolter, R. (2015a). Division of 
Labor in Biofilms: the Ecology of Cell Differentiation. Mi-
crobiol. Spectr. doi:10.1128/microbiolspec.mb-0002-2014.

van Gestel, J., Vlamakis, H., and Kolter, R. (2015b). From Cell 
Differentiation to Cell Collectives: Bacillus subtilis Uses Di-
vision of Labor to Migrate. PLoS Biol. doi:10.1371/journal.
pbio.1002141.

Veith, N., Solheim, M., van Grinsven, K. W. A., Olivier, B. G., 
Levering, J., Grosseholz, R., et al. (2015). Using a genome-
scale metabolic model of Enterococcus faecalis V583 to assess 
amino acid uptake and its impact on central metabolism. 
Appl. Environ. Microbiol. doi:10.1128/AEM.03279-14.



255

7

chapter 7 

Vitreschak, A. G., Mironov, A. A., Lyubetsky, V. A., and Gelfand, M. 
S. (2008). Comparative genomic analysis of T-box regulatory 
systems in bacteria. RNA. doi:10.1261/rna.819308.

Vitreschak, A. G., Rodionov, D. A., Mironov, A. A., and Gelfand, 
M. S. (2004). Riboswitches: The oldest mechanism for the 
regulation of gene expression? Trends Genet. doi:10.1016/j.
tig.2003.11.008.

Wels, M., Kormelink, T. G., Kleerebezem, M., Siezen, R. J., and 
Francke, C. (2008). An in silico analysis of T-box regulated 
genes and T-box evolution in prokaryotes, with emphasis 
on prediction of substrate specificity of transporters. BMC 
Genomics. doi:10.1186/1471-2164-9-330.

Zengler, K., and Zaramela, L. S. (2018). The social network of 
microorganisms - How auxotrophies shape complex commu-
nities. Nat. Rev. Microbiol. doi:10.1038/s41579-018-0004-5.

Zhang, J., Chetnani, B., Cormack, E., Alonso, D., Liu, W., Mon-
dragon, A., et al. (2019). Specific Structural Elements of the 
T-Box Riboswitch Drive the Two-Step Binding of the tRNA 
Ligand. Biophys. J. doi:10.1016/j.bpj.2018.11.1933.

Zomer, A. L., Buist, G., Larsen, R., Kok, J., and Kuipers, O. P. 
(2007). Time-resolved determination of the CcpA regulon 
of Lactococcus lactis subsp. cremoris MG1363. in Journal of 
Bacteriology doi:10.1128/JB.01013-06.



256

chapter 7 

SUPPLEMENTARY MATERIAL

Supplementary Figure 1. Methionine concentration is limiting for the growth 
of L. lactis. Growth curves (OD

600
) of L. lactis MG1363 in CDM with low and high con-

centrations of methionine (0.025 mM in red and 1 mM in blue).
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Supplementary Figure 2. Example of automatic colony detection. L. lactis co-
lonies on CDM-agar plate with low methionine concentration 0.025 mM show the two 
colony phenotypes (left image – before automatic detection), both phenotypes are effi-

ciently detected (right-after detection).

Supplementary Figure 3. Control data in the colony analysis. a, Frequen-
cy of GFP+ and GFP- colonies using control strains and different growth conditions: 
1-Pmet-gfp strain at low methionine concentration (0.025 mM, where the phenotypic 
heterogeneity is present), 2- Pmet-gfp strain at high methionine concentration (1 mM, 
no phenotypic heterogeneity, but low met expression), 3- Pmet-gfp strain at the hig-
hest methionine concentration (10mM, no phenotypic heterogeneity, and the lowest 
met expression), 4- Pmet-gfp strain at low methionine concentration (0.025 mM), but 
pre-cultured at high methionine concentration of 10 mM (phenotypic heterogeneity 
is present), 5- Pusp45-gfp strain at low methionine concentration (0.025 mM, homoge-
nous expression of the constitutive usp45 gene), 6- wild-type strain at high methionine 
concentration (10 mM), background fluorescence. b, examples of colonies on CDM-agar 

plate with the growth conditions tested in a.
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Supplementary Figure 4. Examples of the rarely observed switching in L. lactis 
Pmet-gfp colonies. Colonies pointed by the green arrows show sectored and radial pat-
terns in CDM-agar plates with low methionine concentrations (0.025 mM), inoculated 
with L. lactis cells and incubated for 48 h at 30 °C. Green fluorescence images are shown.
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Supplementary Figure 5. DNA sequencing of different colony phenotypes of 
L. lactis Pmet-gfp. a, Colonies obtained in CDM-agar plates with low methionine con-
centrations (0.025 mM), inoculated with L. lactis Pmet-gfp cells and incubated for 48 h at 
30 °C. Green arrows indicate the colony or sector of a colony taken to perform both, PCR 
colony and genomic DNA sequencing (see Methods). Green fluorescence images are 
shown. b, DNA sequencing of the met promoter, the percent identity value was obtained 
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by alignment of the DNA sequences of the met promoter region in each colony (GFP+ 
indicated as GFPpos, GFP- indicated as GFPneg, and sectored colonies) by Clustal 2.1. 
The alignment was performed using the met promoter sequence as reference, and two 
samples per type of colony.  c,  Identification of mutations in genomic DNA sequencing 
data obtained from samples of each colony phenotype. Breseq was used to map the 
sequencing reads to the reference genome AM406671 Lactococcus lactis subsp. cremoris 

MG1363, complete genome.

Supplementary Figure 6. Effect of the deletion of bcaP from the chromosome 
of L. lactis on growth and met expression. a, The ∆bcaP strain grows slower compa-
red to the wild type due to the fact that BcaP imports the branched-chain amino acids 
in L. lactis. Growth curves (OD600) of L. lactis ∆bcaP in CDM with low and high concen-
trations of methionine (0.025 mM in red and 1 mM in blue). b, Population-level norma-
lized GFP expression (RFU/OD600) of L. lactis MG1363 cultures, wild-type (WT) and bcaP 
deletion mutant (∆bcaP) strains, in CDM with increasing concentration of methionine 
(0.0275 mM to 1 mM, left to right bars). Error bars represent standard deviation (SD) of 

the mean values of three samples (n = 3).
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Supplementary Figure 7. Deletion of the met promoter from the chromosome 
of L. lactis Pmet-gfp results in homogeneous activation of the met promoter. a 
and b, The L. lactis ∆met Pmet-gfp strain shows homogenous met expression. Snapshots of 
L. lactis Pmet-gfp cells by fluorescence microscopy at methionine concentrations of 1 mM 
and 10 mM. Images acquired by fluorescence microscopy. Overlays of green fluorescence 
and phase-contrast images are shown (Supplementary Video 5 and 6). c, Since the L. lac-
tis ∆met strain requires higher concentrations of methionine to grow, the met expression 
in this strain is activated at a methionine concentration of 1 mM. Population-level nor-
malized GFP expression (RFU/OD600) of L. lactis Pmet-gfp cultures, wild-type (WT) and met 
deletion mutant (∆met) strains, in CDM with low and high concentrations of methionine 
(1 mM and 10 mM, left to right bars). d, The activation of the met expression in the L. 
lactis ∆met strain is inversely proportional to the methionine concentration. Population-
level normalized GFP expression (RFU/OD600) of L. lactis ∆met Pmet-gfp cultures in CDM 
with increasing concentrations of methionine (1 mM to 10 mM, left to right bars). Error 

bars represent standard deviation (SD) of the mean values of three samples (n = 3).
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Supplementary Figure 8. The L. lactis ∆met strain requires higher methionine 
concentrations to grow. Growth curves (OD600) of L. lactis ∆met cultures, performed in 

CDM with different methionine concentrations (0.5 mM to 10 mM). 

Supplementary Figure 9. The BcaP and Met-transporters are the only two 
systems able to import methionine in L. lactis. Previous studies show that the 
lack of BcaP is partially compensated by a low-affinity BCAA transport system II ca-
rrier protein (BrnQ). Therefore, a triple deletion mutant strain (∆met∆bcaP∆brnQ) was 
constructed in order to investigate whether another methionine transporter, besides 
Met and BcaP, is present in L. lactis. At a high methionine concentration of 10 mM, L. 
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Supplementary Figure 10. Methionine competes with branched-chain amino 
acids for BcaP. a, Population-level normalized GFP expression (RFU/OD600) of L. lac-
tis MG1363 PbcaP-gfp construct, in CDM with increasing concentration of methionine 
(0.025 mM to 1 mM, red and blue bars respectively), and the presence of low or high 
branched-chain amino acid concentration: low BCAA’s (leucine 0.4 mM, isoleucine 0.2 
mM, valine 0.23 mM) and high BCAA’s (leucine 4 mM , isoleucine 2 mM and valine 2.3 
mM). Error bars represent standard deviation (SD) of the mean values of three samples 
(n = 3). b and c, Snapshots of observations by fluorescence microscopy of L. lactis PbcaP-
gfp at exponential growth phase in medium with low and high methionine concentra-
tions (0.025 mM and 1 mM b and c respectively), performed in CDM with low branched-
chain amino acids concentrations. d and e, Snapshots of observations by fluorescence 
microscopy of L. lactis PbcaP-gfp at exponential growth phase in medium with low and 
high methionine concentrations (0.025 mM and 1 mM, d and e respectively), performed 

in CDM with high branched-chain amino acids concentrations.

lactis ∆met (in dark blue) shows similar grow to the wild-type strain (gray) due to the 
methionine import via BcaP. In contrast, no differences in growth between the triple-
mutant (∆met∆bcaP∆brnQ) (in dark orange) and a double mutant (∆bcaP∆brnQ) (in light 
orange) were observed in CDM with a high methionine concentration of 10 mM. Thus, 
it appears that BrnQ is unable to transporter methionine. Although, the triple-mutant 
strain (∆met∆bcaP∆brnQ) does grow in CDM with a prolonged lag phase (in dark orange) 

and reaches lower final cell-density compared to the wild-type strain (in gray).
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Supplementary Figure 11. The role of global regulators on the expression 
of the met operon. a, Deletion of codY, ccpA, or rel from the chromosome of L. lactis 
Pmet-gfp decreases the activation of the met promoter at low methionine concentrations. 
Remarkably the deletion of rel shows the lowest met expression at low concentrations 
of methionine (0.025 mM). Furthermore, there is a similar effect with the deletion of 
codY, which may be explained by the fact that bcaP becomes highly expressed without 
the repression by CodY, and therefore the requirement of the Met transporter decreases. 
Note: the wild type shown in this figure is the same as in Figure 6. Population-level 
normalized GFP expression (RFU/OD600) of L. lactis Pmet-gfp cultures in CDM with low 
(red) and high (blue) concentrations of methionine (0.025 mM and 1 mM). b, Single-cell 
GFP measurements by flow cytometry at different concentrations of methionine (0.025 

mM to 1 mM). 
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Supplementary Figure 12. Rel plays a role in the regulation of the met pro-
moter. a, Population-level normalized GFP expression (RFU/OD

600
) of L. lactis cultures 

wild-type strain and rel deletion mutant, bearing the met promoter (including the regu-
latory element RE) fused to the gfp gene. Cells are propagated in CDM with low and high 
methionine concentrations (0.025 mM in red and 10 mM in blue). b, Population-level 
normalized GFP expression (RFU/OD

600
) of L. lactis cultures wild-type and rel deletion 

mutant strains, bearing a variant of the met promoter (lacking the regulatory element 
RE) fused to the gfp gene. Cells are propagated in CDM with low and high methionine 
concentrations (0.025 mM in red and 10 mM in blue). Error bars represent standard 

deviation (SD) of the mean values of three samples (n = 3).
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Supplementary Figure 13. The transcription factor CmhR regulates the met 
promoter. a, The deletion of cmhR from the chromosome of L. lactis Pmet-gfp results in 
no met expression at different methionine concentrations (0.025 mM in red, and 1 mM 
in blue). b and c Snapshots of cells of the wild-type and ∆cmhR strains by fluorescence 
microscopy in standard CDM that contains 0.27 mM methionine. No Met-transporter 
expression is observed in the ∆cmhR strain. Overlays of green-fluorescence and phase-

contrast images are shown. 

Supplementary Figure 14. L-homocysteine increases the expression of the 
Met-transporter. a, Since homocysteine can be converted to methionine, L. lactis is 
able to grow in CDM containing L-homocysteine instead of methionine. The expression 
of the met operon is enhanced with the presence of L-homocysteine, even at a high 
concentration of methionine (1mM). Population-level normalized GFP expression (RFU/
OD600) of L. lactis Pmet-gfp cultures, in CDM with low and high methionine concentration 
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Supplementary Figure 15. A T-box riboswitch is located upstream the met 
operon. The T-box riboswitch is a well-known regulatory element (RFAM: RF00230), 
which is predicted by RegPrecise 3.0 database to regulate the metNPQ operon (named 
met operon in our study) in Lactococcus lactis. We identified three motifs belonging to 
the T-box leader in the genome of L. lactis MG1363 by RibEx: Riboswitch explorer, these 
motifs are located upstream the met operon (plpABCD-ydcB-ydcC) encoding the methio-

nine ABC transporter, in a similar way to other species of L. lactis.

(0.025mM and 1mM) and high and low L-homocysteine concentration (0.025 mM and 
1 mM). b Snapshot of microscopic observation of L. lactis Pmet-gfp strain in CDM with 
high methionine (1 mM) and L-homocysteine at a concentration of 0.27 mM (Supple-
mentary Video 8). An overlay of green fluorescence and phase-contrast images is shown. 
Error bars represent standard deviation (SD) of the mean values of three samples (n = 3).
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Supplementary Figure 16. Impaired methionine biosynthesis pathways in L. 
lactis MG1363. Although methionine can potentially be synthesized using L-homo-
cysteine as a substrate, experimentally this bacterium is an auxotroph for methionine. 
The pool of homocysteine is derived from a recycling pathway via metk, pfs and luxS, or 
via interconversion of homoserine into L-homocysteine by metA and cysD. We speculate 
that either the amounts of methionine produced by this pathways is not enough to let 
the bacteria proliferate or the biosynthetic pathways are impaired by gene mutations. In 
a review of the literature, Sperandio et al, 2010 described the sulfur amino acid metabo-
lism in the L. lactis IL1403 strain, and showed that cysteine might enter by an intercon-
version pathway to methionine. This conversion is not possible in L. lactis MG1363 due 
to the lack of the enzyme YtjE that converts cystathionine into homocysteine. In this 
diagram, we highlight three transcriptional regulators participating in these biosynthe-
tic pathways: genes regulated by CmbR in green, genes regulated by CodY in red, and 

genes that are potentially regulated by CmhR in blue. 
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Supplementary Figure 17. Analysis of the 5’ UTR of the met operon. a, The DNA 
sequence shows the transcription start site (+1), and the regulatory element (RE) deleted 
in the Pmet(-RE)-gfp strain (Fig. 5d) is shown in red. b, The RNA sequence shows the identi-
fied domains, elements, and conserved nucleotides among T-box riboswitches. The identi-
fication of these structural elements is based on previous studies (Green et al., 2010; Liu et 
al., 2015; Zhang et al., 2019)the binding of which affects the folding of the riboswitch into 
mutually exclusive terminator or antiterminator structures. Two main pairing interac-
tions between the tRNA and the leader RNA have been demonstrated to be necessary, but 
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not sufficient, for efficient antitermination. In this study, we used the Clostridium aceto-
butylicum alaS gene, which encodes alanyl-tRNA synthetase, to investigate the specificity 
of the tRNA response. We show that the homologous C. acetobutylicum tRNAAla directs 
antitermination of the C. acetobutylicum alaS gene in vitro, but the heterologous Bacillus 
subtilis tRNAAla (with the same anticodon and acceptor end. Moreover, the four muta-

tions introduced to the riboswitch in this study (Fig. 6) are highlighted with numbers. 

Supplementary Figure 18. Quantitative analysis of the met expression. a, qRT-
PCR was performed with two sets of primers: Fw+Rv2 and Fw+Rv8, based on the dis-
tance to the transcription start site. b, met expression at low (0.025 mM; red) and high 
(10 mM; blue) methionine concentrations, in the wild-type and bcap deletion strain. The 
results are normalized to the expression of rpoE (encoding for the DNA-directed RNA 
polymerase subunit delta) and rarA (encoding for a recombinase) genes. The expression 
of the met operon occurs at low methionine concentrations, whereas at high methionine 
concentrations the met expression is very low. Moreover, the deletion of bcap causes 
higher met expression levels, since lacking the BcaP makes the Met transporter the 
only path left to import methionine. These results represent the mean values of three 

samples (n = 3).
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Table S1. Oligonucleotides used in this study.

Name Sequence

metFw

metRv

met(-RE)_Rv

bcaP_Fw

bcaP_Rv

A_metKO_Fw 

A_metKO_Rv 

B_metKO_Fw 

B_metKO_Rv 

met_promoter_Fw

met_promoter_Rv

Fw (qRT-PCR)

Rv2 (qRT-PCR)

Rv8 (qRT-PCR)

rpoE-Fw

rpoE-Rv

rarA-Fw

rarA-Rv

Mut1-Fw

Mut1-Rv

Mut2-Fw

Mut2-Rv

Mut3-Fw

Mut3-Rv

Mut4-Rv

5’ CTCTGCGCATGCTTTGGAATGAGGCTGATGATGAAGG 3’

5’ CTCGAGTTGATTTATTTTTCAAAATCAATTATTCCCCTTTG 3’

5’ CTTTCACTCGAGCTTACTCGACCGCTTTTATTTTG 3’

5’ TAAGAAGCATGCCAGTTGAAAGTTTTCACGAGGTTC 3’

5’ TAAATCCTCGAGTTTCTGAATTTGTAACTAAATAATTTC 3’

5’ TTATTAGGTACCACTATGGATAAAAAGTTTAG 3’

5’ TTGACAAGAATTCTAAAAATAAATATTTGCACAATG 3’

5’ GGGAGAGGATCCGAATCCAAGAAACAGAAATAT 3’

5’ CACTATCTTTGTTTACAGGTTCGCGGCCGCTAGACTC 3’

5’ AAGCTGAGAAGAAGGATAGGGATA 3’

5’ GCAGCGATAGCAACAATTACAACAAC 3’

5’ ACACAAATTCGGACAAAATAAAAG 3’

5’ GAAAATTAACCGTGCACCTG 3’

5’ CTTCATTCAGGCTTGCTCTC  3’

5’ GAAGTCATCGCTCTTGACGAA 3’

5’ TCTGGGTCGATTTCGTCTTC 3’

5’TGCAGAGCAGACAGCAAATC 3’

5’ ACACCGCGTTACCCTAGATG 3’

5’GTCAGTACAGAGAGCTTGTAGCTTTGAGAGCAAGC 3’

5’ GCTTCATTCAGGCTTGCTCTCAAAGCTACAAGCTC 3’

5’ GCTACAAAGTGCTTAAATCAAGAAACCACGATATAGC 3’

5’ GAAACGAGCTATATCGTGGATTCTTGATTTAAGC 3’

5’ GGTACCACGATATAGCTTTCTTCTTTTTATGAAATGGGC 3’

5’ CAAAAAGAGCCCATTTCATAAAAAGAAGAAAGCTATATCG 3’

5’ CAAATTCCTCGAGCAAAAACAATCTGACTAAACAAAAAGAG 3’
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Name

L. lactis Pmet-gfp

L. lactis ΔbcaP Pmet-gfp

L. lactis Δmet Pmet-gfp

L. lactis ΔcmhR Pmet-gfp

L. lactis Δrel Pmet-gfp

L. lactis ΔccpA Pmet-gfp

L. lactis ΔcodY Pmet-gfp

L. lactis ΔbcaPΔbrnQ

 Pmet-gfp

L. lactis ΔmetΔbcaPΔbrnQ

L. lactis Pmet(-RE)-gfp

L. lactis Δrel Pmet(-RE)-gfp

T-box mutant 1

T-box mutant 2

T-box mutant 3

T-box mutant 4

Table S2. Constructed strains in this study.

Sequence

L. lactis wild-type strain MG1363, llmg_pseudo10::Pmet-gfp, Eryr

L. lactis MG1363 bcaP deletion mutant,  llmg_pseudo10::Pmet-gfp, Eryr

L. lactis MG1363 met deletion mutant,  llmg_pseudo10::Pmet-gfp, Eryr

L. lactis MG1363 cmhR deletion mutant,  llmg_pseudo10::Pmet-gfp, Eryr

L. lactis MG1363 rel deletion mutant,  llmg_pseudo10::Pmet-gfp, Eryr

L. lactis MG1363 ccpA deletion mutant,  llmg_pseudo10::Pmet-gfp, Eryr

L. lactis MG1363 codY deletion mutant,  llmg_pseudo10::Pmet-gfp, Eryr

L. lactis MG1363 bcaP and brnQ deletion mutant,  

llmg_pseudo10::Pmet-gfp, Eryr

L. lactis MG1363 met, bcaP and brnQ deletion mutant

L. lactis MG1363,  llmg_pseudo10::Pmet(-RE)-gfp. Pmet(-RE) is a variant 

of the met promoter, lacking the full T-box riboswitch, Eryr

L. lactis MG1363 rel deletion mutant,  llmg_pseudo10::Pmet(-RE)-gfp. 

Pmet(-RE) is a variant of the met promoter, lacking the full T-box 

riboswitch, Eryr

L. lactis MG1363,  llmg_pseudo10::Pmet(mut1)-gfp. Mutant 1 

corresponds to G27T, G73T. Eryr

L. lactis MG1363,  llmg_pseudo10::Pmet(mut1)-gfp. Mutant 2 

corresponds to ΔUGGU. Eryr

L. lactis MG1363,  llmg_pseudo10::Pmet(mut1)-gfp. Mutant 3 

corresponds to  C258U, G259U, U260C. Eryr

L. lactis MG1363,  llmg_pseudo10::Pmet(mut1)-gfp. Mutant 4 

corresponds to Δ306-365. Eryr
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Table S3. Number of generations in L. lactis colonies.

GFP + colonies GFP- colonies GFP- colonies

Phenotype Phenotype

number of 

cells

2729

466

1379

2624

2492

945

590

1196

mean ± SD

number of 

generations

13.74

11.19

12.75

13.68

13.61

12.21

11.53

12.55

12.65 ± 0.98

number of 

cells

1515

509

1250

1009

1275

513

1530

324

726

1675

mean ± SD

number of 

generations

12.89

11.31

12.61

12.30

12.64

11.32

12.90

10.66

11.83

13.03

12.15 ± 0.82

number of 

colony

1

2

3

4

5

6

7

8

9

10

11

Colonies on CDM-agar 
plate with 

methionine  0.025 mM 

Colonies on CDM-agar 
plate with 

methionine  10 mM 

number of 

cells

1147

561

714

635

1158

723

1053

2178

3729

1972

868

mean ± SD

number of 

generations

12.49

11.45

11.80

11.63

12.50

11.82

12.36

13.41

14.19

13.27

12.08

12.45 ± 0.85
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Phylogenetic clade

Clostridia

B. subtilis group

B. cereus group

Lactobacilli

Staphylococci

Streptococci

Table S4. Regulation mechanism of the methionine transport in different 
phylogenetic clades.

Regulation on methionine transport

S-box attenuation mechanism

S-box attenuation mechanism

S-box attenuation mechanism

T-box attenuation mechanism

S-box attenuation mechanism / T-box attenuation 

mechanism

Protein transcription factors (MtaR/MetR/CmbR)

Strategy in the regulation of methionine transporter in different phylogenetic clades, 
based on genomic studies. The S-box mechanism was lost in the Streptococcaceae and 
Lactobacillales lineages, and the role of regulation was assumed by the Met-T-box me-
chanism in lactobacilli and transcription factors in streptococci. Methionine auxotrophy 

has been reported in organisms belonging to the Lactobacilli and Streptococci clades.
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