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Abstrakt (svenska) 
Projektet ämnade att studera Salmonella enterica subspecies enterica serovar 
Typhimurium (S. Tm) förmåga att metabolisera enkla sockerarter, vilka frigjorts från 
antibiotikadödad mikrobiota. Detta skulle analyseras genom att använda pBAD (araBAD 
promotor) systemet som en reportergen för tillgänglighet av fri L-arabinos. Genom att 
använda bioinformatik och homologin som finns hos konserverade L-arabinos-
transportörgener, vilka är förmodade att vara gemensamma hos Escherichia coli K12 (E. 
coli) och S. Tm, ämnade vi att skapa en S. Tm-mutant oförmögen att ta upp L-arabinos 
från sin omgivning. Under projektets gång framkom det dock att L-arabinostransportörer 
inte kodas från gemensamma gener hos E. coli och S. Tm. Vissa förmodade L-arabinos-
transportör-ortologer existerar inte i S. Tm's genom. 
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Testing the specificity of the pBAD arabinose reporter 
 

1. Abstract 
The project highlights Salmonella enterica subspecies enterica serovar Typhimurium (S. Tm)'s 
ability to metabolize simple sugars released from dead commensal bacteria, by using the pBAD 
(araBAD promoter) system as a reporter of L-arabinose availability. Using bioinformatics and 
homology of conserved L-arabinose transporter genes shared in Escherichia coli K12 (E. coli) 
and S. Tm, we aimed to create a S. Tm mutant strain unable to obtain L-arabinose from it 
environment. During the projects course of time it was discovered that L-arabinose transporters 
are not a shared gene trait between E. coli and S. Tm, and that putative L-arabinose transporter 
orthologues may exists in the S. Tm genome. 

2. Introduction 

The discovery of antibiotics is without a doubt one of modern medicine’s greatest findings, but 
as every sunshine story it has a downside effect to it.  During the 1950s it was noted that patients 
of post-antibiotic treatments were susceptible to infections caused by otherwise non-harmful 
bacteria e.g. Enterobacteriacaea, i.e. antibiotics increased the susceptibility to enteric 
infections (Miller et al., 1954). Recent data also suggest that the killing of microbiota through 
antibiotic treatment leads to a massive release of host- and food- derived sugars, creating an 
open niche in the large intestine that risks causing a prolonged imbalance of the commensal 
enteric bacteria post-antibiotic treatment. This effect seems to enable pathogens, such as 
Salmonella enterica subspecies enterica serovar Typhimurium (S. Tm), to invade and thrive in 
the lower intestinal tract. (Ng et al., 2013, Stecher et al., 2013).  

L-arabinose is a pentose sugar that cannot be synthesised nor metabolized by mammals. 
However, L-arabinose can be synthesised by microbes and plants, where it is found in high 
levels in e.g. arabinomannans and arabinoxylans (several polysaccharides that are polymers of 
D-mannose or D-xylose with L-arabinose branches) which occur in plant and some bacterial 
cell walls. This observation led to the wide use of L-arabinose-inducible promoters as tools to 
regulate bacterial gene expression in mammalian tissues. For example, arabinose-inducible 
expression of Green Fluorescent Protein (GFP) can be induced by addition of exogenous 
arabinose in vitro, then arabinose is washed out and GFP dilution can be used to monitor cell 
divisions in vitro or in deep tissues (spleen, liver) (Helaine et al., 2010).  

Cross-feeding between members of the intestinal microbiota is generally underappreciated, and 
may be critical in robust network function and rapid recovery of the microbiota after disruption 
from e.g. antibiotic treatment killing the commensal bacteria thus liberating carbohydrates such 
as L-arabinose. Whilst considerable work has investigated the ability of the microbiota to forage 
host carbohydrates in the intestinal lumen (Berry et al., 2013. Kaiser et al., 2011), the role of 
cross-feeding of bacterial carbohydrates has not been extensively considered.  

Previous work from my co-workers revealed a strong induction of an L-arabinose-inducible 
promoter, as well as measurable free arabinose in the intestinal lumen, in antibiotic-treated 
conventional, but not germ-free mice. Whilst L-arabinose-containing polymers are abundant in 
standard mouse chow, often containing e.g. plant based compounds, they should be absent in a 
high-fat diet (HFD). Nevertheless, significant free arabinose was observed after antibiotic 
treatment in mice fed a HFD for one week prior to treatment. 
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This observation could stem from two possibilities. 1) Food-derived arabinose-polymers are 
not the major source of free arabinose in the intestinal lumen after antibiotic treatment or 2) a 
non-arabinose sugar released from the food after antibiotics treatment can also induce the pBAD 
(araBAD promoter) 

In order to test these hypotheses, it is important to understand how arabinose is taken up and 
sensed in Enterobacteriaceae. 

The outer membrane surrounding the bacteria is permeable for smaller molecules, including 
arabinose. It achieves this by the help of porins with various specific properties (e.g. size, 
charge). In gram-negative bacteria, such as Escherichia coli (E. coli) and S. Tm, the periplasm 
that lies between the outer and inner membrane is divided by a layer of peptidoglycan that 
makes up the bacterial cell wall. The inner membrane (cytoplasmic membrane), is highly 
selective for what is transported through it from the periplasm, and transport over this 
membrane is regulated by various periplasmic transporter proteins, often mediating active 
transport. 

E. coli has two ways for importing L-arabinose over the cytoplasmic membrane (Fig. 1), these 
are the low affinity transporter (2*10-4 M) encoded by araE (membrane bound proton 
symporter) and the high affinity transporter (< 1*10-6 M) encoded by araFGH (L-arabinose-
specific ATP Binding Cassette-transporter (ABC-transporter)), where araH is the membrane 
protein. Proton symporter araE, is a simple transport system driven by proton motive force for 
transportation of L-arabinose through the cytoplasmic membrane. When L-arabinose is present 
intracellular, it will bind to the AraC protein, switching its function from a transcriptional 
repressor to a transcriptional activator which controls other ara proteins. Upon activation, the 
AraC will upregulate expression of gene products such as the araE and araFGH transporters 
and the gene products of araBAD required for arabinose metabolism. (Schleif, 2010, Luo et al. 
2014). 

  

Figure 1. L-arabinose uptake and pathway in E. coli. Low affinity transporter protein araE is able to 
import L-arabinose via symporting them using protons motive force. Regulation of high affinity transporter, 
araFHG, depends on the presence and/or absence of L-arabinose, as the AraC operon regulates the 
expression of these via dual control. Upon induction of the AraC, araBAD is able to produces gene products 
that are a part of the L-arabinose metabolic pathway, converting L-arabinose to D-xylulose-5P before it 
enters pentose phosphate pathway (PPP). Luo et al. 2014 
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The AraC operon is regulated through a dual control - positive and negative (Fig. 2). Positive 
control: when L-arabinose is present the AraC protein binds to the araI and the cAMP-bound 
CAP (Catabolite activator protein) protein will thereafter bind upstream of araI, stabilizing the 
open DNA configuration, which allows recruitment of the RNA polymerase to the pBAD 
promoter. Binding will lead to activation and transcription of araBAD genes. Negative control: 
if L-arabinose is absent, the AraC protein will form a hairpin loop of the DNA strand by binding 
to the araI and araO regions, located upstream from the araBAD and thus inhibiting cAMP 
bound CAP protein to bind upstream of araI. (Luo et al. 2014).  

 

By using the specifics of how the of the araBAD genes are regulated, a plasmid was generated 
carrying a GFP reporter gene under the control of the pBAD and araI/araO control regions. As 
"...the induction does not require the activity of the first enzyme of the arabinose catabolic 
pathway, implying that arabinose is the true inducer" Schleif 2010, this suggests that the 
report gene is secure to function as an indicator of free L-arabinoses presences. No other 
sugar or L-arabinose metabolite is known to induce pBAD activation. The plasmid was 
generated in a previous study conducted at the Hardt lab by insterting GFPmut2 into pBAD24 
(pZ1603).  

We used this information in order to test the specificity of the pBAD induction in vitro and in 
vivo via two approaches: 

1) A strain of S. Tm was constructed, which was modified to express reporter gene (pZ1603), 
along with mutations in one or both of the two known arabinose-import systems, araE and/or 
araH, or in araB (a kinase essential for L-arabinose metabolism). We initially tested the 
ability of these strains to induce GFP expression in vitro in response to L-arabinose. Once this 
had been established, we used these strain in vivo to confirm that the observed GFP induction 
in streptomycin pre-treated SPF mice arose from uptake of free L-arabinose.  

 
Figure 2. Dual control of AraC operon.  Positive control, when L-arabinose is present the AraC protein 
binds to the araI the cAMP bound CAP protein will bind to araI. Binding will lead to activation and 
transcription of araBAD genes. Negative control, if L-arabinose is abscent, the AraC protein will form a 
hairpin loop of the DNA strand by binding to the araI and araO regions, lying upstreams from the 
araBAD and thus inhibiting cAMP bound CAP protein to bind to araI. Biology department of University 
of Miami. 
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2) The ability of the above-generated strains to activate expression of GFP from pZ1603 in 
response to simple sugars found in the intestinal tract was tested in vitro. 

During the course of this work, it became clear that the araFGH is in fact non-existent in 
Salmonella (the gene named araH is mis-annotated) and that L-arabinose uptake likely occurs 
via a second transporter yet to be identified.  

This works has therefore established a number of strains that can be used as tools to further 
address the source of free L-arabinose in antibiotic-treated animals, and has revealed an 
important case of mis-annotation in the Salmonella genome. 

3. Materials and methods 
Reagents Supplier 
GeneRuler DNA ladder mix 1000 kB ThermoFisher Scientific 
Agarose (GellyPhor®) Euroclone 
DNase-, RNase-free ddH2O  Invitrogen 
Ethidium bromide (EtBr)  Carl-Roth 
MacConkey agar Oxoid 
Bovine serum albumin fraction V (BSA)  GE Healthcare 
D-Arabinose Sigma Aldrich 
L-Arabinose Sigma Aldrich 
D-Fucose Sigma Aldrich 
D-Fructose Sigma Aldrich 
D-Ribose Sigma Aldrich 
α-Lactose Sigma Aldrich 
D-Galactose Acros Organics 
D-Mannose Sigma Aldrich 

 

Chemical  Composition 
10x Phosphate buffered saline 
(PBS) 

 

 

80 g NaCl, 2 g KCl, 17.8 g Na2HPO4∙7H2O, 
2.4 g KH2PO4 added up to 1 L with ddH2O 

M9 30 g Na2HPO4, 15 g KH2PO4, 2.5 g 
NACl(NH4)2SO4 7.5  

FACS buffer PBS with 1% (v/v) BSA and 0.05% (w/v) 
sodium azide, filter-sterilized 

50 x TAE buffer 242 g Tris base, 57.1 mL ice cold acetic acid, 
100 mL 0.5 M EDTA (pH 8.0), in 1L ddH2O 

1x TAE buffer 40 mL 50x TAE buffer, 1960 ml ddH2O 
Lysogeny Broth (LB)  1% tryptone, 0.5% yeast extract, 1% NaCl) 
4% Paraformaldehyde 4% w/v paraformaldehyde in PBS at pH 7.0, 

stored at - 20°C until use 
1 % Agarose gel 1 g GellyPhor®, 100 mL 1X TAE buffer, 1 dr 

EtBr 
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Overnight cultures (O/N) 
Liquid O/N was made through addition of bacterial strain into sterile LB medium with or 
without suitable antibiotic. Agar O/N are performed by either spreading of 100 µL of liquid 
cultures with the help of glass marbles and kept in incubator at 160 rpm at 37 °C for 12-16 
hours or by streaking according to patter in figure X and kept in incubator at 37 °C for 12-16 
hours. 

 
Frozen stock 
Bacterial cultures of interest was kept at -80 °C after 800 µL O/N culture was added to 200 
µL 50 % glycerol LB. 

Table 1. Bacterial strains used and created in this study. 
 
Strain ID Strain Name Resistance Parent Strain Reference 
Z1629 SB300 Sm  S. Tm SL1344 Hoiseth, S. K. & 

Stocker, B. A. 
1981 

M2702 SB300 derivate, 
ΔinvG, ΔsseD 

Sm SB300 Maier, L. et al. 
2013 

C4167 galP::aphT Kan 14028 Porwollik, S. et 
al. 2014 

Z657 araE::cat Chl  Kind gift of 
Markus Kruezer 

C3706 mglC::aphT Kan 14028 Porwollik, S. et 
al. 2014 

C3807 rbsB::aphT Kan 14028 Porwollik, S. et 
al. 2014 

C4167 galP::aphT Kan 14028 Porwollik, S. et 
al. 2014 

Z2037 oafA::cat Chl SB300 Kind gift of Dr. 
Médéric Diard 

Z108-1 araB::aphT Kan SB300 Kind gift from 
Dr. Bidong 
Nguyen 

Z108-2 araHE::aphT Kan SB300 Kind gift from 
Dr. Bidong 
Nguyen 

STM0149 araT::aphT Kan SB300 Stringer et al. 
2010 

Z2102 araE::cat 
galP::aphT 

Kan Chl SB300 This study 

Z2103 araE::cat 
mglC::aphT 

Kan Chl SB300 This study 

Z2104 araE::cat 
rbsB::aphT 

Kan Chl SB300 This study 

Z2105 araE::cat 
araT::aphT 

Kan Chl SB300 This study 
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Plasmid extraction 
PureYield Plasmid Miniprep System ref. A1223 from Promega was used for extracting 
plasmids pBAD GFP mut. 2 and pM965. The alternative protocol for larger culture volumes, 
as suggested by the manufacturer, was used. Purity of plasmids was controlled through 
spectrophotometric quantification of DNA/RNA. 

 
Competent cells with plasmid transformation 
Plasmid transformations were performed through electroporation. O/N bacterial culture and 
plasmids of interest were kept on ice. 1 mL bacterial culture would then be centrifuged at 
9500 rpm in 4 °C for 3 minute. Supernatant is discarded, another 1 mL bacterial culture is 
added to the pellet and procedure is repeated. Pellet was then re-suspended with 1mL 4 °C 
ddH2O before being centrifuged on the same condition as previous treatment. Procedure was 
repeated, without the resuspension of pellet, three times. Finally 100 µL 4 °C ddH2O was 
used to re-suspended pellet. From the final resuspension, 50 µL would then wash down the 2 
µL plasmid added to a 1 mm disposable electroporation cuvette and be pulsed using a 
GenePulser Xcell™ (BioRad) at 1800 V. Bacterial transformants were then allowed to 
recover in 1 ml of plain LB for 1 hour at 37°C, shaking at 160 rpm. Glass beads were then 
used to spread 100 μl of recovered cells on LB agar plates supplemented with Amp and 
grown overnight at 37 °C. From the colonies grown a re-streaking is done. The final re-streak 
and colonies grown from it, were inoculated into LB supplemented with suitable antibiotics to 
make O/N cultures that then were used in the study and preserved as frozen stock. Control 
used was competent cells without plasmid, plated onto the same LB agar with antibiotic 
supplement.  

GFP plasmid induction sensitivity towards L-Arabinose 
O/N culture with plasmid grown in LB with Amp was dilute 1:10 in filtered LB. They are 
vortexted and then added to the prepared L-arabinose (Sigma Aldrich) dilution series set up in 
TPP tissue culture test plate 96U. They're cultured at 37°C for 3 hours before being analysed in 
flow cytometry. 

  

Table 2. Names and descriptions of bacterial plasmids used in this study. 
 
Plasmid Resistance Description  Backbone  Reference 
pM965 Amp Constitutive GFP reporter 

gene 
PrpsM::gfpmut2 Stecher, B. et 

al. 2004 
     

pZ1603 Amp L-Arabinose inducible GFP 
reporter gene 

pBAD24 GFP 
mut.2 

Moor, K. et 
al. 2017 
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Sugar dilutions 
Were performed in a 96-well plate, every 
well had a VTOT = 200 µL before bacterial 
culture of either 2 µL or 10 µL was added 
and the plates was incubated at 37 °C for 3 
hours. Dilution ranged from [0.2 - 0 %] with 
a 1:3 dilution decrease/row. LB and 0.2 % 
sugar dilutions stock was filtered through 
0.22 µm syringe filter prior to use.  

Flow cytometry 
Bacterial strains of interest were grown as 
described in sugar dilutions. Following the 
incubation, 2 µL of sample was transferred 
to tubes filled with 500 µL of FACS-buffer (PBS, 1% Bovine serum albumin fraction V, 
0.05% sodium azide, filtered through a 0.22µm filter). 

Bacteriophages using SB300 P22 
1 mL O/N of donor-strain and 50 µL SB300 P22-phage lysate was added to an Eppendorf 
tube, vortexed and then incubated at 37 °C for 15 minutes. The, now infected, cells were then 
transferred to a baffled flask containing 10 mL LB and incubated at 37 °C at 160 rpm for 8-12 
hours, timeframe depending upon when lysis was visible. To the baffled flask with lysed cells, 
100 µL CHCl3 was added and incubated at 37 °C at 160 rpm for 15 minutes, this liberated 
phage's through cell lysis. Medium was then centrifuged at 4000 rpm (approximately 3000-
3500*g) at 4 °C for 15 minutes. Supernatant was then sterile-filtered through 0.45 µm filter 
and 50 µL CHCl3 was added to the tube to sterilize the lysates. Tube stored at 4 °C.  

Phage transduction 
To an Eppendorf tubes with 1 mL O/N recipient strain, 50 µL P22-lysate with donor strain 
was added. Tube was vortexed and incubated at 37 °C for 15 minutes, then centrifuged at 
9500 rpm for 4 minutes and supernatant was somewhat discarded. Remaining supernatant was 
used to dissolve the pellet before sample was plated with the help of glass beads onto LB agar 
supplemented with suitable antibiotics. Controls were made to make sure that phage stock of 
donor strain didn't contain any viable bacteria and of that the recipient strain didn't have 
antibiotic resistance.  
 

Table 3. Conversion table for L-Arabinose dilutions 
% log % mol / dm3 

0.2 -0.698970004 0.002111503 

0.05 -1.301029996 0.000527876 

0.0125 -1.903089987 0.000131969 

0.003125 -2.505149978 3.29922 *10-5 

0.00078125 -3.10720997 8.24806 *10-6 

0.00019531 -3.70927552 2.06199 *10-6 

0.000048828 -4.311331064 5.15502 *10-7 

 

Tabel 5. P22 lysate used to create horizontal gene transfer. 
 
Strain ID Recipient strain  P22 used on Reference 
 araE::cat (Z657) galP::aphT This study 

 araE::cat (Z657) mglC:aphT This study 
 araE::cat (Z657) rbsB:aphT This study 
 araE::cat (Z657) araT::aphT This study 
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 PCR 
Was performed to ensure success of horizontal gene transfer derived by the use of SB300 
P22 lysate. Samples was prepared by using MasterTaq Kit - 1000 U Ref. 2200230 Mat. 
2900227 from 5 PRIME GmbH. For one sample of interest the following amounts was used. 
 

Reagent Amount (µL) 
ddH2O DNase-, RNase free 28.5 
Bf. Lox 5 
Mg Lox 5 
Enhancer Lox 5 
dNTP mix 2 
Primer F 2 
Primer R 2 
DNA template 2 
Taq polymerase 0.5 

VTOT 52 
 
Samples were analyzed by BioMetra T Personal with the following program setup. 

Stage Step Reaction Temperature (°C) Time 
1  Pre-heating 95 5 minutes 

2 1 Denaturation 95 30 seconds 
 2 Annealing 55 30 seconds 
 3 Extension 72 3 minutes 
Stage 2, step 1 -3 x 30 times 

3  Final extension 72 5 minutes 

4  Cooldown 4 ∞ 
 
Electrophorese  
Analyses of PCR enhanced samples were performed using Bio-Rad Power Pac 1000 set at 
150 V and run for 26 minutes. Gel was imaged with Quantum Vilber Laurmat. 
 
Tabel 4. Primers from Microsynth 
Dissolved accordingly with retailers advisements. Primers are then diluted 1:10 in ddH2O. 

Primer Sequence 5' - 3' Target Reference 
araE fwd CTA ATA GCG CCA CGC GAT GC araE this work 
araE rev GAT AAA GCC CTG TCC TCG TA araE this work 
araH fwd ACC CAG AGC GAA TTC ATC AG araH this work 
araH rev GGT AAT GAG AAT AGC GCG TC araH this work 
araB fwd AGG GTT TCT GCG CCA TAC AA araB this work 
araB rev AAA GCG TAC AGT TCA GGC GA araB this work 
galP fwd GTA AAC GAT TAC ACC ATT GTG A galP this work 
galP rev AGC GGC AGA GAA TAG TGC galP this work 
mglC fwd TTA ACA CTG TAG CTC TCG GT mglC this work 
mglC rev CCG GCA TTG TCG ATA CTA AA mglC this work 
rbsB fwd TAC CAG ATG ATC GTC AAA GC rbsB this work 
rbsB rev GTG CGC CAC CGG TTA G rbsB this work 
araT fwd TCA CGC CGC TGA TAT GGA araT this work 
araT rev CGA CGG CAG CGA TTA CTA araT this work 
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Low complexity microbiota mice (LCM mice) 
B6-GNO mice were pre-treated with streptomycin 25 mg/mL 24 hours before inoculated with 
bacterial gavages. Mice were euthanized at 18h post-infection.  

Gavage inoculums 
Overnight culture of oafA::cat (pZ1603), araB::cat (pZ1603) and araE::cat galP::aphT 
(pZ1603) were made in LB containing 100µg/ml ampicillin. Overnight cultures were diluted 
1:20 into fresh LB/Amp and cultured for a further 3h. Each strain was washed once in PBS and 
then 1:1 mixtures were made. 5e7 CFU were gavaged into each animal in sterile PBS.  

Ethic statement 
All animal experiments were approved by the authorities (Kantonales Veterinäramt Zürich, 
license: 222/2013 and 193/2016) and performed according to local guidelines (TschV, Zürich) 
and the Swiss animal protection law (TschG). 

Bioinformatics 
MicroScope Microbial Genome Annotation & Analysis Platform. The Quality Management 
System of the LABGeM team has been certified according the ISO 9001:2008 standard since 
january 2012 and the NF X50-900 standard since january 2015 (Lloyd's Register Quality 
Assurance France S.A.S.). The certification applies to LABGEM activities of research, 
developments and services.  
URL: www.genoscope.cns.fr/agc/microscope/home/index.php 
Visited: June 2017, ETH Hönggerberg Zürich 
 
4. Results 

We aimed to establish that the derived strains araHE::cat pZ1603 (should be incapable of L-
arabinose uptake), SB300 (Wild-type, WT) pZ1603 (positive control) and araB::aphT 
(essential kinase in L-arabinose degradation pathway) with and without pZ1603, all grown 
separately in 0.2 % L-arabinose, would function as expected. Flow cytometry analysis of each 
of the strains, pre-gated on bacterial-sized particles, was used to analyse the profile of GFP 
induction, representing activity of the pBAD promoter in pZ1603. 

The obtained data, plotted in histograms (Fig. 3A), revealed that the araHE::cat pZ1603, 
assumed to be non-responsive, clearly can produce GFP from the pBAD promoter when L-
arabinose is present. Notably, SB300 WT pZ1603 was less induced then araB::aphT pZ1603 – 
the mutant that cannot metabolize L-arabinose –, suggesting that there is significant metabolism 
of L-arabinose by wild-type Salmonella, decreasing the available L-arabinose for pBAD promoter 
activation in vitro.  
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To see just how sensitive the pZ1603 is towards the [L-arabinose], a dilution series with L-
arabinose ranging from 0.2 - 0.0002 % (13 mM- 1.3 µM) was set up. The previously tested 
strains along with the araHE::cat without pZ1603, were added to the sugar dilution. It 
became clear that the pZ1603 is very sensitive for induction (Fig. 3B). When compared to 
SB300 WT pZ1603, the sensitivity fold increased 5 fold with araB::aphT pZ1603 and 
decreased 37 fold with araHE::cat pZ1603. No differences in background fluorescence was 
observed in strains not carrying the plasmid, and therefore all measured green fluorescence 
signal could be attributed to GFP induced under the control of the araBAD promoter.  

  

Figure 3A. GFP induction in various strains 
carrying pZ1603 by using 0.2 % L-Arabinose. 
Diluted O/N bacterial cultures was added to test tubes 
containing 0.2 % L-Arabinose and left to cultivate for 
3 hours at 37 °C. Samples was then analyzed with 
FACS (see appendix for specifications). Histograms 
showing bacterial pre-gated events FSC/SSC and GFP 
induction in strains araB::aphT ø (blue), araHE::cat 
pZ1603 (green), SB300 WT pZ1603 (purple) and 
araB::aphT pZ1603 (yellow). 

Fig 3B. pZ1603 L-Arabinose induction sensitivity. 
Logarithmic (log10) Mean Fluorescent Intensity (MFI) 
on y-axis and log10 [L-Arabinose] Molar (M), with the 
highest concentration L-Arabinose at 0.2%. araB::aphT 
pZ1603 had a 5 sensitivity fold increase compared to 
SB300 WT pZ1603. araHE::cat pZ1603 had a 37 
sensitivity fold decrease compared to SB300 WT 
pZ1603. Strains that didn't carry the GFP inducible 
pZ1603 showed no increase or decrease towards [L-
Arabinose]. Km values shows the lowest L-arabinose 
concentration at which E. coli is still able take up L-
arabinose via its low affinity transporter (2*10-4 M) 
encoded by araE (membrane bound proton symporter) 
and the high affinity transporter (< 1*10-6 M) encoded 
by araFGH (L-arabinose-specific ABC-transporter). 
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As reference and control for GFP fluorescence intensity, no matter of L-arabinose importers 
being present or not, all strains derived in the study had a matched control strain which had 
been given a constitutive GFP-expression plasmid, pM965. All these strains were tested in ten 
different sugars (including L-arabinose) in a dilution series. Shown in Fig. 4A-B are two of 
these strains, where one can observe that the constitutive GFP expression is not much affected 
by the presence of any sugar, even at the highest concentration tested. 

 

We next addressed why such robust pBAD-dependent GFP induction was observed in the 
araHE::cat strain. PCR confirmed that the S. Tm genes annotated as araB, araH and araE 
indeed were present in the wild-type strains, and that the correct region had been exchanged for 
cat or aphT as appropriate. We next employed bioinformatics to compare sequence homologies 
between the Salmonella and E. coli arabinose operon. As seen in Fig. 5A the conserved gene 
araB can be found in both E. coli and S. Tm. There are no other homologous genes to araB and 
it can therefore be regarded to be the only gene that codes for a kinase used in the L-arabinose 
metabolic pathway. The strain carrying this mutation can therefore take up the L-arabinose, 
thus inducing the pZ1603 and creating GFP, but not further use it as a source of carbon. This is 
consistent with previous data demonstrating that this clone cannot grow in minimal medium 
with L-arabinose as a carbon source (Sandra Wotzka, personal communication). 

Robust homology between the E. coli and Salmonella operons could also be established for 
araE, seen in Fig. 5B. The gene codes for an L-arabinose importer in the inner membrane in 
both E. coli and S. Tm. However, in S. Tm there is also a homologous gene, a so called 
orthologue, galP, a D-galactose/proton symporter, with a reasonably high id percentage when 
compared to the araE. We speculated that galP also might also be responsible for L-arabinose 
import and added it to our list of potential target genes. A donor-strain was identified in the 
McClelland arrayed genome-wide library strain collection, finding galP::aphT in the 
collection.  

  

Fig 4A-B. GFP induction in various strains carrying pM965 by using various sugars. araB::aphT 
pM965 (A) and araE::cat galP::aphT pM965 (B) was cultured in various sugars at [0.2 %] separately. 
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Fig. 5A Bioinformatics confirming the presence of the araB gene in E. coli and S. Tm. Interpreting 
bioinformatics derived from Genome Scope: Top panel shows the genetic organization of selected region (20kb). 
Open reading frames are indicated in red, the six possible reading frames are shown. In this figure E. coli K12 is 
more closely examined, and one can observe that araC, araD and araA are present when gene araB (bold framed 
box) is searched for in the genome. araB is located in the AraC controlled region of the genome. It codes for a 
kinase used in the metabolic pathway of L-Arabinose, if removed the L-Arabinose cannot be used as a source for 
energy but will take up the sugar, thus inducing the gene expression. The middle panel shows S. Tm SL1344's 
genome in comparison to E. coli, if the color of the boxes are in straight line indicates that these are of the same 
sequence i.e. conserved genes that are common to both E. coli K12 and S. Tm SL1344. The lower panel shows how 
these conserved genes are connected and if there's deviating genes present. 
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Fig. 5B Bioinformatics confirming the presence of the araE gene in E. coli and S. Tm. Middle panel: A 
homologous gene to S. Tm's araE can be seen in white,galP, a D-galactose/proton symporter, with and Id = 
64.91 % for S. Tm and 65.13 % for E. coli. Lower panel shows the relation of araE in E. coli and S. Tm. 
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Lastly, the araH was examined more closely (Fig. 5C), revealing that it is not present in the S. 
Tm but that there is an orthologue to it, rbsC. There are two orthologues to the araG, rbsA and 
mglA, which have a higher id percentage than the rbsC, and since they are all part of the 
importer gene cassette they were chosen as candidates that might be responsible for L-arabinose 
import. After consulting the McClelland strain collection for potential donor-strains, 
rbsB::aphT and mglC::aphT were chosen.  

 

 

 

 

  Fig. 5C Bioinformatics confirming the presence of the araH gene in E. coli and but not in S. Tm. Homologues 
ribose importer genes rbsA and rbsC, and galactose/methyl galactose importer gene mglA can be found in both E. 
coli and S. Tm. When examining the conserved sequence of araH in E. coli to what it codes for in S. Tm, only a 
sequence is homologous to the E. coli's araH, the gene's name and function is however unknown. Up-stream E. 
coli genes araG and araF are not found in S. Tm, therefore the full function of this operon might not be shared 
between S. Tm and E. coli. The S. Tm "araH" is not true homolog to E. coli araH, this seems to be a mis-annotation 
derived from how sequenced data is compiled and annotated. 
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When we reversed the table (Fig. 5D), looking for araH in S. Tm and its homologues in E. coli, 
it was discovered that there are no homologues for S. Tm's araH in E. coli. A close-up of the 
conserved genes confirms this and revealed that the "araH" in S. Tm codes for absolutely 
nothing that could be found in E. coli, but the gene closest to the true araH in E. coli that can 
be found in S. Tm is a gene fragment of it, with no name and unknown function. The "araH" in 
S. Tm could be a case of annotation made based on automatic data processing. 

 

 

 

  
Fig. 5D Bioinformatics confirming that the "araH" gene in S. tm in absent in E. coli. The gene cannot 
be found in E. coli, neither can homologues of it. A close up of the conserved genes confirms previous figure 
5C. 
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Double mutants of each of these genes with araE were then constructed by using bacteriophage 
P22 transduction into the araE::cat strain (Fig. 6).  

 

 
  

Fig. 6 Constructing double mutants. To an O/N culture of galP::aphT, mglC::aphT and rbsB::aphT, phage 
lysate P22 generated on S.Tm SB300 (P22 SB300) is added. During an incubation of 15 minutes at 37 °C the 
lytic cycle is initiated after phage adsorption on the sensitive target cells. The replication of the phage is 
ensured by incubating the cells for 6-8h at 37°C in 10 ml LB. The incubation is terminated by addition of 
chloroform, centrifugation and 0.45 µm filtering of the supernatant. The resulting phage lysat is added to an 
O/N culture that is desired to become a double mutant. The lysat contains capsids with genomic content  
encoding the mutated allele and its antibiotic resistance cassette that is desired to undergo a homologous 
recombination in the single mutant. By plating O/N culture with added phage, only cells that have successfully 
picked up and recombined this mutated allele will be able to form colonies. Re-streaking of colonies will 
further secure that it is the true double mutant and that all free-phage and pseudo-lysogens is removed. 
Resistant clones are then cultured O/N in LB with suitable antibiotics, and later screened by PCR for the 
correct genetic changes.  
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All these strains were then tested in vitro (Fig. 7A) to determine if any of the araE of araH 
orthologues could be playing a role in promiscuous arabinose uptake. To our great surprise, and 
frustration, all of the double mutants (Fig. 7B) could still take up L-arabinose, thus inducing 
GFP expression in the pZ1603. We then choose the double mutant that was the least responsive 
towards L-arabinose, araE::cat galP::aphT pZ1603, for conducting our in vivo experiment in 
murine models (Fig. 7C). 

  
Fig. 7A-C Various strains and double mutants all carrying pZ1603, and their L-Arabinose induction sensitivity. 
Logarithmic (log10) Mean Fluorescent Intensity (MFI) on y-axis and log10 [L-Arabinose] % weight by volume (log10 
[L-Arabinose] % w/v), with the highest concentration L-Arabinose at 0.2%. In figure 7A all strains are plotted, from 
fig 3B it is known that araB::aphT pZ1603 had a 5 sensitivity fold increase compared to SB300 WT pZ1603 and that 
araHE::cat pZ1603 had a 37 sensitivity fold decrease compared to SB300 WT pZ1603. 7B the double mutants of 
araE::cat galP::/mglC::/rbsB::aphT have the similar sensitivity fold decrease as the araHE::cat and araE::cat, when 
compared to the SB300 WT, araE::cat galP::aphT (orange filled triangle) is the less sensitive strain, thus it is chosen 
for in vivo along with araB::aphT, SB300 WT and control strain oafA::cat - all compared in 7C. 
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For reassurance that the pZ1603 can only be induced by L-arabinose, an in vitro test of ten 
sugars was conducted (Fig. 8). These ten sugars could potentially also be found in the 
gastrointestinal tract (GI). After thorough testing of all strains carrying pZ1603 we couldn’t 
find that any of the sugars used was capable of inducing GFP expression except L-arabinose. 

The cecum content from the un-treated or streptomycin pre-treated LCM mice, inoculated with 
a 1:1 mixture of our control strain oafA::cat pZ1603 and one out of our two test strains, 
araB::aphT/ araE::cat galP::aphT/ SB300 WT respectively carrying pZ1603, was examined by 
flow cytometry. α-O12 staining was used to identify all Salmonella and α-O5 was used to 
distinguish our test strain (O5+) from our internal control strain (O5-). The histogram of GFP-
expression retrieved (Fig. 9A-C) showed that the oafA::cat pZ1603 (in red) was not being 
induced in neither un- nor pre-treated mice. It was later established through in vitro testing that 
the in vivo inoculated oafA::cat pZ1603 was in fact an incorrect clone which seemed to have 
predominantly lost the pZ1603.  

The untreated LCM mice (n = 4), showed no signs of inflammation of the cecum, suggesting 
that the S. Tm could not get a sufficient foothold to immediately induce tissue damage. This is 
consistent with previous work in the laboratory performed by Maier et al. 2014. Further, there 
was barley to minimum of GFP induction in any of the strains carrying pZ1603 in non-pre-
treated mice (Fig. 9A). From this we could conclude that there is limited amounts of free L-
arabinose in the GI tract when the residing microbiota is un-disturbed by e.g. antibiotics. 

Looking at the GFP induction in the streptomycin pre-treated mice in figures 9B-C, [25 
mg/mL], one can see that in the inoculum where araB::aphT pZ1603 is present, subpopulation 
of Salmonella expressing a very high GFP fluorescence is visible. From the histograms it is also 
clear that around half of the araB::aphT pZ1603 bacteria are GFP-negative (Fig. 9C), (similar 
GFP induction as the incorrect clone oafA::cat pZ1603). It was expected that the araB::aphT 
pZ1603 would be induced if any free L-arabinose was present, in the in vitro studies this strain 
showed the highest GFP expression, even when compared to the SB300 WT pZ1603. It was 
not, however, expected that it would form two populations. This trend was observed in all of 
the samples (n = 4) inoculated with araB::aphT pZ1603.  

Fig. 8 Control that pZ1603 cannot be induced by other sugars than L-Arabinose.  All strains selected for 
in vivo are separately cultivated with various sugars that could reside in the gut. None of them could induce 
GFP. Plotted here is araB::aphT pZ1603. 
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Since the pZ1603 selective antibiotic Ampicillin is not present during the in vivo experiment 
itself, there is nothing keeping the S. Tm from discarding the plasmid, seeing as GFP is costly 
to produce - which may explain the formation of two populations were one population has 
high GFP and the other none. This can be tested in repeat experiments. 

The strain araE::cat galP::aphT pZ1603 that we had hoped would be a non-responsive towards 
L-arabinose, showed low levels of GFP induction in the pre-treated mice, just like it had done 
in the in vitro. It was however less responsive than the araB::aphT pZ1603 in vivo, with a single 
uniform peak of GFP expression. 

Fig. 9A-C In vivo inoculated strains carrying pZ1603 into pre-treated SPF mice. A SPF mice with intact 
microbiota showing no GFP induction, two single population of the 1:1 inoculated strains oafA::cat pZ1603 (red) 
and araB::aphT pZ1603 (blue) have grown. The same event could be seen in the 1:1 inoculum of oafA::cat 
pZ1603 and araE::cat galP::aphT (blue) pZ1603. B Streptomycin [25 mg/mL] pre-treated mice that was 
inoculated with 1:1 of oafA::cat pZ1603 and araB::aphT pZ1603, showing high GFP induction. Three 
populations from the inoculated strains have formed. C Streptomycin [25 mg/mL] pre-treated mice that was 
inoculated with 1:1 of oafA::cat pZ1603 and araE::cat galP::aphT pZ1603 (blue), showing GFP induction. Two 
populations from the inoculated strains have formed. 
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During the dissection we observed that the cecum in the pre-treated mice was decreased in size 
when compared to the untreated mice. It was also observed that the tissue of the cecum showed 
signs of inflammation and in some mice even necrosis. All this indicated that the commensal 
microbiota had been knocked out by the antibiotic treatment, leaving the GI tract unprotected 
and facilitating infection from pathogenic bacteria such as S. Tm.  

5. Discussion and Outlook 
Our previous assumptions of being able in creating a non-L-arabinose-responsive S. Tm mutant 
using the bioinformatics of conserved ara genes common to E. coli and S. Tm, turned into a 
more complex story than anticipated as the mis-annotated araH in S. Tm lead us in to a search 
for unknown L-arabinose importer. Since E. coli is the most studied of the Enterobacteriacaea 
family, the use of another family member wouldn't really help in cross-referencing/comparing 
known genome specifics. So the question still remains - Is it possible to create a Salmonella 
strain incapable of taking up L-arabinose?  

One possibility is that the remaining arabinose uptake observed in araE::cat strains is actually 
due to non-specific leakage across the cell membrane. This could be tested by comparing the 
apparent Km of arabinose uptake in Salmonella araE::cat with an E. coli mutant lacking both 
araFGH and araE, i.e. a control where all putative L-arabinose transporters have been knocked-
out.  

Alternatively, an undiscovered arabinose transporter may exist, that cannot be identified by 
direct homology to AraE or AraFGH. One strategy would be to examine transporters for 
structurally-related sugars, e.g. transport proteins of D-fucose, seeing that it is a structure 
homolog of 5-methyl-L-arabinose which also bind to the AraC (Schleif, 2010).  

Another search method can be based on the study conducted by Stringer et al. 2014 
investigating the AraC-induced genomic regulations of E. coli and cross-referenced it to S. Tm. 
The authors used ChIP (Chromatin Immunoprecipitation) and RNA sequencing to see which 
genes where active and what gene products had arisen during incubation in L-arabinose (Fig. 
10). They did however never functionally test these specific genes listed by creating non-
responsive mutants of either E. coli or S. Tm. In their report they did however uncover that the 
AraC's function might be broader then previously thought. yftQ has an established function, but 
there are four other genes that are associated with AraC. One of them is ygeA (putative 
racemase) and according to bioinformatics this one is up-streams from araE in both E. coli and 
S. Tm. 

In the study they also found that the annotated STM14_0178, that they renamed to araT 
(arabinose Transporter), held the greatest potential for being a putative L-arabinose importer. 
When analyzing said gene by using bioinformatics (Fig. 11), it shows no homology to anything 
found in E. coli K12. Using only the homology of conserved ara genes found in E. coli and S. 
Tm may therefore miss putative L-arabinose transporters. 

A strain carrying araT::aphT was retrieved from the McClelland strain collection and inserted 
in to S. Tm araE::cat and underwent bacterial transformation by insertion of pZ1603, creating 
a new double mutant. When grown in 0.2 % L-Arabinose and examined in a fluorescent 
microscopy, GFP was visible - the pZ1603 had been induced by L-arabinose. It remains to 
confirm that the strain retrieved from the McClelland strain collection indeed carries this gene, 
this can be done by PCR - but was not done due to lack of time. 
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Fig. 10 Novel genes in S. Tm might be putative L-arabinose importers. Stringer et al. used ChIP and 
RNA sequencing to map AraC regulon in both E. coli and S. Tm. What they found was that there were 
novel genes affected by L-arabinose in S. Tm, which could not be found in E. coli. In table 3 araT and 
araU is suggested as novel genes that are a part of the AraC regulon, as a transporter and metabolic 
genes. Tables are retrieved from a study made by Stringer et al. 2014. 



Bachelor of Science Thesis 27.06.2017 Anna Ahlström 

27 
 

 

 

 

 

 

 

 

Seeing that the double mutant araE::cat araT::aphT pZ1603 is still induced by L-arabinose, a 
good control to do for future experiments would be to insert the pZ1603 into an E. coli K12 
were the L-arabinose importer genes araH and araE have been knocked out. If the GFP 
reporter gene is still induced this suggests that either an unknown conserved low-affinity 
transporter exists, or that non-specific membrane permeability is responsible for the observed 
GFP induction. 

Since the homology between the very well-studied E. coli and Salmonella genomes cannot 
completely reveal all genomic aspects in discovering putative L-arabinose transporters, it 
remains an unanswered question which genes in the S. Tm are responsible for uptake of L-
arabinose. A new technique developed at the Hardt Lab Group by Dr. Bidong Nguyen uses 
Transposon Library Sequencing and could be used to address this. Using a barcoded transposon 
that inserts randomly into the Salmonella genome, we could generate a genome-wide mutant 
library in an araE-deficient strain carrying pZ1603. By sorting and re-sequencing mutants that 
no longer induce GFP expression from the pBAD promoter in the presence of arabinose, we could 

Fig. 11 The araT might be an unknown L-Arabinose importer in S. Tm. Based on genome-scale analysis of 
E. coli and S. Tm made by Stringer et al. 2014, it was suggested that STM14_0178 (named araT by the research 
group) might be putative L-Arabinose transporter in S. tm. The sequence is however not homologues to any gene 
in E. coli. 
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identify potential transporters. However, this is a labor-intensive and expensive experiment, 
involving creating multiple mutants were each new strain has a single mutation along with a 
tag, and next-generation sequencing and bioinformatics. 

However, if S. Tm's cytoplasmic membrane is permeable to L-arabinose, no matter if 
transporters are present or not to facilitate L-arabinose uptake, we will not identify any 
arabinose-non-responsive mutants. Changing the biochemical properties of S. Tm's membrane 
in the pursuit of disabling it from L-arabinose uptake, could lead to a chain reaction in the basic 
membrane structures thus comprising the S. Tm in its general fitness. 

We could therefore be in a position where the best specificity controls that we can generate are 
in fact mutants in either araE or araB. By combining analysis of these strains with the wild-
type S. Tm, we will be able to support our hypothesis that high levels of free arabinose are 
present in the intestine of antibiotic-treated animals. In the near future, we can therefore apply 
these tools to answer whether L-arabinose is also released on antibiotic-treatment of mice 
receiving a plant-free diet. If we can confirm that the diet used is really free of arabinose 
monomers or polymers, we will then have direct evidence that bacteria scavenge sugars from 
antibiotic-killed microbiota strains.  

A further follow-up experiment that we can carry out with these tools is to examine the minimal 
microbiota colonization required to see antibiotic-drive arabinose release. Germ-free mice will 
be selectively colonized according to a bioinformatics-driven rational system design (selecting 
strains able, and unable to produce arabinose, (most likely gene-targeted E. coli) and strains 
capable of degrading arabinose-containing polymers (Bacteroides thetaiotaomicron)) and in 
vivo experiments. 
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