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ABSTRACT The glucose-xylose metabolic transition is of growing interest as a model
to explore cellular adaption since these molecules are the main substrates resulting
from the deconstruction of lignocellulosic biomass. Here, we investigated the role of
the XylR transcription factor in the length of the lag phases when the bacterium
Escherichia coli needs to adapt from glucose- to xylose-based growth. First, a variety of
lag times were observed when different strains of E. coli were switched from glucose
to xylose. These lag times were shown to be controlled by XyIR availability in the cells
with no further effect on the growth rate on xylose. XyIR titration provoked long lag
times demonstrated to result from phenotypic heterogeneity during the switch from
glucose to xylose, with a subpopulation unable to resume exponential growth, whereas
the other subpopulation grew exponentially on xylose. A stochastic model was then
constructed based on the assumption that XylR availability influences the probability of
individual cells to switch to xylose growth. The model was used to understand how
XyIR behaves as a molecular switch determining the bistability set-up. This work shows
that the length of lag phases in E. coli is controllable and reinforces the role of stochas-
tic mechanism in cellular adaptation, paving the way for new strategies for the better
use of sustainable carbon sources in bioeconomy.

IMPORTANCE For decades, it was thought that the lags observed when microorgan-
isms switch from one substrate to another are inherent to the time required to adapt
the molecular machinery to the new substrate. Here, the lag duration was found to
be the time necessary for a subpopulation of adapted cells to emerge and become
the main population. By identifying the molecular mechanism controlling the subpo-
pulation emergence, we were able to extend or reduce the duration of the lags. This
work is of special importance since it demonstrates the unexpected complexity of
monoclonal populations during growth on mixed substrates and provides novel mech-
anistic insights with regard to bacterial cellular adaptation.

KEYWORDS adaptation, Escherichia coli, subpopulations, heterogeneity, metabolic
transition

icroorganisms live in a competitive and fluctuating environment with frequent
changes in the nature and availability of nutrients, thus requiring efficient
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adaptation if they are to continue to grow and survive. Such changes trigger regrowth
lag phases defined as the time needed to resume growth either after starvation when
a substrate again becomes available (hereby named regrowth lag) or when the cells
switch from one substrate to another (hereby named diauxic lag) (1-4). The latter
occurs when bacteria are faced with mixed carbon sources. In such a case, they gener-
ally use the carbon sources sequentially, starting from their preferred source (1, 5, 6).
Use of the secondary substrate is repressed by the preferred one via a mechanism
called carbon catabolite repression (7). More particularly, when Escherichia coli cells are
cultivated on glucose plus another substrate, their growth is described as diauxic, with
exponential growth phases on each substrate interrupted by a diauxic lag phase of
minimum or no growth, as first described by Jacques Monod (1). Sequential use is
widely considered an adaptation to rapidly consume the most beneficial substrate.
This is supported by the fact that carbon sources allowing the higher growth rates are
the first to be consumed (5).

Unravelling the mechanisms behind metabolic adaptation is a long-term effort of
the microbiology community. For decades, the lag phases before resuming growth
have been considered an inevitable temporal constraint to produce the machinery
required for growth on this substrate (1, 8, 9). The recent emergence of single cell tech-
nologies has undermined this assumption, as it has revealed differential behaviors in
cells belonging to the same population when they switch from one substrate to
another (10-14). Not all the cells are subject to growth lag: bimodality could be
observed, with a fraction of the population not able to grow on the new substrate.
This was proposed as a possible explanation for lag phases. However, the mechanisms
causing microbial populations to end up in metabolically different phenotypes remain
mostly unknown (15-17). The molecular explanations are so far very different from one
study to another (17). A stringent response, cell-dependent variations of intracellular
contents, low-concentration transcription factors, feedback regulatory circuits, catabo-
lite repression, and epigenetic-related regulatory mechanisms have been reported to
play a role so far, depending on the microorganism and conditions (12, 13, 16, 18-24).
Due to this profusion of explanations, laying the foundations for metabolic adaptation
will require further studies to better understand lag phases and adaptation mechanisms.

The glucose-to-xylose transition is a highly interesting model to explore lag phases
in E. coli. This transition is of economic interest, since glucose and xylose are the two
main compounds released during degradation of lignocellulose (one of the main
renewable alternatives to the use of petrol or gasoline) (25-28). Xylose metabolism is
simple, comprises only a few metabolic steps, and is well described, but the mecha-
nisms involved in the switch from glucose to xylose remain to be elucidated. Xylose
uptake is mediated through an ABC transporter (encoded by xylFGH) or a symporter
(XylE) (29, 30). Once in the cytoplasm, xylose is converted into xylulose by the xylose
isomerase XylA (31, 32) and phosphorylated into xylulose-5-phosphate by the xyluloki-
nase XylB (33) before entering the pentose phosphate pathway. Xylose metabolism
involves two operons (catabolism operon xylAB and transporter/regulatory operon
xylIFGHR) that share the same promoter region and are both positively controlled by
the XyIR transcription factor. When E. coli cells are grown in batches on a mixture of
glucose and xylose, they use glucose first and catabolite repression prevents the
expression of the two xyl operons (34). Consequently, during growth on glucose, the
concentration of XyIR can be as low as one molecule per cell (35). Once the glucose is
exhausted, an increase in the concentration of intracellular cyclic AMP (cAMP) leads to
the formation of the cAMP receptor protein (CRP)-cAMP complex, thereby alleviating
the glucose-mediated carbon catabolite repression of the promoters (7, 36, 37). Xylose
then binds to and activates the transcription factor XyIR, which conjointly with the
CRP-cAMP complex, triggers the transcription of the xylAB and xylFGHR operons (34,
38). The binding of XylR-xylose to its own promoter triggers a positive loop that in
turn, amplifies its own concentration up to 57 molecules per cell (35). This triggers
the production of the enzymatic machinery required for xylose consumption (34).
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TABLE 1 Escherichia coli strains used in the study

Strain Phylogroup Description Reference or source
BW25113 A K-12 derivative laboratory strain 55
MG1655 A K-12 derivative laboratory strain 55
BL21(DE3) A Commercial strain for heterologous expression New England BioLabs
(catalog no. C2527)
BW30270 A K-12 derivative laboratory strain 56
E22 B1 Rabbit enteropathogenic strain 57
S5Vir B1 Sheep enteropathogenic strain 58
SP15 B2 Commensal strain from human feces 59
M1/5 B2 Commensal strain from human feces 60
Nissle 1917 B2 Human nonpathogenic probiotic strain 61
E2348/69 B2 Human prototype strain to study 62
enteropathogenic E. coli biology (HG2)
LF82 B2 Human strain isolated from a patient 63
with Crohn’s disease (HG2)
CA244 B2 K-12 derivative laboratory strain 64
1404 C Isolated from a septicemic calf 65

Interestingly, a bimodal induction response to xylose was reported for the xylAB pro-
moter with an all or nothing expression (39).

In this study, we used both experimental and modeling approaches to investigate
the role of XyIR as a molecular switch, defined here as a molecule able to orientate the
cellular metabolic fate in an “on/off” manner. We show that XyIR promotes the cell’s
capacity to resume growth on xylose after the glucose is exhausted. XyIR availability
controls the length of the lag and influences the emergence of a subpopulation able
to resume exponential growth on xylose. This work highlights the role of molecular
switches in the establishment of phenotypic heterogeneity and proposes the glucose-
xylose transition as a paradigm to understand lag phases and metabolic adaption.

RESULTS

The lag time required to adapt to xylose depends on the genetic background
of E. coli. To check the consistency of the glucose-xylose transition, we first explored
the variability of the lag duration in 13 E. coli strains selected for their origin, lifestyle,
and phylogenetic group (Table 1). We quantified their capacity to resume growth on
M9 minimal medium supplemented with either xylose or glucose as a control after
overnight growth on glucose by measuring the regrowth lag time as previously
described (40). On glucose, the regrowth lag times were homogeneous, and all the
strains resumed growth with an average lag of 0.80 = 0.24 h, except for the E. coli BL21
(DE3) strain, which immediately started to grow again (lag time=0.11=*=0.19 h)
(Fig. 1A). The maximum growth rates (u,.,) of each strain on glucose were also quanti-
fied and ranged from 0.62 to 0.95 h~' (Fig. 1A). The regrowth lag times required to
adapt to xylose proved to be significantly longer and varied more between strains: the
lag times ranged from 1.8 = 0.14 h lag for E. coli BW25113 to as high as 5.8 = 0.72 h for
strain E2348/69, while the BL21(DE3) strain, for an unknown reason, resumed growth
even faster than its maximum growth rate after the switch (Fig. TA). Maximum growth
rates on xylose also proved to be more variable between strains than on glucose and
ranged from 0.22 to 0.91 h~" (Fig. 1A). No correlation was found between the maxi-
mum growth rates and regrowth lag times, either during the resumption of growth on
glucose or on xylose (Fig. 1B). This indicates that growth rates and lag times are not
linked. We also compared the regrowth lags resulting from resumption of growth on
xylose after overnight growth on glucose with the diauxic lag observed during a dia-
uxic growth on a glucose-xylose mix (Fig. 1C). The diauxic lags were about 6 times
shorter, but the two types of lags were correlated. In conclusion, lag duration appears
to be a specific trait of the strains and can last for more than 5 h.
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FIG 1 The length of the glucose-xylose lags in E. coli is background dependent. Thirteen different strains of E. coli were cultivated by
switching strains previously grown on M9 glucose medium to 96-well microplates filled with 200 wl of fresh M9 xylose or M9 glucose
medium. (A) Lag times (bars) and maximum growth rates (umax) (circles) after the switch to glucose (white) or xylose (gray) for the
13 E. coli strains (n=9 with 3 technical replicates for each of the 3 biological replicates). (B) Scatterplot of the regrowth lag time on
xylose or glucose as a function of the maximum growth rate on xylose or glucose for each strain (gray circles for xylose, white circles
for glucose). (C) Scatterplot of glucose-xylose diauxic lag times versus regrowth lag times (cells grown overnight on glucose switched
to xylose). For diauxic growth, strains previously grown on glucose were transferred to a glucose-xylose M9 medium (12.5% glucose
and 87.5% xylose). Diauxic lags were calculated as explained in Materials and Methods. The negative regrowth lag time calculated for
the BL21 strain was due to a higher growth rate when this strain resumed growth on xylose than its maximum growth rate during its
exponential growth on xylose. For diauxic lags, n=9 for strains BW25113, 1404, LF82, and S5Vir, and n=6 for strains MG1655, E2348/
69, E22, BL21(DE3), BW3070, CA244, M1/5, Nissle 1917, and SP15 strains.

XyIR overexpression reduces the duration of the regrowth lag. XyIR is a crucial
transcription factor to grow on xylose. To study the relationship between XyIR expres-
sion and the duration of the regrowth lag, we overexpressed it in four of the E. coli
wild-type strains (BW25113, E22, E2348, and S5Vir). These strains were transformed
with the plasmid pMET219_xyIR that contains or does not contain the xy/R gene under
the control of the constitutive E. coli cysG promoter (41). Expression of xyIR in cells har-
boring this plasmid will therefore be constant and not coupled with carbon catabolite
repression or with the presence of xylose. As shown in Fig. 1, the ability of the strains
to resume growth on glucose or on xylose was assessed after overnight growth on glu-
cose (Fig. 2). No significant growth changes were observed with the pMET219_xyIR
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FIG 2 XylIR overexpression reduces regrowth lag time during the glucose-xylose shift of different E.

coli strains. Strains carrying

the pMET219 plasmid as a control (white symbols) or the same backbone plasmid with xy/lR expression under the control of the

cysG constitutive promoter (pMET219_xyIR; gray symbols), were grown like those shown in Fig. 1A (9

biological replicates but for

strain E22 without xylR overexpression where n=6; ** indicates a significant P value of <0.01 compared to the control strain not
overexpressing xylR). The bars represent the lag time (in hours) before growth resumed. The circles represent the growth rates.

plasmid compared to the pMET219 plasmid, but there was a slight decrease in strains
E22 and E2348/69 on xylose only (Fig. 2). All the strains containing the pMET219_xyIR
plasmid showed a significantly reduced regrowth lag time when resuming growth on
xylose compared to the strain containing the empty control plasmid pMET219. This
reduction was 13% in the BW25113 strain (which naturally presents a short lag time),
44% in S5Vir, 55% in E2348/69, and up to 60% in E22. No significant reduction in the
lag duration was observed in the controls when switched to glucose. Our results thus
show that xylR overexpression is sufficient to reduce the regrowth lag time of E. coli
strains resuming growth on xylose, without necessarily affecting the growth rate.

XyIR titration extends the regrowth lag. Since increasing XyIR concentration is
sufficient to reduce the regrowth lag, reducing its probability to attach to its own pro-
moter by decreasing its availability may lengthen the lag by preventing its positive
retro-control. To test this hypothesis, we increased the number of XyIR targets in the
cells by multiplying the xylA promoter in order to create a titration of the transcription
factor and hence reduce its capacity to promote its own transcription through the pos-
itive-feedback regulatory loop. To this end, the xylA promoter was placed on the
pSB1C3 high-copy-number plasmid and introduced into the BW25113 strain. The
capacity of this strain to resume growth on xylose was assessed after overnight growth
on glucose (Fig. 3A). As expected, there was a marked increase in the lag duration from
1.7 h for the pSB1C3 plasmid without the construct to more than 19 h for the plasmid
harboring the xylA promoter with no impact on the maximum growth rate. The lag
increased to 23 h in the xylA promoter driving the expression of an mRFP1 red fluores-
cent reporter (RFP stands for red fluorescent protein). To confirm that the increase in
the regrowth lag originated specifically from the interaction between XyIR and its
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FIG 3 XylR titration modifies regrowth lag time. The ability of the E. coli BW25113 strain to resume
growth with different plasmid constructs was assessed by switching cells after overnight culture on
glucose to a 96-well microplate filled with 200 ul of fresh M9 xylose (A) or M9 glucose (B) medium.
The BW25113 strain (in black) with the empty pSB1C3 plasmid as a control, the BW25113 strain (in
blue) with a pSB1C3 plasmid carrying the xylA promoter, the BW25113 strain (in red) with a pSB1C3
plasmid expressing the red fluorescent protein mRFP1 under the control of the xylA promoter, and
the BW25113 strain (in green) with a pSB1C3 expressing mRFP1 under the control of a xylA promoter
deprived of its XyIR binding sites. n=6 for all conditions.

targets on the plasmid xy/A promoter, we mutated the two XylIR binding sites in the
promoter sequence. As expected, these mutations completely stopped the increase in
the lag. None of these mutations affected the resumption of growth on glucose
(Fig. 3B). These results show that the regrowth lag duration can be extended by titra-
tion of XylIR. This result and the previous one showing that increasing XyIR concentra-
tion reduces the regrowth lag duration (Fig. 2) demonstrate that the lag in resuming
growth on xylose depends on XyIR availability.

Emergence of subpopulations during the glucose-to-xylose regrowth and
diauxic lags. In the previous experiment, we managed to dramatically extend the du-
ration of the regrowth lag to more than 19 h without affecting the maximum growth
rate on xylose. We wondered why the culture took so long to resume growth. On the
one hand, this behavior is artifactual in the BW25113 strain since it is due to the pres-
ence of the plasmid. On the other hand, long lags up to 6 h were observed in other
genetic backgrounds (Fig. 1). Since the presence of the plasmid allows us to investigate
the capacity of individual cells to express the xylAB operon by flow cytometry and since
bimodality has been reported for the xylAB promoter (39), we investigated the putative
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existence of subpopulations during glucose-to-xylose adaptation in the modified
BW25113 strain. To this end, we used the high-copy-number plasmid described above
that expresses the red fluorescent protein mRFP1 under the control of the xylA pro-
moter (pSB1C3 P, ,,-mRFP1) so that the reporter is expressed when the cells metabo-
lize xylose (see Fig. S1 in the supplemental material). We also added a P;,,-mTagBFP
construct to constitutively express the blue fluorescent protein (BFP) under the control
of the ihfB promoter (41). This facilitated the detection of cells by flow cytometry. We
also integrated the P;,,-mTagBFP construct in the bacterial chromosome but the fluo-
rescence levels were insufficient to track subpopulations (data not shown). The
pSB1C3 P,,;,,-mRFP1 P;,,-mTagBFP plasmid was inserted into the BW25113 strain and
grown in controlled aerobic batch conditions. Cultures with different glucose-to-xylose
ratios totaling up to 90 mMeqC (see “Growth media” in Materials and Methods) were
performed, as well as 100% glucose or 100% xylose controls in M9 medium (see
Fig. 4A for the 40% glucose and 60% xylose mix; see Fig. S2 for other mix ratios). With
the 40% glucose and 60% xylose mix (Fig. 4A), a first exponential growth phase was
observed associated with glucose consumption and acetate production. After the glu-
cose was exhausted, acetate catabolism was observed, with no detectable biomass
production, as described in reference 42. A transition phase lasting more than 10 h was
then observed before the second exponential growth associated with xylose consump-
tion, indicating that the plasmid construct extends the diauxic lag (Fig. 4A). This was
also observed with the 100% xylose condition, indicating that the plasmid construct
also increases the regrowth lag from glucose to xylose (Fig. 4E).

Flow cytometry analyses were performed with two-dimensional representation of
the red inducible fluorescence versus the blue constitutive fluorescence (Fig. 4B). The
cytometric profiles are displayed for growth on glucose or on xylose (the first and last
graph, respectively), every hour during growth on the 40% glucose and 60% xylose
mix. A constant patch of nonfluorescent cells and debris (in the black circles) represent-
ing less than 10% of the signals was always observed and hence no longer taken into
consideration. The profiles obtained with growth on single substrates revealed that
the strain profiles differed on glucose (in the blue gate) and on xylose (in the red gate).
Although these profiles were not highly focused, probably due to cell-to-cell variations
in the plasmid copy number, combined analyses of the two reporters provided a dis-
criminating flow cytometry signature of cells growing on glucose or on xylose. These
specific cell signatures were then used for population identification and quantification
in the different sugar mixtures.

During growth on glucose and until its exhaustion after 7 h, the cytometric profile
of the population was homogeneous and the population exhibited the same fluores-
cence pattern as the 100% glucose control (Fig. 4B). After glucose exhaustion (7 h), a
new subpopulation gradually emerged with a cytometric pattern that matched the
one obtained on the 100% xylose control. Very interestingly, the new xylose-specific
population did not appear to derive from a global shift of the whole population but to
emerge from individual cells following glucose exhaustion. Figure 4C shows the theo-
retical biomass of each subpopulation extrapolated from the percentages resulting
from the flow cytometry data. This reveals the exponential growth of the new “xylose”
subpopulation, with a growth rate of 0.52 h™' equivalent to what was observed
with the single population growing in the 100% xylose control (0.55 h~') (Fig. 4E).
Consistent results were obtained with other mixes (Fig. S3), showing that the glucose/
xylose ratio is not impacting the phenomenon. The original population that grew on
glucose grew weakly or not at all during the xylose consumption phase (0.04 h~1). The
same representations for the 100% glucose control and the 100% xylose controls are
shown in Fig. 4D and E with a homogeneous population profile on glucose and a long
regrowth lag before the xylose subpopulation emerges on xylose. In conclusion, by
titrating XylIR availability, we observed the emergence of a subpopulation able to grow
on xylose during the observed regrowth and diauxic phases, while the initial subpopu-
lation that developed on glucose appeared to remain stable. The new emerging

November/December 2020 Volume 11 Issue 6 e02938-20

mBio’

mbio.asm.org 7


https://mbio.asm.org

. o
Barthe et al. mBio

A 40% Glucose - 60% Xylose B
16 ]
[ ] 418 5.32 5 3.65
) . Glucose| ] ]
' = ﬁ .ﬂ P,y - MRFP1 3‘h
m‘
a o
12 1.00 &
b
s : £
I c @
< [] S
2 n ° O]
S8 u ° 8
o . o
g [ ] @
S L] 0.10 ,a
*\. ° "
4 [}
. °
| ] )
o
[ ] @
[ [ ] W 418 418 o
0 cnsdossssssssmeeessssssssneses - 0.01 . 14h . A'Il‘j e
0 5 10 15 20 25
Time (h) A=
® Glucose ® Acetate A _ o7
® Xylose B 0D600NmM 119 h 1o0h “191h 4 99 Xylose
C D 100% Glucose
40% Glucose- 60% Xylose
4
g 3
4 § 2 u= 0.64 ht
8 1
0 ~==eessssdl)
0 2 ----------
4 6 o
g Time (h)
o
o
Yo
)
© | E 100% Xylose
4
£ 3
o
3 2
[a)
©1 p= 0.55 h!
-

Xylose

024
Time (h) ® 810121446 18 20 77
Entire Time (h)

:I population - Xylose type |:| Glucose type

FIG 4 The length of the transition in the modified BW25113 strain is related to the emergence of a new subpopulation. Batch fermentations of the
BW25113 strain transformed with the pSB1C3 plasmid carrying the P,,,-BFP P, ,-mRFP1 construct were carried out in minimum medium of 90 mMeqC and
sampled at 30-min intervals. (A) Kinetics of substrate consumption and production and growth of the strain in M9 medium supplemented with a 40%

(Continued on next page)

November/December 2020 Volume 11 Issue 6 e02938-20 mbio.asm.org 8


https://mbio.asm.org

Stochastic Control of the Glucose-Xylose Lag by XyIR mBio®

20 | {
= 15 | }
(]
€
B
W 10 }
2
x +
=]
5
o 05
0.0 1 1 1 1
0 4 8 12 16

Generation numbers on glucose
between two xylose culture phases

FIG 5 Previous exposure to xylose creates a memory effect. The strain with the titration plasmid was
grown on xylose and switched to a glucose-xylose mix on microplates with different concentrations
of inoculant so that the number of generations on glucose differs between two growth phases on
xylose. The duration of the diauxic lags are represented as a function of the number of generations
on glucose. For each condition, four replicates were performed. n = 4 for all generation numbers but
the highest (n=2).

subpopulation thus starts from a small number of exponentially growing individuals,
and not from the adaptation of the whole population. This behavior explains why the
lags can last for many hours in the modified BW25113, i.e., until the new population is
big enough to be detected.

Xylose exposure creates a memory effect through XylR accumulation. Since the
glucose-to-xylose adaptation is controlled by the XyIR availability in cells, growth on
xylose should produce cells with a high XyIR copy number which, in turn, should allow
growth to resume faster when xylose is again usable, i.e., through a memory effect.
This hypothesis was tested by using the titrated strain BW25113 with the pSB1C3 P, ;-
mRFP1 P,,,-mTagBFP plasmid and its extended lags. The strain was grown overnight
on xylose (or glucose as a control) before switching to fresh medium with a mix of
12.5% glucose and 87.5% xylose in microplates with inoculation concentrations rang-
ing from an optical density at 600 nm (ODy,,) of 0.1 to 0.00001. These different concen-
trations of inoculant allowed the cells to perform a range of generation numbers from
1.8 to 14.8 on glucose before the final growth phase on xylose. We hypothesized that a
more recent exposure to xylose would enable faster resumption of growth when
xylose again became usable (i.e, once the glucose was exhausted). In this way, we
measured the diauxic time to resume growth on xylose following the glucose growth
phase (Fig. 5). The diauxic lag appears much shorter using microplates than in bioreac-
tors (as in Fig. 4A). For the five cultures pregrown on xylose and switched at different
inoculum rates to the glucose-xylose mix, we found a clear positive correlation
between the diauxic lag durations and the number of generations on glucose since
the last exposure to xylose, indicating that even a couple of generations on glucose
seems efficient. No impact on diauxic time was observed in the control with pregrowth
on glucose before switching to the carbon mix (data not shown). The proportionality
between the diauxic lag times and the generation number on glucose is likely related

FIG 4 Legend (Continued)

glucose and 60% xylose mix. (B) Cytometric profiles of the 40% glucose—60% xylose batch over time. The y axis displays the blue fluorescence levels in
arbitrary fluorescence units (a.f.u.), and the x axis displays the red fluorescence levels (a.f.u.). The blue gate represents the glucose population type as seen
with the 100% glucose control. The red gate represents the xylose population type as seen with the 100% xylose control. (C) The theoretical biomass of
each subpopulation was extrapolated from the percentages resulting from the flow cytometry analyses during growth on the 40% glucose and 60% xylose
mix (glucose type cells in blue, xylose type cells in red, and the whole population in gray). (D) Same representation with 100% glucose growth. (E) Same
representation with 100% xylose growth. Others substrate ratios are presented in Fig. S2 in the supplemental material.
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to the XyIR dilution in the daughter cells. This clearly identifies a “memory effect” when
cells have been preexposed to xylose: XylR abundance in the cells that have been
grown on xylose decreases when cells are not producing more XyIR, as when grown
on glucose, but remains higher than in cells that have never been exposed to xylose,
hence facilitating the switch toward xylose consumption when this sugar is again
available.

Mathematical modeling of the transition highlights the effect of XylIR quantity
on the duration of the diauxic lag. To formalize the mechanism linking XyIR concen-
tration, subpopulation, and the diauxic lag, a modeling approach was developed based
on the results of cytometry obtained with the fluorescent reporter genes. The objective
was to be able to predict the behavior of the nonfluorescent wild type for which mod-
eling of the system was mandatory. The major phenomenon to be modeled is the
appearance of the “xylose” subpopulation cells. From our experimental observations,
they are clearly present 1.5 h after exhaustion of the glucose (8 h in Fig. 4B), and are
very likely present in very small numbers soon after glucose exhaustion when the car-
bon catabolite repression is switched off. Based on our previous finding concerning
the major role played by XyIR concentration in the lag duration, our main hypothesis is
that low XyIR availability results in a low probability to trigger the XyIR positive-feed-
back loop and hence, to switch to xylose consumption. We decided to opt for a sto-
chastic model to account for the probability that a very limited number of cells is able
to resume growth on xylose at the end of glucose consumption. This scenario is
backed up by proteomic data showing that XylIR is present at a rate of 1 = 0.4 copy per
cell during growth on glucose and at 57 = 8 copies per cell on xylose (supplementary
data file in reference 35). Thus, after glucose is exhausted, the single copy of XyIR
needs to find its target on the xylAB promoter to enable growth on xylose. Knowing
that the pUC19-derived pSB1C3 is a high-copy-number plasmid, it seemed obvious
that target multiplication reduces the probability of triggering the loop. Starting from
these hypotheses, we built the model presented in Fig. 6A and fully described in Text
S1in the supplemental material. Basically, the model allows a population X; with a low
level of XyIR to grow on glucose and to switch to growth on xylose only if glucose is
exhausted and xylose is present. In this situation, cells from population X, will turn at
rate A into cells with Y population features (i.e., xylose consumers with a high level of
available XyIR). Return to the initial X, state is possible in the model if glucose again
becomes available: the cells will transit through an X, state characterized by a decrease
in XyIR content by dilution through cell division until the cells reach the XyIR level of
the X, population. For a population close to a billion cells, the stochastic model is
approximated by a deterministic dynamic system, making it easier to calibrate the pa-
rameters (Text S1). In other words, the core of the model remains stochastic to capture
the appearance of the new subpopulation, but it could be approximated to a deter-
ministic model once the number of individuals is high enough. This model was cali-
brated with data from culture with 100% glucose, 100% xylose, a 60% glucose-40%
xylose mix and a 40% glucose-60% xylose mix. It accurately predicted these four con-
ditions in terms of subpopulation distribution and substrate consumption as well as
the data not used for the calibration from cultures with 80% glucose-20% xylose and
20% glucose-80% xylose mixes (Fig. 6B). Parameter calibrations made it possible to
quantify the rate of appearance of xylose consumers (Y) in the original population
(X,) after glucose exhaustion to 2.02 x 107% h~", i.e., about 2 cells over 10,000 per
hour.

Next, the model was used to simulate the behavior of the wild-type strain through-
out the diauxie; the structure of the model was retained, but the values of growth and
substrate consumption rates specific to the strain were recalibrated. Very interestingly,
the subpopulation balance appeared to be the inverse of what we observed with the
strain carrying the pSB1C3 P, ,,-mRFP1 P;,,.-mTagBFP plasmid (Fig. 54). Indeed, without
the plasmid, the individual rate of appearance of xylose consumers from the original popu-
lation after glucose exhaustion was 2.09 h~', i.e,, about 8,760 cells to over 10,000 per hour.
This result is of particular interest, since it makes it possible to predict the behavior of the
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FIG 6 Modeling subpopulation behavior. (A) Scheme of the stochastic model. The diagram shows
individual growth and transitions between cell types in the population. X, corresponds to glucose
consumers with the basal level of XyIR, Y to xylose consumers with a high level of XyIR, and X, to
glucose consumers that previously grew on xylose with an initially high but decreasing level of XylR.
We assume that these mechanisms occur after a random time distributed according to an exponential
law with the corresponding rates. Indeed, an individual that grows on glucose (class X, or X,) divides at
rate b,(S,) or switches to xylose consumption at rate A(S) and (1+6)A(S), respectively. Specifically, in
the X, compartment, where cells have many xyIR copies, each individual can give birth to a cell of the
compartment X, with probability 0 < « < 1 because of xylIR dilution. In addition, an individual growing
on xylose (class Y) divides at rate b,(S,) or switches to glucose consumption (class X,) at rate 7(S,), if
glucose is abundant. (B) Validation and predictions of the model (solid lines) compared to the
experimental data (crosses) during growth on six glucose-xylose mixes (glucose cell type in blue, xylose
cell type in red, glucose in green, and xylose in violet). The conditions 80% glucose—20% xylose and
20% glucose—80% xylose were not used to estimate the model parameters. The lines represent
predictions, whereas in the other conditions, they represent validation.

wild-type strain without the bias created by markers. The model allowed us to estimate
that, by the time xylose was exhausted, 99.46% of the X, population have shifted to xylose
consumption. In a population of close to a billion cells, this predicts that about 5.4 million
cells will remain in a dormant-like state.
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DISCUSSION

Lag times have long been considered adaptation periods for a microbial population
to use a new resource. The recent interest of the microbiologist community in single
cell analysis revealed a more complex reality concerning these lag phases. Here, we
demonstrated that the main parameter governing the length of the regrowth or dia-
uxic lag phases is not a temporal requirement to produce new machinery for growth
on the following substrate but the availability of a specific transcription factor. In the
glucose-xylose model we studied here, XyIR accumulation is the master molecular
switch governing the metabolic fate of the cells. Consequently, titration of XyIR
extends lag time, while overexpression of XylIR reduces it. These effects are limited to
lag durations and do not affect the maximum growth rates in general, very likely
because XyIR is not needed on glucose while its regulatory loop ensures that it is not
limiting on xylose.

This positive-feedback loop of XyIR on its own expression is the centerpiece of the
system. It enables the creation of the bimodality in the cell population reported by
Afroz et al. (39), with some of the cells able to trigger the loop and thus shift to full
growth on xylose while the others fail to do so and remain in a dormant-like state.
Such a regulatory design has already been described in microorganisms faced with
other substrates (39, 43-46). The question that remains is what determines the meta-
bolic fate of individual cells. Our results suggest that XyIR availability is sufficient to
explain all the phenotypes we observed. Yet, it would be remarkable if accumulation
of a single protein could explain so much, especially in the light of all the different mo-
lecular explanations behind phenotypic heterogeneity in the substrate usage reported
in the literature (12, 13, 16, 18-24). It would be interesting to study the noise in the
expression of XylR and properties of the resulting distribution even if experimental
XyIR quantification at the single cell level remains a great experimental challenge. This
could reveal the presence of cells with high levels of XyIR even before glucose exhaus-
tion but likely not large enough to trigger the loop since we never observed cells with
a xylose signature during growth on glucose. Another source of heterogeneity could
be the unequal distribution of transcription factor between the mother and daughter
cells since the concentration of XyIR is close to one copy per cell on glucose (35).
Indeed, this would create cells depleted of XyIR that would be unable to trigger the
loop in the wild-type strain (47). Our results do not prove that parameters reported by
others such as cell size, cell cycle phase at the moment of glucose exhaustion, cell age,
ribosome availability, or ppGpp concentration have no effect on the adaptation from
glucose to xylose. The fact that XyIR overexpression does not produce regrowth lags
with the same optimal duration in different strains, or the different lag durations
observed between microplate and bioreactor cultures supports the hypothesis that
other parameters are at stake here. It is for example rational to hypothesize a role for
carbon catabolite repression in the process. The presence of CRP-cAMP on the pro-
moter could be required for XyIR to fix on its recognition sites or to create a slight
increase in xy/R promoter expression ensuring that XyIR is over a limiting threshold to
trigger the loop that most cells with the titration plasmid cannot overcome.

The model parameter estimation showed that most of the cells are not able to
switch to xylose consumption in the mutant strain because of XyIR titration, while the
inverse situation was observed in the wild-type strain with only a small fraction of cells
unable to switch. The cells that are unable to use the available substrate could be dor-
mant cells. Such behavior has already been reported in other conditions when a popu-
lation was faced with a new substrate (3, 12, 48). This was interpreted as an adaptive
feature to minimize risk since the dormant cells are more resistant to environmental
insults, including stresses or antibiotics (48-50). These cells are metabolically active
with very slow buildup of biomass and reduced metabolite pools (50), which could
match the very small growth rate observed for this subpopulation in our study. Even if
the fraction of such cells is low in the wild-type strain, the model predicted that it
nevertheless results in millions of individuals in the bacterial population as a whole.
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TABLE 2 Plasmids used in this study

Plasmid Relevant characteristics Reference
pPSB1C3 mRFP1 Cloning vector of this study. pUC19-derived pMB1 ori, chloramphenicol iGEM part BBa_E1010
resistance, with mRFP1 (FPbase identifier [ID] 5YCFA) coding sequence
pSB1C3 mTagBFP Cloning vector. pUC19-derived pMB1 ori, chloramphenicol resistance, iGEM part
with mTagBFP (FPbase ID BFJKS) coding sequence BBa_K592100
PSB1C3 Py ss-mTagBFP pSB1C3 plasmid containing mTagBFP under the control of ihfB promoter This study
pSB1C3 P, ,,-mRFP1 pSB1C3 plasmid containing mRFP1 under the control of xylA promoter This study
pSB1C3 P, ,-mut-mRFP1 pSB1C3 plasmid containing mRFP1 under the control of a mutated xylA This study
promoter, mutations were introduced in xy/R binding sites
pSB1C3 P, ,,-mRFP1 P;,,-mTagBFP pSB1C3 plasmid containing mTagBFP under the control of ihfB promoter and This study
mRFP1 under the control of xylA promoter
pSB1C3 P, pSB1C3 plasmid containing xy/A promoter This study
PMET219 Plasmid pBR322 with tetR but ampR replaced by cmR. Negative control of the Gift from Sébastien
plasmid pMET219 Nouaille
PMET219 P_.-xyIR Plasmid pMET219 with tetR replaced by xy/R under control of cysG promoter This study

This reinforces the hypothesis that metabolic switches are related to antibiotic resist-
ance (48).

To our knowledge, this is the first work exploring phenotypic heterogeneity in the
use of substrate during diauxic batch fermentation of a monoclonal population in
infinitely stirred bioreactor. Most studies have used microfluidic devices and/or manual
switching of the cells from one condition to another, both being not ideal for analyzing
responses to environmental changes that happen as a consequence of growth (51).
This allows confirming that phenotypic heterogeneity in the use of the substrate
observed at the scale of a few individual cells is also true in large populations growing
naturally. Likewise, phenotypic heterogeneity has been reported to have an incidence
on metabolic adaptation of a population from glycolytic to gluconeogenic substrates
(13). Here, we report that the same incidence could be true for metabolic adaptation
from glycolytic to glycolytic substrates.

Several applications of this work can be envisaged. It now appears possible to opti-
mize lags to ensure the profitability or sustainability of biotechnological processes, for
example, by reducing the length of lag phases. Our results point to two levers that
could achieve this. The first is by preexposing the cells to the substrates they will use
during the process to take advantage of the memory effect. The effect has indeed
been observed with a variety of substrates (16, 22), and this solution appears to be
both cheap and effective. The second solution is modifying the positive-feedback loop
through overexpression of the limiting transcription factor as we did here or modifying
the regulatory network. Indeed, such loops are not limited to the use of xylose but are
reported with increasing frequency in adaptive phenomena (16, 17, 52, 53). Other lev-
ers very likely exist. For example, we observed here that the transition is faster during
microplate culture than during well-controlled bioreactor culture even though we
have no explanation for this as yet. Conversely, it would be interesting to extend the
diauxic lag phase since this could promote the formation of dormant cells, which could
be a key factor in ensuring the robustness of the strain during challenging biopro-
cesses or for strain storage. Finally, the extended duration of the glucose-xylose transi-
tion could be of fundamental interest to study the properties of dormant cells.

Last, it is now clear that lag phases (as well as the so-called “stationary phases”) are
far more complex than originally thought by Jacques Monod in 1942 (54). Until the last
decade, most interest focused on the exponential phases, and we are only now begin-
ning to become aware of the subtle behavior of cells that are not growing, from the or-
ganization of subpopulations to persistence and maintenance costs.

MATERIALS AND METHODS

All data are accessible on the INRAE platform (https://doi.org/10.15454/XWCMZE).
Strains and plasmids. All the strains used in this study are listed in Table 1.
All the plasmids used in this study are listed in Table 2. All the plasmids based on the pSB1C3
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backbone were constructed through digestion and ligation. The xylA promoter was obtained by amplifi-
cation of 800 bp of the regulatory area of the gene upstream of its ATG from genomic DNA of the
BW25113 strain. The xylA mutated promoter was designed as shown in Fig. S5 in the supplemental ma-
terial and obtained as a synthetic gene (Eurofins). EcoRI and Xbal restriction sites at the 5" end and Spel
restriction site at the 3’ end were used for cloning on the chassis plasmid. Primers (Fig. S6) were
designed from the sequences in the Ecocyc database obtained from Eurofins (France). For the construc-
tion of the double fluorescence plasmid, the pSB1C3 P, ,,,-mTagBFP was digested with EcoRI and Spel
to be ligated in the pSB1C3 P, ,,-mRFP1 linearized with EcoRl and Xbal digestion. The plasmids based on
pBR322 were constructed by DNA HiFi assembly (New England Biolabs). Fragments were amplified from
E. coli DNA or plasmid purification with 20 bp of homology between each fragment. For all constructs,
transformants were selected on LB plates containing 40 mg/liter of chloramphenicol. The plasmids were
checked by sequencing (Eurofins). Plasmids were then transformed into E. coli BW25113 strain.

Growth media. The cultures were grown in M9 medium containing 33.7 mM Na,HPO,, 22 mM
KH,PO,, 8.55mM NaCl, 9.35 mM NH,Cl, T mM MgS0,, 0.3 mM CaCl,, 13.4mM EDTA, 3.1 mM FeCl,-6H,0,
0.62 mM ZnCl,, 76 uM CuCl,-2H,0, 42 uM CoCl,-2H,0, 162 uM H,BO,, 8.1 uM MnCl,-4H,0, 1 ug - liter
thiamine and carbon sources at 90 mMeqC (100% glucose, 100% xylose, 80% glucose plus 20% xylose,
60% glucose plus 40% xylose, 40% glucose plus 60% xylose, or 20% glucose plus 80% xylose). For the cul-
ture of strains containing plasmids, M9 medium was supplemented with 20 mg - liter " chloramphenicol.

Microplate cultivation. Cells were pregrown overnight in 5-ml tubes with M9 medium with glucose
(M9 glucose medium) at 37°C with agitation at 150rpm. Overnight cultures were centrifuged at
5,000 rpm for 3 min, and pellets were suspended in M9 glucose medium or M9 xylose medium at an ini-
tial ODgy, of 0.05. The 96-well microplates were inoculated in triplicate with 200 ul of the cell suspen-
sions or 200 ul of medium as a control. Microplates with lids were read at ODy,, at 17-min intervals for
24 h with a Versamax microplate reader (Molecular Devices, USA). Maximum growth rates w,,, Were
determined during the exponential growth phase and estimated using the coefficient of the linear
regression of the curve representing In OD versus time.

Regrowth lag times were considered the difference in time needed to reach the same OD point in
the exponential phase between growth with a time lag and growth that started immediately at the max-
imum growth rate, as defined by Enjalbert et al. (40). Diauxic lag was considered the time lost in compar-
ison to hypothetical growth in which the first exponential phase is immediately followed by a second ex-
ponential phase. Formulas and demonstrations of how the lag was calculated are provided in Fig. S7.

Statistical validation was based on paired two-tailed Student’s t tests, assuming equal or unequal
variances according to the F test. Means were calculated from three biological replicates with three tech-
nical replicates each (n=9).

Batch cultivation. Bioreactor batch cultures were performed in a Sartorius Biostat B plus bioreactor
in 1 liter of M9 medium with 90 mMeqC of glucose and/or xylose mixes. The temperature was set at
37°C and pH at 7. Nonlimiting aeration conditions were obtained with an airflow set at 0.35 liter - min™'
and adaptation of stirring to maintain pO, of >20%. Growth was assessed by OD,, measurement at 30-
min intervals with a LibraS4 spectrophotometer (Biochrom, UK). Glucose, xylose, and acetate concentra-
tions were quantified by high-performance liquid chromatography (HPLC) (Agilent, USA) with an HPX
87H ion exclusion column (Bio-Rad) as described in reference 66.

Flow cytometry. Cells were sampled at 30-min intervals and immediately frozen at -20°C; tests
showed that freezing has no influence on the level of fluorescence. After thawing and diluting in filtered
0.9% NaCl to obtain a cell concentration of 1 x 10° cells - ml~’, fluorescence intensities were measured
with a Masquant VYB cytometer (Miltenyi Biotec, Germany) equipped with a 561-nm yellow laser for ex-
citation of mRFP1 and a 405-nm purple laser for mTagBFP. Data acquisition was set at 40,000 events per
sample. FlowJo X software was used for cytometry data analysis. A gate was created in the dot plot of
the forward scatter channel (FSC-H) versus the side scatter channel (SSC-H) to distinguish bacteria from
technical noise. A second gate was created in the dot plot of the SSC-H versus the SSC-A to select single
cells. The mTagBFP fluorescence emissions were analyzed with the V1-H channel (BP450/25 nm) and the
mMRFP1 emissions with the Y2-H channel (BP615/10 nm). The OD,,, subpopulation was extrapolated
from the total ODy,, population and the percentage of each subpopulation obtained in flow cytometry,
based on blue and red fluorescence.

Mathematical modeling. A detailed description of the model, including its rationale, parameters,
and code, is provided in Text S1 in the supplemental material.

Memory effect experiment. Cells were pregrown overnight in tubes containing 5 ml of M9 glucose
medium or M9 xylose medium at 37°C with agitation (150 rpm). Cells were centrifuged at 5,000 rpm for
3min, and pellets were suspended and inoculated when they reached an OD,, of 0.1 in 100-ml
Erlenmeyer flasks containing 20 ml of M9 glucose medium or M9 xylose medium. Once in the exponen-
tial phase (ODq,, of ca. 1), the cultures were diluted (theoretical OD,,,s of 0.1, 0.01, 0.001, 0.0001 and
0.00001) and inoculated in duplicate in 96-well microplates in 200 ul of M9 glucose, M9 xylose, or M9
medium with 12.5% glucose and 87.5% xylose. Wells containing 200 ul of medium with no cells were
used as a control. Microplates with a lid were read at ODy,, at 17-min intervals for 24 h with a Versamax
microplate reader (Molecular Devices, USA). Two biological replicates each with two technical replicates
were performed.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
TEXT S1, PDF file, 0.1 MB.
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FIG S1, PDF file, 0.5 MB.
FIG S2, PDF file, 0.5 MB.
FIG S3, PDF file, 0.8 MB.
FIG S4, PDF file, 0.6 MB.
FIG S5, PDF file, 0.5 MB.
FIG S6, PDF file, 0.5 MB.
FIG S7, PDF file, 0.5 MB.
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