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ABSTRACT

Growth of Escherichia coli on glucose in batch culture is accompanied by the excretion of acetate, which is consumed by the cells
when glucose is exhausted. This glucose-acetate transition is classically described as a diauxie (two successive growth stages).
Here, we investigated the physiological and metabolic properties of cells after glucose exhaustion through the analysis of growth
parameters and gene expression. We found that E. coli cells grown on glucose in batch culture produce acetate and consume it
after glucose exhaustion but do not grow on acetate. Acetate is catabolized, but key anabolic genes—such as the genes encoding
enzymes of the glyoxylate shunt—are not upregulated, hence preventing growth. Both the induction of the latter anabolic genes
and growth were observed only after prolonged exposure to low concentrations of acetate and could be accelerated by high ace-
tate concentrations. We postulate that such decoupling between acetate catabolism and acetate anabolism might be an advantage

for the survival of E. coli in the ever-changing environment of the intestine.

IMPORTANCE

The glucose-acetate transition is a valuable experimental model for comprehensive investigations of metabolic adaptation and a
current paradigm for developing modeling approaches in systems microbiology. Yet, the work reported in our paper demon-
strates that the metabolic behavior of Escherichia coli during the glucose-acetate transition is much more complex than what has
been reported so far. A decoupling between acetate catabolism and acetate anabolism was observed after glucose exhaustion,
which has not been reported previously. This phenomenon could represent a strategy for optimal utilization of carbon resources
during colonization and persistence of E. coli in the gut and is also of significant interest for biotechnological applications.

he glucose-acetate transition has become a paradigm for the

understanding and modeling of metabolic adaptation in Esch-
erichia coli. This Gram-negative bacterium produces acetate dur-
ing aerobic growth on glucose under batch conditions (1). Once
glucose is exhausted, the cells consume the acetate that they have
produced (2). This is classically described as a diauxic phenome-
non, in which growth on glucose is followed by growth on acetate
(2—4). The adaptation mechanisms underlying this behavior have
been investigated by means of switch experiments in which cells
are grown on glucose and then transferred to fresh medium con-
taining acetate as a sole carbon source (5, 6). While this approach
could differ from a physiological diauxie, it provides a valuable
experimental framework to detail the metabolic changes and reg-
ulatory processes that must occur in glucose-growing cells to
achieve growth on acetate. Basically, the switch from glucose me-
dium to acetate medium requires the transition from glycolytic to
gluconeogenic metabolism (3, 7, 8). Accordingly, glycolytic en-
zymes are expressed during growth on glucose and downregulated
during growth on acetate. The gluconeogenic processes behave in
the opposite way, i.e., they are downregulated on glucose and up-
regulated on acetate. Significant changes also occur in the tricar-
boxylic acid (TCA) cycle with the downregulation of isocitrate
dehydrogenase on acetate while the enzymes enabling acetate uti-
lization and that of the glyoxylate shunt are upregulated upon
growth on acetate (9, 10). The glyoxylate shunt enables the con-
version of acetate into C, compounds that feed the gluconeo-
genic pathways and ultimately enable all biosynthetic pathways
to produce biomass (11). Hence, this shunt is instrumental for
growth on acetate, and its regulation, as well as acetate produc-
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tion and consumption processes, is still the subject of intense
studies (12, 13).

Apart from switch experiments, very few studies have investi-
gated the metabolic changes occurring throughout the progressive
transition that occurs during standard growth on glucose. Inter-
estingly, a close examination of some studies incidentally using the
glucose-acetate transitions showed that acetate is consumed after
glucose exhaustion but that there is no obvious growth during the
same period of time (2, 14-17). This raises questions regarding
not only the occurrence of true diauxic behavior during the glu-
cose-acetate transition but also the metabolic adaptations that
may occur in this situation.

Here, we report on the detailed investigation of the metabolic
changes that occur during the glucose-acetate transition when E.
coli is cultured on glucose in batch culture, showing that diauxic
behavior does not occur under such conditions. We report a de-
coupling between acetate catabolism and acetate anabolism after
glucose exhaustion. While catabolism is induced immediately af-
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TABLE 1 RT-qPCR primers

Name Sequence (5" to 3")

Q-16S-3’ ATCCGGACTACGACGCACTT
Q-16S-5" ACGACCAGGGCTACACACG
Q-acs-3' GGATCTTCGGCGTTCATCTC
Q-acs-5' GGGAAAATTGACTGGCAGGA
Q-fbp3’ GTAGAGATAAATACCGCCTTTCAGCA
Q-fbp5’ ATAAATCCACCAACCGCCCTTA
Q-Icd-3' TTCGTCACCGATGTTTGCAC
Q-Icd-5' CGCCTGTATGAACCTGAACG
Q-icl-3" AACCAGCAGGGTTGGAACG
Q-icl-5" ACATGGGCGGCAAAGTTTTA
Q-ihfB-3’ CAAAGAGAAACTGCCGAAACC
Q-ihfB-5" GCCAAGACGGTTGAAGATGC
Q-mls-3’ TCAGGCCATAAATCGGCACA
Q-mls-5' GGTGAACGCACCGAAGAAGG
Q-pck3’ GTGTCTACGCCCGGCAGTTC
Q-pck5’ GACGCCATCCTCAACGGTTC
Q-pfkA3’ CACCCATGTAGGAACCGTCA
Q-pfkA5’ AATTCCGCGACGAGAACATC
Q-ppc3’ CAGGCGAGAACGCAGGTTTT
Q-ppc5’ ATGGTTGAAGCGACCCCTGA
Q-pps3’ CTGGCTCGTAACGCTCACCA
Q-pps5’ GTGCCGCGTTTTATCCGAAG
Q-pykF3’ GCAACCATGATGCCGTCAGA
Q-pykF5’ CGGCGAAAACATCCACATCA

ter glucose exhaustion, the induction of key anabolic processes is
delayed. The lag time before induction of the anabolic processes
depends on acetate exposure: the higher the acetate concentra-
tion, the shorter the delay. In this paper, we discuss the function
and consequences of this phenomenon.

MATERIALS AND METHODS

Strains, media, and growth conditions. E. coli K-12 MG1655 cultures
were carried out in M9 mineral medium complemented with 2.7 g - liter !
(15 mM) p-glucose (18). Shake-flask cultures were performed in volumes
of 50 ml or 200 ml with an M9 volume of a maximal 15% of the culture
vessel. Bioreactor cultures were performed as described in reference 2.
Briefly, pH was set at 7, temperature was set at 37°C, and dissolved oxygen
tension was always maintained at over 20% to avoid micro-oxic condi-
tions. In the acetate stabilization experiments, 0.5 M glacial acetic solution
(pH 3) was used to maintain the pH at 7 until growth started again. The
percentages of CO, and O, in the gas output were monitored using a
Dycor ProLine process mass spectrometer (Ametek, DE). Cultures in bio-
reactors and shake flasks were inoculated with a washed-cell sample ob-
tained from an overnight preculture on M9 glucose (the preculture is
centrifuged for 3 min at 8,000 rpm, the supernatant is discarded, and the
pellet is resuspended in the culture medium). Optical densities at 600 nm
(ODgy,) were measured using a spectrophotometer (Genesys6 from
Thermo Scientific, MA). Apparent growth rates at the periods described
were calculated using the formula w = In(OD,/OD,)/(t, — t;). All cul-
tures were performed independently in duplicate or triplicate.

Exometabolome. Extracellular metabolites were identified and quan-
tified by nuclear magnetic resonance (NMR) using an Avance 500-MHz
NMR spectrometer (Bruker, Rheinstatten, Germany) as described in ref-
erence 2.

RT-qPCR analysis. Gene expression was monitored by reverse trans-
criptase quantitative PCR (RT-qPCR) as described in reference 2. The
primers used in this work are listed in Table 1.

Switch experiments. To investigate the timing of phenotypic adapta-
tion throughout the glucose-acetate transition, cell samples were collected
from a “mother” culture at 10-min intervals, starting 60 min before glu-
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cose exhaustion (GE) to 90 min after. The cell samples were rapidly fil-
tered (Minisart 0.45-pm filter from Sartorius, Géttingen, Germany) and
rinsed on the filter with fresh medium containing either glucose or ace-
tate, depending on the substrate used in the following culture. The washed
cells were used to inoculate 250-ml Erlenmeyer flasks filled with 30 ml of
acetate medium or glucose medium, to reach an initial ODy, of 0.2. To
minimize stress for the cells, all the equipment and solutions were pre-
warmed at 37°C and all the switches were performed within less than 2
min. Growth of the “daughter” cultures was monitored at times 0, 60,
and 90 min after inoculation by spectrophotometry at 600 nm. We made
sure that the cells from the daughter culture reached the maximal growth
rate (W,,.,) by measuring the growth rate between 60 and 90 min. The
Momax Values were determined as 0.23 h~ ! on M9-acetate and 0.57 h™ ! on
MO9-glucose. To calculate the lag time before this maximal growth, we
used the following reasoning: if the growth rate is maximal from ¢ (i.e., no
delay), t,, is the theoretical time value needed to increase the biomass from
X, to X, (as illustrated in Fig. 1). If there is a delay, X, will be obtained at
t, (i.e., later than t,,). So, the lag time is equal to ¢, — t,,. By definition,

Memax = ln (XI/XO)/(tm - tO) (1)
from which
(tm - t()) = ln(Xl/XO)/“‘max (2)
since
(= t) = (t — 1) — (t,, — 1) (3)
From equations 3 and 2,
(tl - tm) = (tl - tO) —In (XI/X())/p“max (4)

We used equation 4 to calculate the lag time in the daughter culture
with #; = 90 min and the biomass values at time zero and 90 min after the
inoculation as X, and X, respectively.

RESULTS

Growth on acetate was not observed after glucose exhaustion.
Figure 2A shows a typical cultivation profile of E. coli cells grown
under aerobic batch conditions on 15 mM glucose in minimal
medium. Exponential growth was observed until glucose was ex-
hausted (growth referring to the population behavior in this re-
port). At the time of glucose exhaustion (here referred to as GE),
about 4 mM acetate was produced by the cells. Subsequently, ac-
etate was consumed at the rate of 1.14 = 0.31 mmol -h™" - g (dry
weight [DW]) ™", but no significant growth was observed (appar-

Ln QD A

Xo >
t tm t time (h)
FIG 1 Theoretical growth profiles for the calculation of the lag in the switch
experiments. t,, is the theoretical time value needed to increase the biomass
from X, to X if the growth rate is maximal (.,,,,) from t,. If there is a delay, X

will be obtained at #, (i.e., later than f,,). From these elements, the lag can be
determined as demonstrated in Materials and Methods.
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FIG 2 Growth parameters after the glucose exhaustion in a glucose-acetate transition and during growth on acetate as sole carbon source. (A) Glucose, acetate,
and biomass (OD) profiles of a culture performed in minimal M9 medium plus 15 mM glucose are shown on the left, with the period following glucose
exhaustion boxed (pGE, post-glucose exhaustion). On the right, acetate consumption rates (millimoles of acetate consumed per hour and per gram of biomass
[dry weight]) and the growth rate during the post-GE period are presented. (B) Acetate consumption rates and growth rates during growth on 45 mM acetate

(Ac45) or 4 mM acetate (Ac4).

ent = 0.03 * 0.02h ™' [Fig. 2A]). To check f, for any reason, the
culture conditions used in this work could prevent growth on
acetate, we performed cultures under the same conditions as de-
scribed above but with 45 mM acetate instead of 15 mM glucose
(i.e., the same carbon molar content in the two cases) as the sole
carbon source. Growth on acetate was observed at a rate of 0.24 =
0.03 h™ !, and the measured acetate consumption rate was 13.9 =
0.5 mmol - h™' - g (DW)~". These values are in agreement with
values reported in the literature (14, 19) and showed that the cul-
ture conditions did not prevent growth on acetate. Since the
Monod constant for acetate in E. coli was established at a K of 8.5
mM (20), a possible explanation for the lack of post-GE growth
upon culture on 15 mM glucose could be that the amount of
acetate produced (4 mM) is too small to enable growth. When E.
coli cells were grown on minimal medium with 4 mM acetate as
the sole carbon source, growth ata rate of 0.13 = 0.02h ™' could be
measured and the rate of acetate consumption was 12.1 £ 0.9
mmol-h™'-g(DW) ™}, i.e., well above that observed after growth
on glucose (Fig. 2B). These data demonstrate that upon growth on
15 mM glucose, there is no growth on acetate after GE, although
the level of acetate is sufficient to allow such growth.

Acetate anabolism is not fully induced after GE. To investi-
gate the metabolic fate of acetate after GE, the expression of key
metabolic genes (Fig. 3A) was measured during the entire period
of glucose-acetate transition (Fig. 3B) and during exponential
growth on acetate (Fig. 3C).

First, the levels of gene expression in cells exponentially grow-
ing in fresh medium with acetate as the sole carbon source were
compared to those of cells exponentially growing on glucose (Fig.
3C). Compared to cells grown on glucose, cells grown on acetate
poorly expressed genes encoding key glycolytic enzymes but ex-
pressed more genes associated with acetate consumption (acs) and
anabolism (pps, fbp, and pck and the glyoxylate shunt genes icl and
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mls), as expected from the literature (19, 21). These data are in
complete agreement with expectations and more specifically with
the role of specific anabolic processes—e.g., glyoxylate shunt—in
the ability of E. coli to grow on acetate.

Then, the change of gene expression during the glucose-acetate
transition was analyzed (Fig. 3B). The gene expression levels were
quite stable until glucose was exhausted. After GE, the glycolytic
genes pfkA and pykF, the anaplerotic gene ppc, and the TCA cycle
gene icd were downregulated. Both the acs and pck genes were
upregulated. These data pointed to a metabolic change in re-
sponse to the disappearance of glucose, consistent with the ob-
served consumption of acetate. In contrast, some acetate anabolic
genes (pps and fbp), as well as the glyoxylate shunt genes icl and
mls, were not upregulated after GE (Fig. 3B). The two glyoxylate
shunt genes showed somewhat lower levels of expression after GE.
The pattern of gene expression established a few minutes after GE
remained stable until acetate was exhausted (Fig. 3B). This means
that genes essential for acetate anabolism are not upregulated after
GE, although acetate is consumed. The pattern of gene expression
in cells utilizing acetate after growth on glucose (Fig. 3B) is there-
fore different from that of cells growing on acetate as the sole
carbon source (Fig. 3C). In particular, because the glyoxylate
shunt is essential for the production of biomass from acetate, the
lack of icl and mls upregulation is consistent with the absence of
growth on acetate after GE.

Post-GE cells can rapidly resume growth on glucose but are
not adapted to growth on acetate. To strengthen the observation
that the metabolic behavior of cells using acetate after GE is dif-
ferent from that of cells growing on fresh acetate medium, we
analyzed the capacity of the former cells to adapt to growth on
acetate or glucose as the sole carbon source. This was performed
using switch experiments (Fig. 4) in which cells were initially
grown in M9 minimal medium containing 15 mM glucose as the
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FIG 3 Expression of key metabolic genes throughout the glucose-acetate transition. (A) Position of investigated genes in E. coli metabolism. Dashed lines
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in panel B. (B) Cells were cultured in M9 minimal medium with 15 mM glucose, and RT-qPCR was used to quantify gene expression from 60 min before glucose
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relative to the levels measured at mid-exponential growth on glucose (as in panel B). pfkA, phosphofructokinase (EG10699); ppc, phosphoenolpyruvate
carboxylase (EG10756); pykF, pyruvate kinase (EG10804); icd, isocitrate dehydrogenase (EG10489); acs, acetyl coenzyme A synthetase (EG11448); pck, phos-
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sole carbon source (mother cultures). Culture samples from this  growth on glucose, post-GE cells are not fully able to grow on
mother culture were then collected at 10-min intervals, starting  acetate, although they consume this compound, but remain able
from 60 min before GE to 70 min after GE. The collected cellswere  to grow on glucose.

rapidly transferred to fresh medium (daughter cultures) contain- To investigate if priming the cells with a high concentration of
ing either 15 mM glucose (M9G-M9G) or 45 mM acetate as sole  acetate could reduce the delay in reaching maximal growth on
carbon source (M9G-M9A). acetate, novel switch experiments were performed in which

Whatever the collection time, cells collected from the mother ~mother cultures consisted of cells grown on 15 mM glucose
culture and transferred to fresh glucose medium were immedi- plus 32 mM acetate (Fig. 4B). Cells grown on glucose plus
ately able to achieve maximal growth (i.e., lag times close to 0 acetate and collected before GE required slightly less time to
[M9G-MOG in Fig. 4A]). This was expected for cells collected reach maximal growth rate on fresh acetate medium than cells
before GE but was more surprising for cells collected after GE, grown on glucose (29 * 2 versus 36 * 2 min, respectively
since the analysis of gene expression levels has evidenced meta- [M9GA-MO9A in Fig. 4B]). After GE, the delay to reach maximal
bolic adaptations in these cells. These results indicate that the acetate growth decreased with the time of cell collection. No
metabolic adaptations occurring after GE do not modify the cells’  significant delay was observed for cells collected 75 min after
efficiency in growing on glucose. Cells collected before GE in the ~ GE or later, indicating that cells progressively adapted to ace-
mother culture and transferred to fresh acetate medium reached  tate growth during the post-GE period. Interestingly, cells
maximal growth on acetate after 36 * 2 min (M9G-M9A in Fig.  grown on glucose plus acetate and collected after GE showed a
4A). This delay decreased for cells collected after GE, reaching slight decrease in their ability to resume growth on glucose,
25 #+ 1 min when cells were collected 20 min after GE, but did not  which became clear in cells collected 70 min after GE (M9GA-
decrease further for cells collected later. This means that after M9G in Fig. 4B). These data show that cells grown on glucose
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did not fully adapt to growth on acetate after GE unless they
were exposed to significant amounts of acetate.

Growth after GE at high acetate concentrations. We then in-
vestigated in more detail the impact of high acetate concentrations
on the ability of E. coli to grow on acetate after GE. This was tested
by growing cells on mixtures of 15 mM glucose and acetate con-
centrations ranging from 2 to 128 mM and by analyzing the im-
pact of acetate on the post-GE phase. No growth was detected after
GE for cells grown in mixtures containing 2 to 8 mM acetate (Fig.
5A). In contrast, growth was observed after GE when cells were
grown with mixtures in which the acetate concentration was at
least 16 mM, i.e., four times the acetate concentration produced
from 15 mM glucose (Fig. 5A). In parallel, significant increases in
acetate consumption rates were observed (Fig. 5B). Thus, both the
growth and acetate consumption rates observed after GE in-
creased with acetate concentration (Fig. 5A and B). After GE, the
growth rate of cells cultured on glucose plus 128 mM acetate be-
came close to that of cells growing on 45 mM acetate as the sole
carbon source (0.17 %+ 0.01 versus 0.24 + 0.03 h™', respectively).
The rates of acetate utilization also became closer (9.2 = 1.2 versus
13.9 = 0.5 mmol - h™' - g [DW]"). These data show that growth
on acetate after GE can be achieved when acetate is available at
high concentrations. To support these observations, E. coli cells
were cultured on glucose-acetate mixtures and the expression of
acetate anabolic genes (pps, fbp, icl, and mls) was monitored by
RT-qPCR before (at mid-exponential phase) and after (90 min
after GE) glucose exhaustion (Fig. 5C). Before GE, the expression
levels in cells grown on glucose-acetate mixtures were similar for
all four genes to those observed in cells grown on glucose (data not
shown), showing that the expression of these genes was not influ-
enced by the concentrations of acetate in the medium. Expression
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of fbp and pps decreased after GE, as observed with cells grown on
15 mM glucose as the sole carbon source. This phenomenon
tended to progressively disappear when acetate was added at high
concentrations. At concentrations of up to 8 mM acetate, the
glyoxylate shunt genes icl and mlis were not upregulated after GE.
At higher concentrations, the two genes were clearly upregulated
90 min after GE. The expression of these genes is consistent with
the growth observed under the same conditions. Taken together,
these data showed that the addition of high concentrations of
acetate (16 mM or above) allowed complete upregulation of
the anabolic machinery required for growth on acetate. These
data further support the fact that post-GE cells that have grown
on glucose as the sole carbon source do not express the com-
plete anabolic machinery to grow on acetate, at least for 90 min
after GE.

Acetate exposure determines the onset of anabolism after
GE. Two scenarios could explain the above results. In scenario 1,
the induction of acetate anabolic genes after GE requires a thresh-
old in acetate concentration which would be between 8 and 16
mM; in scenario 2, the time needed for effective induction of ac-
etate anabolic genes after GE depends on acetate concentration
and is higher than 90 min when acetate concentration is equal to
or below 8 mM. To investigate these hypotheses, we performed an
experiment in which cells were cultured in minimal medium con-
taining 15 mM glucose as the sole initial carbon source but in
which the acetate concentration was maintained at 4 mM after GE.
This concentration is under the putative threshold from scenario
1 and therefore should not enable growth on acetate if this sce-
nario is correct. According to scenario 2, maintaining a low con-
centration of acetate over a long time should enable growth on
acetate. The maintenance of 4 mM acetate after GE was achieved
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by using a strategy in which acetate was continuously fed just after
GE to keep the acetate concentration constant (see Materials and
Methods for details). Figure 6A shows the growth profiles ob-
tained during these cultures. A drop in both CO, production and
O, consumption was observed during the first 3 h following GE,
while the biomass concentration remained constant over the same
period. Three hours post-GE, a dramatic increase in both CO,
production and O, consumption was observed. Furthermore, a
significant increase in biomass concentration was observed 5 h
after GE. These data show that growth on 4 mM acetate after
growth on glucose can be achieved provided that the concentra-
tion of acetate is maintained for 5 h or more.

The levels of gene expression during these cultures were mon-
itored by RT-qPCR. Consistent with the above results, the genes
acs and pck were upregulated soon after GE, while icd and pfkA
were downregulated (Fig. 6B). The expression of these genes re-
mained almost stable for the next 8 h of the experiment. The
glyoxylate shunt genes icl and mls were clearly upregulated 5 h
after GE, in agreement with the observed increase in biomass.
These results show that post-GE growth on 4 mM acetate is con-
comitant with the induction of the glyoxylate shunt genes.

Taken together, all the above results indicate that post-GE
growth on acetate can occur (i) after a significant delay if low
concentrations of acetate are maintained for a long period of time
(Fig. 6A) or (ii) more rapidly if high concentrations of acetate are
added (Fig. 5A). These observations suggest that the concentra-
tion of acetate per se does not determine the capability of cells to
induce the machinery enabling growth on acetate but determines
the time needed to achieve complete induction of this machinery.
To confirm this hypothesis, an experiment was performed in
which cells were grown on 15 mM glucose plus 32 mM acetate and
the post-GE concentration of acetate was maintained at 32 mM
(Fig. 6C). Under such conditions, growth on acetate was observed
within 90 min after GE, i.e., much sooner than when the concen-
tration was maintained at 4 mM acetate (Fig. 6A). The earlier
onset of growth was correlated with the earlier upregulation of ic/
and mls expression (Fig. 6D). We therefore conclude that the con-
centration of acetate reduces the duration of the adaptation to
acetate growth by accelerating the upregulation of the glyoxylate
shunt genes. Thus, the induction of acetate anabolism appears to
depend on the total exposure to acetate. It can be achieved rapidly
at high acetate concentrations but requires at least 5 h at 4 mM
acetate. Finally, this means that growth does not occur under stan-
dard laboratory conditions (i.e., growth on 15 mM glucose as the
sole carbon source) because the 4 mM acetate initially produced
was consumed within 3.5 h after GE (Fig. 2), before the 5 h needed
to induce the growth capability.

DISCUSSION

The data reported here indicate that the behavior of E. coli during
the glucose-acetate transition is far more complex than a simple
switch from growth on glucose to growth on acetate, as both the
time scale of adaptation and the sequence of gene induction ap-
pear to differ. In a switch from glucose medium to acetate me-
dium, all the genes involved in acetate consumption and anabo-
lism are induced at the same time, thereby enabling growth. In
contrast, cells grown on glucose and producing acetate do not
immediately upregulate all the genes required for acetate anabo-
lism once glucose is exhausted, whereas they readily upregulate
genes allowing more efficient consumption of acetate (e.g., acsand

October 2015 Volume 197 Number 19


http://jb.asm.org

>
<

rates

&

(mmol.h-".gDW-)
w

OD 600nm, CO, production and

o -
43210123456 7 8
Time relative to GE (hours)

—o-—acs 4mM
= pck 4mM
—0—icd 4mM
—8— pfkA 4mM
1| ==ll=mls 4mM
a==icl 4mM

1.0

Expression relative to mid expo

0.1

4 -3-2-1012 3 4567 8
Time relative to GE (hours)

Fate of Acetate after Glucose Exhaustion in E. coli

(9]
~

rates
)

&

(mmol.h-".gDW-)
w

OD 600nm, CO, production and

0 + T T T T T T T T T T T T
4321012 34526 7 8
Time relative to GE (hours)

—o—acs 32mM
~—#— pck 32mM
—0—icd 32mM
—— pfkA 32mM
=== mls 32mM
o4 w===icl 32mM

4 3-2-1012 3456 7 8
Time relative to GE (hours)

Expression relative to mid expo
5
Ll

FIG 6 Effect of artificial stabilization of acetate concentration after glucose exhaustion on acetate metabolism. Cells were grown in batch reactors, and glacial
acetic acid was added after glucose exhaustion to maintain both pH and acetate concentration. The cultures were performed in M9 minimal medium supple-
mented with either 15 mM glucose (A and B) (resulting in 4 mM acetate after GE) or 15 mM glucose plus 32 mM acetate (C and D). Time zero is defined as the
time of glucose exhaustion. (A and C) ODs, CO, production rates, and O, consumption rates. (B and D) Gene expression profiles throughout the transition

relative to the mid-exponential phase of growth on glucose.

pck). This leads to decoupling between the induction of acetate
catabolism and that of acetate anabolism. The upregulation of the
key anabolic processes (e.g., glyoxylate shunt) requires significant
exposure to acetate. It is fast at a high concentration of acetate (1.5
h after GE at 32 mM acetate) but slow at a low concentration of
acetate (5 h after GE at 4 mM acetate). Under the standard labo-
ratory conditions considered in this work, acetate was exhausted

October 2015 Volume 197 Number 19

Journal of Bacteriology

before anabolism was established. This explains the lack of growth
after GE and hence the absence of a diauxic behavior. This is
reported “in passing” in the literature (2, 14-17). This clarification
about the sequence of adaptation events is of importance given the
current mathematical efforts to model the kinetics of the glucose-
acetate transition (4, 22). Such models are often calibrated using
data from experiments in which the cells do grow on acetate as the
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sole carbon source, which does not appear to be representative of
the physiological transition. For instance, our attempts to predict
the lack of growth on acetate after GE using the model developed
by Kotte et al. failed since the model was calibrated from chemo-
stat cultures with either glucose or acetate as the sole carbon
source (4).

It was recently suggested that metabolic adaptation could be
achieved only by a subset of the cell population (20, 23, 24). Inter-
estingly, Kotte et al. also reported that the size of the E. coli sub-
population able to adapt to acetate—after being switched from
glucose medium to acetate medium—increased with an increase
in the concentration of acetate (20). Hence, in our experiments,
the faster induction of key anabolic genes at high concentrations
of acetate could result from a stronger impact on the entire pop-
ulation or, alternatively, on the existence of a larger subpopulation
able to adapt to acetate growth, or even both.

The data reported here raise the question of the role of the
decoupling between acetate anabolism and acetate catabolism ob-
served after glucose exhaustion. Acetate is a poor growth substrate
for E. coli compared to other substrates used by the bacterium,
such as sugars and sugar derivatives (19, 25-27). The delay in
inducing anabolism at low acetate concentrations might be a
mechanism by which the preferential utilization of other carbon
sources is ensured. But the gut, which is the main natural reservoir
of E. coli, contains high levels of acetate, since concentrations of up
to 30 to 100 mM have been reported (28-30). The fact that the
rapid induction of acetate anabolism— enabling growth on ace-
tate—requires elevated acetate concentrations is likely the result
of an adaptation to the environmental conditions found in the
gut. Because there are permanent changes in substrate availability
in the gut, one can imagine that, at low acetate concentrations, the
pure catabolic use of this organic acid allows cells to satisfy their
energy requirements and maintain cellular integrity. If alternative
substrates become available in the meantime, then the cells can
rapidly resume growth on these compounds. If no alternative sub-
strate becomes available, complete induction of acetate anabolism
is achieved and cells can grow on acetate, although at a low rate. It
was recently reported that nongrowing stationary-phase bacteria
can maintain constant protein production for prolonged periods
of time (31), enabling them to rapidly resume growth when ap-
propriate substrates become available. The observation in our ex-
periments that post-GE cells (not fully adapted to acetate growth
on acetate) are able to resume rapid growth on glucose is consis-
tent with this idea. This is also consistent with a previous obser-
vation made during glucose-to-acetate switch experiments,
whereby cells not able to adapt to acetate consumption are more
able to resume growth when glycolytic conditions return (20).
Since the gut is an ever-changing and highly competitive environ-
ment (26, 32-34), the ability to optimize substrate use is a valuable
tradeoff between optimality and minimal adjustment to alterna-
tive conditions (35) and is likely to be an advantage for the life of
E. coli in its main reservoir.
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