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Rethinking the Hierarchy of Sugar Utilization in Bacteria
Chase L. Beisel, Taliman Afroz
Department of Chemical and Biomolecular Engineering, North Carolina State University, Raleigh, North Carolina, USA

Bacteria are known to consume some sugars over others, although recent work reported by Koirala and colleagues in this
issue of the Journal of Bacteriology (S. Koirala, X. Wang, and C. V. Rao, J Bacteriol 198:386 –393, 2016, http://dx.doi.org/10.1128
/JB.00709-15) revealed that individual cells do not necessarily follow this hierarchy. By studying the preferential consumption of
L-arabinose over D-xylose in Escherichia coli, those authors found that subpopulations consume one, the other, or both sugars
through cross-repression between utilization pathways. Their findings challenge classic assertions about established hierarchies
and can guide efforts to engineer the simultaneous utilization of multiple sugars.
acteria possess remarkably accommodating palates when consuming nutrients present in their environment. They can consume dozens of different molecules as sole sources of carbon or
energy and can take up other molecules that would otherwise be
synthesized by the cells. Each nutrient is often consumed through
a dedicated utilization pathway that imports the nutrient into the
cytoplasm and then shunts the nutrient into cellular metabolism.
Utilization pathways in bacteria have been extensively studied for
over 60 years to understand the molecular basis of gene regulation
(1), although nutrient utilization has received renewed interest
because of its impact on how probiotics and pathogens colonize
the human gut, how antibiotic resistance genes are spread through
horizontal gene transfer, and how these properties can be used in
engineering microbial chemical factories (2–5).
Despite their ability to accept a range of nutrients, bacteria can
become extremely picky when presented with more than one option. As one classic example, Escherichia coli readily consumes
D-glucose or L-lactose if either is present; however, when both
sugars are combined, E. coli depletes virtually all of the D-glucose
before transitioning to the L-lactose (6). This apparent preference
has been traced to common molecular mechanisms, such as catabolite repression or inducer exclusion, that silence or block utilization pathways for nonpreferred nutrients. Although these
mechanisms allow cells to consume preferred nutrients over nonpreferred nutrients, bacteria are known to exhibit preferences for
some nonpreferred nutrients over others (7). For instance, E. coli
consumes L-arabinose over D-xylose when both sugars are present,
even though both are considered nonpreferred sugars (8, 9). These
preferences can be viewed as a hierarchy in which cells follow a
prescribed order when choosing which nutrients to consume. The
hierarchy is thought to emerge as cells begin with nutrients that
are more efficiently or quickly catabolized before proceeding to
others. When only poor nutrients are present or the nutrients are
at low concentrations, bacteria are thought to discard their pickiness and consume anything that is available.
The implication of the utilization hierarchy is that every bacterial cell is geared to consume the same sugar at any given time.
However, work dating back to the 1950s revealed that an isogenic
population of bacteria can exhibit remarkable phenotypic heterogeneity. In this seminal work in the 1950s, Novick and Weiner
demonstrated that E. coli cells exposed to intermediate concentrations of the nonhydrolyzable L-lactose analog thiomethyl-␤-Dgalactoside (TMG) stably diverged into two subpopulations: one
in which the L-lactose utilization pathway was fully induced and
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the other in which the pathway was uninduced (10). This “all-ornone” response was initially considered a biological artifact, because TMG circumvents catabolism; accordingly, L-lactose yields
uniform, graded induction of the pathway across an isogenic population (11). However, single-cell analyses of other utilization
pathways in E. coli (e.g., for L-arabinose, D-xylose, L-rhamnose,
D-gluconate) revealed “all-or-none” behaviors and other distinct
single-cell responses (12–14), suggesting more diverse and heterogeneous responses to individual nutrients in the environment.
Despite the critical role of single-cell analyses, our current perception of hierarchies in nutrient consumption has been overwhelmingly shaped via bulk characterization techniques. These
techniques provide population averages and thus overlook individualistic behaviors. The ensuing question is whether the hierarchies observed through bulk characterization techniques extend
to every cell in the population. And what about nutrients that are
already known to drive heterogeneous behaviors? The most notable example in bacteria was previously reported by Ozbudak and
coworkers, who measured the single-cell response of E. coli to
D-glucose and TMG (11). They found that single cells retained the
“all-or-none” response to TMG, where D-glucose desensitized
cells to this L-lactose analog. What has remained poorly explored
is the single-cell response to other combinations of sugars. The
recent study from Koirala et al. published in this issue of the Journal of Bacteriology takes the first steps to test these combinations of
sugars in individual cells (15).
In their work, Koirala and colleagues investigated how individual E. coli cells respond to a mixture of L-arabinose and D-xylose.
These two sugars represent the major constituents of lignocellulosic biomass used for the production of biofuels and other chemical products (16). Both L-arabinose and D-xylose are also known
to individually generate “all-or-none”-like responses in E. coli
(12–14, 17). Finally, the Rao group had previously shown that
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A population of E. coli cells exposed to intermediate amounts of both sugars
diverges into four subpopulations: uninduced cells, cells with the L-arabinose
utilization pathway induced, cells with the D-xylose utilization pathway induced, and cells with both pathways induced. The fraction of each subpopulation depends on the concentrations of L-arabinose and D-xylose. (B) The two
utilization pathways repress each other. In the presence of L-arabinose, AraC
represses the expression of the D-xylose catabolic genes. In the presence of
D-xylose, XylR represses the expression of araC.

L-arabinose

is preferentially consumed over D-xylose through inhibition of the D-xylose catabolic operon xylAB by the L-arabinose
regulator AraC. The questions being addressed in Koirala et al.’s
most recent work (15) were focused on how the presence of both
sugars influences pathway induction and on determining the underlying gene regulatory mechanisms.
To evaluate how these sugars impact pathway induction in
single cells, those authors performed flow cytometry analysis on E.
coli cells with transcriptional fusions between fluorescent proteins
and the promoters of L-arabinose and D-xylose utilization genes.
The authors observed four different subpopulations in the presence of intermediate concentrations of L-arabinose and D-xylose:
an uninduced subpopulation, a subpopulation with only the L-arabinose utilization pathway induced, a subpopulation with only
the D-xylose utilization pathway induced, and finally a subpopulation with both pathways induced (Fig. 1A). By varying the concentration of each sugar, they further found that one sugar limited
induction of the opposite pathway. L-Arabinose was much more
inhibitory than D-xylose, in line with the preferred consumption
of L-arabinose. However, the apparent cross-repression between
the pathways and the ability of some cells to have both pathways
induced suggested a more complex and nuanced hierarchy than
previously envisioned.
To extend these insights, Koirala et al. evaluated the genetic
basis of the observed cross-regulation (15). They found that D-xylose repressed induction of the L-arabinose utilization operons,
where repression was dependent on the D-xylose-dependent regulator XylR. Further interrogation revealed a binding site within
the promoter controlling expression of the L-arabinose-dependent regulator AraC. Factoring in their previous findings (9), the
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FIG 1 E. coli’s single-cell response to the sugars L-arabinose and D-xylose. (A)

authors elucidated a cross-repression genetic circuit between XylR
and AraC (Fig. 1B): XylR repressed expression from the promoter
for araC, thereby limiting induction of the entire L-arabinose utilization pathway. Correspondingly, AraC repressed expression
from the promoter controlling the xylAB catabolic operon,
thereby limiting D-xylose consumption. This genetic circuit represents a relatively simple and direct mechanism in which these
pathways could modulate each other’s activity.
The insights from Koirala et al. beg a number of questions that
could reshape our understanding of eating preferences in the bacterial world. The first is how frequently utilization pathways regulate each other. Extensive work has shown that catabolite repression represents a common mechanism through which bacteria
consume preferred nutrients over nonpreferred nutrients (18).
However, little work has been done to identify regulatory interactions between other utilization pathways, particularly in single
cells. Exploring these pathways could yield not only equivalent
examples to L-arabinose and D-xylose but also entirely new interactions, such as hierarchical activation, oscillations, excitatory behavior, or adaptive prediction (19–21). Elucidation of other types
of behaviors will require more advanced techniques beyond flow
cytometry, such as long-term, single-cell tracking using microfluidics and fluorescence microscopy (22). Through further work, we
expect the cross-repression between the L-arabinose and D-xylose
pathways to represent the tip of the iceberg for the myriad of
regulatory interactions dictating what and when bacteria eat.
Beyond what types of regulatory interactions exist, an ensuing
question is why cells would exhibit such complex responses to
different sugars (23). Naively, one would expect every cell to consume nutrients that are most easily or efficiently catabolized in
order to maximize growth. However, the nature of harsh, unpredictable, and fluctuating environments suggest that bacteria must
adopt other strategies in order to best survive. For instance, the
“all-or-none” response observed for L-arabinose and D-xylose
could represent a division-of-labor strategy in which the population coordinately consumes all available nutrients even though
individual cells consume only one nutrient. Another possibility is
that the “all-or-none” response represents a bet-hedging strategy
in which cells anticipate the sudden loss of one nutrient or the
sudden appearance of another (24). These behaviors could also
reflect a Pavlovian association with the environmental conditions
in which the nutrients are found, such as E. coli being conditioned
to associate high temperatures with oxygen deprivation (25). Finally, the behaviors could help limit attack by bacteriophages,
toxins, or immune responses that recognize surface receptors associated with a given utilization pathway, such as the  phage
binding to the LamB receptor responsible for importing the sugar
D-maltose. Understanding why a given strategy is adopted for a
given environmental condition is expected to reveal the evolutionary principles by which microorganisms most effectively
adapt to and exploit their surroundings.
A final set of questions involves the reciprocal repression of the
L-arabinose and D-xylose pathways. The qualitative genetic circuitry mimics a synthetic toggle switch composed of two regulators that repress each other (26, 27). While the synthetic toggle
switch yielded cells locked into expressing only one of the two
regulators, the sugar-dependent circuit characterized by Koirala et
al. yielded some cells expressing both pathways. Given this difference, can toggle switch behavior be achieved by rationally altering
the circuitry (e.g., by strengthening the repression of AraC expres-
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sion by XylR)? And will the resulting cells compete with wild-type
cells better or worse when exposed to constant or fluctuating mixtures of L-arabinose and D-xylose? Finally, can cross-regulation be
disrupted in order to promote the simultaneous consumption of
these sugars? Answering these questions would further delve into
cross-regulation between the L-arabinose and D-xylose utilization
pathways—a convenient model to study utilization hierarchies—
and work toward engineering the coutilization of multiple sugars
in industrially relevant microbial strains.
Overall, the work from Koirala et al. hints at the sophistication
of the bacterial palate. Only through further investigation will we
learn how many bacteria share these eating preferences, the physiological, ecological, and evolutionary forces that shaped these
single-cell choices, and how to optimize industrial strains for the
efficient conversion of cheap carbon sources into valued-added
chemicals and fuels.

