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Biased partitioning of the multidrug
efflux pump AcrAB-TolC underlies
long-lived phenotypic heterogeneity
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Daniel J. Kiviet,? Robert Hauschild,' Gasper Tkaéik,! Cilin C. Guet't

The molecular mechanisms underlying phenotypic variation in isogenic bacterial
populations remain poorly understood. We report that AcrAB-TolC, the main multidrug
efflux pump of Escherichia coli, exhibits a strong partitioning bias for old cell poles by a
segregation mechanism that is mediated by ternary AcrAB-TolC complex formation.
Mother cells inheriting old poles are phenotypically distinct and display increased drug
efflux activity relative to daughters. Consequently, we find systematic and long-lived
growth differences between mother and daughter cells in the presence of subinhibitory
drug concentrations. A simple model for biased partitioning predicts a population
structure of long-lived and highly heterogeneous phenotypes. This straightforward
mechanism of generating sustained growth rate differences at subinhibitory antibiotic
concentrations has implications for understanding the emergence of multidrug resistance

in bacteria.

n bacteria, phenotypic heterogeneity arises

through stochastic molecular processes in the

cell. As a result, isogenic cells can exhibit dis-

tinct gene expression levels and phenotypes

that fluctuate over time. Contributions of gene
expression noise to phenotypic heterogeneity have
been extensively studied (7), with qualitatively
similar effects expected due to degradation (2)
or random partitioning of cytosolic proteins at
cell division (3). In contrast to cytosolic compo-
nents, outer membrane proteins are diffusion-
restricted due to the formation of supramolecular
islands (4, 5) and thus violate the well-mixedness
assumption. As a consequence, the outer mem-
brane undergoes asymmetric turnover, which
leads to polar localization of at least some outer
membrane proteins (5, 6). In rod-shaped bacteria,
the two sister cells emerging from cell division
can be distinguished by the age of their poles:
One sister cell is characterized by an old cell pole
originating from a division event in the past. Old
poles are considered inert with respect to enve-
lope composition (5, 7), and, as a result, individual
cells—and sister cells in particular—could exhibit
systematic differences in envelope composition.
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The bacterial envelope functions as a highly ef-
fective diffusive barrier (8). A key determinant of
envelope permeability to toxic compounds is the
multidrug efflux pump AcrAB-TolC (9, 10), a tri-
partite complex that bridges the entire cell en-
velope and allows transport of harmful chemicals
directly to the outside medium (fig. S1) [see the
supplementary materials (11)]. TolC interacts with
several different excretion and secretion systems (12).
However, AcrAB in complex with TolC is the main
multidrug efflux determinant in Escherichia coli and
enterobacteria (9, 13, 14). Here, we studied pheno-
typic heterogeneity as a result of polar cell enve-
lope localization in E. coli. We monitored the
partitioning dynamics of AcrAB-TolC over many
generations and measured efflux activity and drug
sensitivity of individual cells.

We tracked a chromosomally encoded func-
tional AcrB-GFP (green fluorescent protein) (fig.
S2) as a specific marker of AcrAB-TolC partition-
ing in single cells growing inside a microfluidic
“mother machine” device (15). Mother cells, which
are the sister cells characterized by an increasingly
old cell pole, remain captured at the closed end of
channels while undergoing cell divisions (Fig. 1A
and fig. S3). Daughter cells are pushed toward the
main trench by cell growth. E. coli cells exhibited
stable and robust growth inside these microfluidic
devices (15) (fig. S4 and table S1).

We found that AcrB-GFP accumulates at the
old pole in mother cells (Fig. 1B, figs. S5 and
S6, and movie S1) in a TolC-dependent manner,
whereas deletion of 70lC led to uniformly distrib-
uted AcrB-GFP in the inner membrane (Fig. 1C).
As previously reported, deletion of #0lC also causes
increased acrAB expression (16). Polar AcrB-GFP
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localization was restored by complementing TolC
expression (fig. S7). When comparing the old and
newly formed poles of mothers, we found that
AcrB-GFP localization asymmetry increased slow-
ly with the replicative age of the old cell pole (Fig.
1D). AcrB-GFP accumulated at old cell poles in
general, as is visible in D3 daughters that carry
the next oldest cell pole (Fig. 1D, right panel, and
table S2). AcrB-GFP asymmetry was absent in
AtolC cells (Fig. 1D). Direct comparison of mother
and daughter cells immediately before and after
cell division showed an average of 58% AcrB-GFP
retained in mother cells, corresponding with a
16.0 + 0.3% mother-daughter difference (Fig. 1E).
In the absence of TolC, AcrB-GFP partitioned
similar to cytosolic mCherry (Fig. 1E, right bar,
and fig. S8). TolC-GFP also accumulated at old
cell poles, with lesser magnitude and higher over-
all variability; its asymmetry was substantially
reduced in the AacrAB strain (fig. S9). Thus, only
complete ternary AcrAB-TolC complexes are par-
titioned unequally at cell division.

To probe the lifetime of AcrB-GFP at the old
cell pole of mothers, we transiently expressed
AcrB-GFP (pulse) (Fig. 1F, fig. S10, and movie
S2). AcrB-GFP asymmetry in mother cells was
constant for several generations during the chase
period and was ultimately followed by a slow
decay in asymmetry. In contrast, soluble GFP
showed no induction-dependent asymmetry. AcrB-
GFP thus segregates with the old mother pole for
an extended period even in the absence of acrB-
gfp expression and is partitioned unevenly at cell
division. Using total internal reflection fluores-
cence microscopy, we found that AcrB-GFP formed
TolC-dependent stationary foci that segregated
for prolonged time periods within individual
cells (fig. S11). Taken together, our results suggest
that ternary complexes are trapped and immo-
bilized and thus segregate within individual cells
for an extended time exceeding a typical cell life-
time, thereby enabling biased partitioning.

We next asked whether uneven partitioning
of AcrAB-TolC translates into differences in ef-
flux activity between mother and daughter cells.
We assessed real-time efflux activity using the
dye Hoechst (H) 33342, which becomes fluores-
cent when incorporated into bacterial cells (7).
Mother cells displayed decreased dye uptake
(which is a proxy for higher efflux activity) and
contained significantly less dye than daughter
cells at steady state; deletion of z0lC abrogated
this difference (Fig. 2A). Additionally, the amount
of H33342 was anticorrelated with AcrB-GFP
fluorescence in mother and daughter cells (Fig.
2B), which indicated that the amount of AcrB-
GFP per individual cell is a proxy for single-cell
efflux activity. AcrB-GFP had similar efflux ac-
tivity to AcrB-only cells (fig. S12). Fluorescence-
activated cell sorting experiments confirmed
the association between AcrB-GFP and efflux ac-
tivity, independent of microfluidic measurements
(fig. S13).

Next, we used growth as a proxy for drug sen-
sitivity of mother and daughter cells toward te-
tracycline, a bacteriostatic AcrAB-TolC substrate
(13), which reduces growth rate at subinhibitory
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concentrations (I8). To measure gradual differ-
ences in sensitivity, cells were exposed to intervals
of stepwise increasing subinhibitory tetracycline
concentrations, with the highest concentration
representing the half-maximal inhibitory concen-
tration (IC5). Increasing concentrations strongly
affected growth of single cells in general: Elon-
gation rate (o) decreased, and cell-cycle duration

(T) increased on average (Fig. 3A). Importantly,
increasing tetracycline concentrations unveiled
differences in sensitivity between mother and
daughter cells: Daughter cells showed larger
average changes in o and 7, increased variance
in T (Fig. 3B), and hence unbalanced growth
that deviates from exponential, thus effectively
decoupling o and T (fig. S14). These differences
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were consistent across replicate experiments
(table S3).

Analyzing differences in growth within indi-
vidual mother-daughter pairs, we found that with
increasing tetracycline concentration, mother cells
grew faster and contained more AcrB-GFP (Fig. 3C).
When cells were exposed to a single interme-
diate concentration of tetracycline, we measured

Fig. 1. AcrB-GFP accumulates at old cell poles
and undergoes biased partitioning. (A) Sche-
matic representation of a mother machine growth
channel. A mother cell M is captured at the channel
closed end, repeatedly dividing into M and D1
(daughter) cells; a D1 cell divides into daughter
cells D2 and D3. Numbers represent pole ages, and
N represents the increasingly old mother cell pole.
(B and €C) Kymographs of wild-type and AtolC strains
expressing AcrB-GFP growing in mother machine.
Snapshots of AcrB-GFP and soluble mCherry ex-
pressed within the same cells. (D) (Left) Within-cell
fluorescence asymmetry in M cells expressing AcrB-
GFP, quantified as (old cell half — new cell half)/
(whole cell). Data are from 20 mother cells (~34 cell
divisions each), smoothed over three time bins. Dots,
mean generation times; envelope, SD over cells.
(Right) Bar for M shows final asymmetry; bars for
D1/D2/D3 are time averages throughout the entire
experiment. [Left bars, AcrB-GFP; all nonzero at P <
1074, ttest, N = 20 for M (last time point); 691 (D1),
671 (D2), and 655 (D3). Right bars, AtolC; N = 18
for M (last time point); 427 (D1), 383 (D2), and 406
(D3). Error bars, mean +1 SD (see table S1)]. (E) Par-
titioning of AcrB-GFP mean cell fluorescence between
M and D1 at cell division [M/D1 different with P <<
10 at left and P < 0.002 at right,  tests; data from
(D); N =691, 425, respectively]. (F) Within-cell asym-
metry in M cells during pulse-chase of Pa..gap-acrB-gfp
and soluble P.gap-gfp. Gray shading, pulse period.
Dashed line indicates time point when soluble GFP
fluorescence becomes undetectable above background.
Envelope, SD over cells (18 lineages for AcrB-GFP, 17
lineages for GFP).

Fig. 2. Real-time single-cell efflux assays show
differential efflux activity between mother and
daughter cells. (A) Side-by-side comparison of up-
take dynamics of dye H33342 in individual M and
D1 cells in strain expressing AcrB-GFP and Atol/C
strain (sampled every 90 s). Lines, average dye fluo-
rescence; envelopes, SD over cells. Final saturation
levels, averaged over the last five time points, differ
significantly between M and D1 cells for AcrB-GFP
(P <1075, t test, 20 lineages) but not for AtolC (15
lineages). (B) AcrB-GFP and H33342 fluorescence
of individual cells at steady state, averaged over last
five time points, correlate significantly (Pearson cor-
relation, data from two independent experiments;
N =159 from 66 lineages).
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qualitatively similar mother-daughter growth
differences (fig. S15). This drug concentration-
dependent growth advantage for mother cells
was reversed and of smaller magnitude in a AacrB
strain, which had a lower IC5, (~0.25 pg/ml) (fig.
S16A). A strain that carried acrB behaved similarly
to the acrB-gfp strain (fig. S16B). Furthermore,
differences in AcrB-GFP fluorescence and o in in-
dividual mother-daughter pairs correlated with-
in intervals III to V (fig. S17). When we tested
ribosome-inhibiting antibiotics of different classes
(tables S4 to S8), we found similar effects for
all antibiotics that are substrates for AcrAB-TolC
except for kanamycin, which served as a non-
efflux control antibiotic: 7"was larger in D1 cells
compared with their sister M cells at drug con-
centrations approaching ICs, (Fig. 3D and fig. S18).

‘We developed a stochastic nonequilibrium mod-
el of biased partitioning (Fig. 4A) to identify how
its essential parameters affect population struc-
ture. Here, a gene is expressed at a rate of 2\ per
generation; half of the newly produced protein
is inherited by each cell after division, whereas
previously accumulated protein is partitioned
in a binomial fashion with bias g. A ¢ = 0.5 cor-
responds to unbiased random partition, whereas
for ¢ > 0.5 mother cells retain more AcrB-GFP
than daughter cells. We extracted A for each cell
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(0.19 pug/ml ininterval IV). (Lower row) Stepwise exposure to erythromycin, chloramphenicol, and kanamycin
(18.5 ug/ml, 3 pg/ml, and 3.75 ug/ml, in interval 1V, respectively). *P < 0.05; **P < 0.01; ***P < 0.00L.

cycle directly from AcrB-GFP fluorescence data
and fitted ¢ for every lineage. The inferred ¢* =
0.62 + 0.01 (Fig. 4B) indicated that partitioning
is substantially biased toward mother cells, in
line with direct experimental comparison of AcrB-
GFP levels pre- and postdivision in mothers and
daughters (Fig. 1E). In contrast, cytosolic mCherry
expressed in the same cells (fig. S19) and AcrB-
GFP in AtolC cells were very close to ¢ = 0.5.
This simple model captured two experimentally
determined long-time scale features of AcrB-GFP
data: the steady-state level and the time scale of
accumulation in the mother cell (Fig. 4, C and D).
Furthermore, our model made a parameter-free
prediction for the AcrB-GFP decay time scale in
the pulse-chase experiment in agreement with data
(Fig. 4E). For random partition, the steady-state
distribution of AcrAB-TolC across an exponential-
ly growing population would be approximately
Gaussian (Fig. 4F). As partitioning bias g increases,
the distribution widens and develops a rightward
skew with a growing overrepresentation of cells
with high-efflux capacities (e.g., in our data, we
expect about a sixfold enrichment of cells with
efflux levels in the top 1% class relative to the un-
biased partition expectation). This increase in pop-
ulation heterogeneity due to enrichment in extreme
phenotypes is the first generic consequence of
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biased partitioning predicted by our model. The
second consequence is the emergence of a new
time scale exceeding the generation time [by a
factor of 1og(0.5)/log(g*) ~ 1.4 here] (Fig. 4, C and
E) on which multidrug efflux phenotypes form,
persist, and change. Importantly, biased partition-
ing generates long-lived heterogeneity without
specialized regulatory mechanisms (19, 20).

Our experiments at subinhibitory antibiotic
concentrations uncovered long-lived single-cell
growth phenotypes that arise by biased parti-
tioning of AcrAB-TolC. Recent work suggests
that at low antibiotic concentrations, de novo
resistance mutations can readily emerge on short
time scales (I8). Because selection can act on in-
dividual cell lineages in bacterial populations (21),
small-effect mutations such as gene amplifica-
tions (22) might be specifically selected for in
fast-growing lineages. Selection might be par-
ticularly strong in environments with low or
fluctuating antibiotic concentrations, which in-
creasingly occur in natural habitats as a result of
human activity (23) and within patients during
drug treatment (24). Notably, the acrAB locus
was found to be amplified in low or intermediate
antibiotic selection regimes (25), leading to high
levels of efflux-based antibiotic resistance. Multi-
drug efflux-mediated growth heterogeneity could
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pressed protein, expressed at rate 2. (B) Bias g for individual lineages (dots) in
AcrB-GFP and AtolC. Line and envelope, mean * SD over lineages. (C) Average
AcrB-GFP fluorescence in mother cells (blue line, mean; envelope, mean £ 1 SE).
Red, model prediction with g* from (B); light red, hypothetical prediction for larger
bias, g = 0.7; dark red, prediction for symmetric partition, g = 0.5. (D) Measured
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Drug efflux machinery inherited asymmetrically

In dividing bacterial cells, asymmetric distribution of cell wall constituents occurs between mother cells and their
progeny. Asymmetric distribution of efflux machinery in a growing population of bacterial cells results in heterogeneity in
antibiotic resistance. One consequence is that in the presence of low levels of antibiotic, older cells tend to live longer
than younger cells. Using a microfluidic device to trap and measure dividing cells, Bergmiller et al. showed that
AcrAB-TolC, the main multidrug efflux pump of Escherichia coli, clusters at the pole of older cells (see the Perspective
by Barrett et al.). As cell division proceeds and daughter cells age, they too gradually accumulate polar efflux pumps.
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