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ABSTRACT Bacteria adopt a wide variety of sizes and shapes, with many species
exhibiting stereotypical morphologies. How morphology changes, and over what
timescales, is less clear. Previous work examining cell morphology in an experiment
with Escherichia coli showed that populations evolved larger cells and, in some cases,
cells that were less rod-like. That experiment has now run for over two more deca-
des. Meanwhile, genome sequence data are available for these populations, and
new computational methods enable high-throughput microscopic analyses. In this
study, we measured stationary-phase cell volumes for the ancestor and 12 popula-
tions at 2,000, 10,000, and 50,000 generations, including measurements during expo-
nential growth at the last time point. We measured the distribution of cell volumes
for each sample using a Coulter counter and microscopy, the latter of which also
provided data on cell shape. Our data confirm the trend toward larger cells while
also revealing substantial variation in size and shape across replicate populations.
Most populations first evolved wider cells but later reverted to the ancestral length-
to-width ratio. All but one population evolved mutations in rod shape maintenance
genes. We also observed many ghost-like cells in the only population that evolved
the novel ability to grow on citrate, supporting the hypothesis that this lineage
struggles with maintaining balanced growth. Lastly, we show that cell size and fit-
ness remain correlated across 50,000 generations. Our results suggest that larger
cells are beneficial in the experimental environment, while the reversion toward an-
cestral length-to-width ratios suggests partial compensation for the less favorable
surface area-to-volume ratios of the evolved cells.

IMPORTANCE Bacteria exhibit great morphological diversity, yet we have only a lim-
ited understanding of how their cell sizes and shapes evolve and of how these fea-
tures affect organismal fitness. This knowledge gap reflects, in part, the paucity of
the fossil record for bacteria. In this study, we revived and analyzed samples extend-
ing over 50,000 generations from 12 populations of experimentally evolving
Escherichia coli to investigate the relation between cell size, shape, and fitness. Using
this “frozen fossil record,” we show that all 12 populations evolved larger cells con-
comitant with increased fitness, with substantial heterogeneity in cell size and shape
across the replicate lines. Our work demonstrates that cell morphology can readily
evolve and diversify, even among populations living in identical environments.

KEYWORDS cell death, cell size, Escherichia coli, experimental evolution, natural
selection, organismal fitness

For well over 100 years, cell biologists have wondered why cells adopt characteristic
shapes (1) and sizes (2). Cell size has been of particular interest owing to its impor-

tance for organismal fitness. For example, cell size influences a bacterium’s susceptibil-
ity to predation by protists (3, 4) and phagocytosis by host immune cells (5, 6). Larger
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cell size has also been implicated in increasing susceptibility to bacteriophages (7, 8)
and reducing susceptibility to antibiotics (9–11). Cell size is generally tightly coupled to
growth and division. Most eukaryotic cells follow a four-stage cycle in which they must
reach a critical mass before partitioning into daughter cells (12). In contrast, the bacte-
rial cell cycle involves less discrete periods due to the overlapping nature of cell
growth, DNA replication, chromosome segregation, and division (13). Bacterial cells are
generally larger when they are growing faster (14–16), in order to accommodate more
genetic material (13, 17) and ribosomes (18). These facts suggest that cell size per se is
a direct target of selection. However, it has also been suggested that cell size is a
“spandrel” (19), i.e., a phenotypic character that might appear to be the product of
adaptive evolution but is instead merely a by-product of natural selection acting on
some other trait (20).

The distribution of cell size in prokaryotes spans many orders of magnitude (21).
The smallest known bacteria occur in the order Pelagibacterales; they constitute 25% of
all marine planktonic cells, and they have average volumes of only ;0.01 fl (1 fl= 1
mm3) (22, 23). The largest heterotrophic bacteria, in the genus Epulopiscium, live in the
intestines of surgeonfish; they have cytoplasmic volumes of ;2� 106 fl (24, 25). In con-
trast to these extremes, the average cell volumes of four widely studied bacteria—
Bacillus subtilis, Staphylococcus aureus, Escherichia coli, and Caulobacter crescentus—
range between about 0.4 and 3.0 fl (25).

Large bacterial cells face significant challenges. Unlike multicellular eukaryotes that use
elaborate vasculature or similar systems to transport nutrients and waste between cells,
along with specialized cells to acquire nutrients from and dispose of wastes to the environ-
ment, bacteria rely on diffusion to grow and reproduce (26–28). Diffusion must be consid-
ered from two perspectives. A cell must first acquire nutrients from the environment at the
cell surface, and those nutrients must then diffuse internally to their sites of biochemical
processing in a timely fashion. As cells grow, volume generally increases faster than surface
area, such that the surface area-to-volume (SA/V) ratio decreases. The SA/V ratio might thus
constrain viable cell sizes, as cells that are too large may be unable to obtain nutrients at a
sufficient rate to service the demands of their biomass. However, bacteria have evolved a
number of strategies that increase their rates of nutrient acquisition for a given cell volume.
Rod-shaped cells, for example, experience a smaller reduction in their SA/V ratio as they
grow larger than do spherical cells. Other examples include various extracellular projections
that allow surface attachment while generating biomechanical motion to refresh the me-
dium in the cell’s immediate environment (29); chemotaxis, which allows cells to move along
gradients of increasing nutrient concentration (30); and invaginated cell envelopes, which
increase the SA/V ratio (31).

The surface area of a spherocylindrical (i.e., rod-shaped) cell is given by S � 2gV
2
3, where

g¼ hp hp
4 2 p

12

� �22
3 and h is the aspect ratio, i.e., the cell’s length divided by its width (32).

For rod-shaped species like E. coli, the SA/V ratio can be varied by changing either a cell’s
length or width while holding the volume constant. Assuming that the rod shape is main-
tained, doubling a cell’s width reduces its SA/V ratio by much more than doubling its length
(33). If all else were equal, then SA/V considerations would predict relatively larger cells dur-
ing nutritional upshifts (resources plentiful) and smaller cells during nutritional downshifts
(resources scarce).

Now, suppose a bacterial population resides in a simple environment, one free of
predators and stressors and with a predictable supply of carbon. As this population
adapts to this environment by natural selection, the cells grow slightly faster. Do the
cells also become larger, and if so, how much larger? Does cell size constrain the maxi-
mum growth rate that can be achieved, or is the causality in the opposite direction? If
the cells evolve to become larger, are they larger while growing, in stationary phase
when the limiting resource is depleted, or both? And what might change about the
shapes of the cells, including their aspect and SA/V ratios?

Experimental evolution has proven to be powerful for addressing such questions.
This research framework provides the opportunity to study evolution in real time, both
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in biological (34–36) and digital (37, 38) systems. In a long-term evolution experiment
(LTEE), 12 replicate populations of E. coli were started from a common ancestor and
have been propagated by daily serial transfer in a minimal glucose-limited medium for
more than 70,000 generations (32 years). Whole-population samples, and clones from
each population, have been frozen every 500 generations, creating a frozen “fossil re-
cord” from which genotypic and phenotypic changes can be measured (39, 40).

Evolution proceeded most rapidly early in the LTEE. By 2,000 generations, the popula-
tions were, on average, ;35% more fit than their ancestor. An increase in the exponential
growth rate and a reduction in the duration of the lag phase prior to growth were major
contributors to this improvement (41). By 50,000 generations, the average population was
;70% more fit than the ancestor (42–44). The trajectory for fitness relative to the ancestor is
well described by a power-law function, which implies that fitness may continue to increase
indefinitely, albeit at progressively lower rates of improvement (42).

In the first 10,000 generations, cell size was found to have increased in all 12 LTEE popula-
tions and their trajectories were positively correlated with fitness (40). The increase in cell vol-
ume was accompanied by a concomitant decrease in numerical yield, although the product
of cell volume and number—the total biovolume yield—increased (41). In the meantime, sev-
eral populations were found to have diverged in shape, producing more spherical cells (45,
46), and fitness has continued to increase for at least 50,000 generations more (42, 43).

In this study, we sought to determine if cell size has continued to increase over
time and whether it still tracked with fitness. To that end, we measured cell size in the
ancestor and the evolving populations at 2,000, 10,000, and 50,000 generations. We
used both a Coulter particle counter and microscopy to measure cell volumes and mi-
croscopy to characterize changes in cell shape. All 12 populations evolved larger cells.
As previously seen in the fitness trajectories, the rate of change in cell volumes was
fastest early in the experiment, and the trend was monotonically increasing over time.
By 50,000 generations, the average cell volume in most populations was well over
twice that of the ancestor, both during exponential growth and in stationary phase.
The evolved cells tended to increase more in width than in length during the first
10,000 generations, but they subsequently reverted to aspect ratios similar to that of
the ancestral strain. However, there was considerable among-population variability in
shape as well as size through the entire period. Analyses of genome sequence data
also revealed mutations in one or more cell rod maintenance genes, including mrdA,
mrdB, mreB, mreC, and mreD, in almost every population. Lastly, we discovered greatly
elevated cell mortality in the only population that evolved the novel ability to use ci-
trate in the growth medium as a carbon source. Overall, our data suggest that cell size
and shape are important targets of selection in the LTEE.

RESULTS

Our analyses and results are multifaceted. They include a comparison between two
methods used to measure cell volumes, analyses of the evolutionary trends in cell size
of both clones and whole-population samples, a comparison of sizes during exponen-
tial growth and at stationary phase, analyses of cell shape and the subsequent identifi-
cation of mutations in genes known to affect cell shape, the correlation between cell
size and relative fitness during the LTEE, and evidence for substantial cell mortality in a
unique population.

Cell volumes measured by two methods. We first address whether the two
approaches we used to estimate cell size provide comparable results. The Coulter counter
method directly estimates particle volumes based on changes in conductance between
two electrodes as cells suspended in an electrolyte solution are moved through a small
aperture. The microscopy method involves obtaining cell images and processing them
using software that defines the edges of objects, segments the objects into small pieces,
and integrates the segments to estimate cell volumes. Figure 1 shows the highly signifi-
cant correlation in the median cell volumes estimated using the two approaches for the
two ancestors and 36 evolved clones from the 12 populations at three generations of the
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LTEE. All of these samples were grown in the same LTEE conditions and measured in sta-
tionary phase at the 24-h mark (i.e., when they would be transferred to fresh medium
under the LTEE protocol).

This concordance gives us confidence that we can use either approach when it is
best suited to a given question. The Coulter counter method is especially well suited to
efficient measurement of cell volumes for many cells from each of many samples. The
microscopy and subsequent image processing, in contrast, are necessary to obtain in-
formation on changes in cell shape.

Temporal trends in cell size in evolved clones. It was previously reported that cell
size increased in parallel across all 12 LTEE populations through 10,000 generations and that
the increase in cell volume was strongly correlated with the populations’ improved fitness in
the LTEE environment (40). Subsequent papers reported continued fitness gains in the LTEE
populations for an additional 40,000 generations (42, 43), albeit at a declining rate of improve-
ment. In this study, we sought to determine whether cell size also continued to increase,
focusing first on the clones isolated from each population at 2,000, 10,000, and 50,000 gener-
ations and measured during stationary phase.

Figure 2A shows that the evolved clones were all larger than their ancestors,
although cell size did not always increase monotonically over the course of the
LTEE. The median cell volumes of clones sampled from three populations (Ara22,
Ara23, and Ara26) were smaller at 10,000 generations than at 2,000 generations.
Nonetheless, the median cell volumes of all 12 populations at 50,000 generations were
greater than at 10,000 generations. However, the measurement noise associated with
the rather small number of biological replicates (i.e., independent cultures) for each
clone, and the requirement to correct for multiple hypothesis tests, makes it difficult to
statistically ascertain the changes in cell volume between clones from successive genera-
tions. One possibility is that individual clones are not always representative of the popu-
lations from which they were sampled. If that were the case, then we would expect to
see more consistent temporal trends in whole-population samples than in clones. We
address that issue in the next section. On balance, the median cell volumes of the
evolved clones were, on average, 1.49, 1.68, and 2.55 times greater than that of the
ancestor at 2,000, 10,000, and 50,000 generations, respectively (one-tailed paired t tests:
P= 0.0067, 0.0019, and 0.0006, respectively).

Besides the possible reversals in median cell size between 2,000 and 10,000 genera-
tions in a few populations, two other unusual cases are noteworthy. The 50,000-gener-
ation clone from population Ara23 had by far the largest cells, with a median cell

FIG 1 Correlation between cell volume measurements obtained using microscopy and Coulter
counter. Volumes obtained by microscopy are expressed in arbitrary units (a.u.) proportional to
femtoliters (i.e., cubic micrometers); volumes obtained using the Coulter counter are expressed in
femtoliters. Each point shows the grand median of three assays for clones sampled from the 12
evolving populations or of six assays for the two ancestral strains. Kendall’s coefficient t = 0.5495,
n=38, and P, 0.0001.
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volume that was ;1.6 times greater than for any other population at the same time
point (Fig. 2A). That population is the only LTEE population that evolved the capacity
to use the abundant citrate in the DM25 medium as an additional carbon source
beyond the glucose that limits the other populations (47, 48). The Cit1 phenotype is
clearly advantageous, although it should also be noted that growth is slower on citrate
than on glucose (49). Given that slower-growing E. coli cells tend to be smaller than
faster-growing cells (14–16, 50), and that this population’s growth shifts in an apparent
diauxic manner from glucose to citrate (49), it is surprising that this clone produces the

FIG 2 Cell size trajectories for clones (A) and whole-population samples (B) obtained using a Coulter counter.
Each quantile (5th, 25th, 50th, 75th, and 95th) represents the median of the corresponding quantile from six
replicates of each ancestor (REL607 for Ara1 populations and REL606 for Ara2 populations) and three
replicates for cells sampled from each population. The asterisk indicates that the upper quantile for the 50,000-
generation clone from population Ara23 extends to ;4.4 fl.
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largest stationary-phase cells of any clone we examined. Perhaps these cells sequester
unused carbon, accounting for their large size, or perhaps the evident stress they face
during growth on citrate (49) leads to some decoupling of their growth and division.
The other noteworthy population is Ara11, which showed the smallest increase in cell
volume (Fig. 2A). This population also achieved the smallest fitness gains of any of the
LTEE populations (42, 43). Given that growth rate is the main determinant of fitness in
the LTEE (41), it is therefore interesting (but not surprising) that Ara11 both is the least
fit and produces the smallest cells of any of the LTEE populations.

Figure 3A shows average cell volumes of the clones between the consecutive gen-
erations sampled. These analyses show that average cell size across the 12 LTEE lines
increased significantly from the ancestor to generation 2,000 and between 10,000 and
50,000 generations; however, the increase between 2,000 and 10,000 generations was
not significant.

Monotonic cell size trends among whole populations.We have so far established
that the cell volume of clones usually, but not always, increased between the genera-
tions tested. However, the evolutionary changes in clones are not always representa-
tive of the populations from which they are sampled. For this reason, we measured the
cell volumes of whole-population samples at the same three generations to see
whether they might show more consistent temporal trends. Figure 2B shows the cell
volume trajectories for these measurements. Indeed, the population samples showed
more consistent trends toward larger cells than did the clones. The grand mean trend
of the whole populations (Fig. 3B) closely mirrored the overall trend seen for clones
(Fig. 3A). However, the correlation between cell volumes measured on clones and
whole populations, while highly significant overall, also showed considerable scatter
(see Fig. S1 in the supplemental material), indicating that individual clones are not
always representative of the populations from which they were sampled. One such dif-
ference was that the median volume in the 50,000-generation whole-population sam-
ple of Ara–3 was no longer an outlier compared to the other populations (Fig. 2B), in
contrast to the measurements on the individual clones (Fig. 2A). Another difference
was the increase in median cell size from the ancestral state to generation 50,000 was
much greater in the whole-population sample of Ara11 than in the individual clone.

Overall, the temporal trend in cell volume does not appear to have reached any
upper bound or asymptote, as each generation of whole-population samples that we
tested had significantly larger cells than the preceding generation (Fig. 3B). However,

FIG 3 Tests of changes over time in average cell sizes of clones (A) and whole-population samples (B) from the 12
LTEE populations. Each point shows the grand mean of the grand median cell volumes calculated for each population.
The 50,000-generation clone from population Ara23 was an extreme outlier (Fig. 2A) and is excluded from panel A;
however, the 50,000-generation whole-population sample from this population was not an outlier (Fig. 2B). Error bars
are 95% confidence intervals, and brackets show the statistical significance (P value) based on one-tailed paired t
tests. The last comparison in panel A remains significant even if one includes the outlier clone (P = 0.0090).
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the intervals between samples were also progressively longer. Therefore, we calculated
the average rate of change in cell volume from the slopes calculated for each popula-
tion between adjacent time points (Fig. 4). The average rate of cell volume increase
was ;0.17 fl per thousand generations in the first 2,000 generations but dropped to
;0.02 and ;0.007 fl per thousand generations in the following 8,000- and 40,000-gen-
eration intervals, respectively. In summary, these data show that cell size has continued
to increase throughout the long duration of the LTEE, albeit at a decelerating pace and
notwithstanding a few atypically evolved clones.

Differences in cell size between exponential and stationary phases. In the sec-
tions above, we established the following points: (i) there is good agreement between
cell volumes estimated using the Coulter particle counter and by microscopy; (ii) the
evolved cells are generally much larger than their ancestors; (iii) there is a nearly mono-
tonic trend over time toward larger cells, although at a declining rate and with a few
clones as outliers; and (iv) the independently evolving populations show substantial
variation in their average cell sizes after 50,000 generations. All of these conclusions
were derived using cells in stationary phase, and it is of interest to ask whether they
also hold for exponentially growing cells. However, examining these issues with expo-
nentially growing cells presents additional challenges. In particular, owing to evolved
changes in growth rates and lag times (41), cells from different generations and popu-
lations reach mid-exponential-phase growth at different times, complicating efforts to
obtain consistent measurements. In addition, the DM25 medium in which the cells
evolved is dilute: the stationary-phase population density of the ancestor is only
;5� 107 cells per ml, and it is even lower for most evolved clones owing to their larger
cells. Hence, cells in mid-exponential-phase growth are usually at densities less than
107 cells per ml. For these reasons, and given the excellent correspondence between

FIG 4 Average rate of cell volume increase. Slopes were calculated for each population over each of
three intervals. Each point shows the grand mean for the 12 populations. Error bars are 95%
confidence intervals, and brackets show the statistical significance (P value) based on one-tailed
Wilcoxon tests, which account for the paired nature of the samples.
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Coulter counter and microscopic data, we measured the distribution of cell volumes
for exponentially growing cells using only the Coulter counter.

We measured cell volumes of the ancestors and 50,000-generation clones from all
12 LTEE populations 2 h and 24 h after they were transferred into fresh DM25 medium
(Fig. 5). At 2 h, even the ancestors have begun growing exponentially (41), and none of
the evolved strains grow so fast that they would have depleted the limiting glucose by
that time (42). The 24-h time point corresponds to when the cells are transferred to
fresh medium during the LTEE and hence leave stationary phase. This paired-sampling
strategy allows us to examine how predictive the stationary-phase cell volumes are of
exponentially growing cells. In fact, we found a strong positive correlation in cell vol-
umes measured during exponential growth and stationary phase (Fig. 6). The exponen-
tially growing cells were consistently much larger than those in stationary phase for
the ancestors as well as all of the 50,000-generation clones (Fig. 5). For the evolved
clones, the volumetric difference as a function of growth phase was ;2-fold, on aver-
age (Fig. S2). The proportional difference in median volume between exponentially
growing and stationary-phase cells was quite variable (Fig. S3). Overall, the average
proportional difference between these phases for the evolved clones was ;30%
greater than for the ancestors (Fig. S4), and that relative difference is highly significant
(one-tailed t test: P, 0.0001). Thus, the evolved cells tend to be somewhat smaller in
stationary phase than during exponential growth. It is well known that bacterial cells
are larger during exponential growth, with each fast-growing cell typically having mul-
tiple copies of the chromosome and many ribosomes to support maximal protein syn-
thesis. In the dilute glucose-limited DM25 minimal medium, cells hit stationary phase
abruptly, with the last population doubling using up as much glucose as all the previ-
ous doublings combined. The ;2-fold volumetric difference between the exponen-
tially growing cells and those measured many hours later in stationary phase implies
that they typically undergo a reductive division, either as they enter or during station-
ary phase. At the same time, the range in size between the 12 independently evolved
clones was also roughly 2-fold during both growth phases (Fig. 5), which indicates that
the striking morphological divergence extends across growth phases.

Changes in cell shape. Cell size has clearly increased during the LTEE. Has cell
shape also changed? Cell shape has sometimes been regarded as invariant for a given
species. For example, E. coli has rod-shaped cells that typically maintain an aspect ratio
(length to width) of ;4:1, independent of cell volume (31, 51). We examined and

FIG 5 Cell sizes measured during exponential and stationary phases of ancestral strains and 50,000-
generation clones from all 12 populations. Each point represents the median cell volume for one
assay at either 2 h (exponential growth) or 24 h (stationary phase) in DM25. Horizontal bars are the
means from the 3 replicate assays for each strain. The points for some individual replicates are not
visible because some values were almost identical.
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analyzed micrographs to see whether the larger cells that evolved in the LTEE main-
tained their ancestral aspect ratio. Alternatively, larger volumes might have evolved by
disproportionate increases in either the length or width of cells. Yet another possibility
is that the lineages diverged in their aspect ratios not only from their common ances-
tor but also from one another. Figure 7 shows representative micrographs of the
ancestors and the 50,000-generation clones. It is readily apparent that the different lin-
eages have evolved different aspect ratios. To investigate these differences more sys-
tematically, we processed multiple micrographs of the ancestors and clones from gen-
erations 2,000, 10,000, and 50,000 using the SuperSegger package (52). Across all of the
samples in total, we obtained lengths and widths (cross-sectional diameters) from
.87,000 cells (see Materials and Methods). See Fig. S5 for the average cell widths and
lengths for the ancestor and evolved samples from those generational time points. As
a reminder, an increase in the aspect ratio relative to the ancestor implies a higher SA/
V ratio for a given volume, whereas a decline in the aspect ratio indicates the opposite.
Of course, having a larger cell alone also reduces the SA/V ratio, even without a change
in the aspect ratio. One would typically expect a greater SA/V ratio to be beneficial for
resource acquisition, and therefore, we might expect the evolved clones to have higher
aspect ratios than the ancestral strains, especially given their increased volumes.

In fact, however, the opposite trend held, at least for the first 10,000 generations, as
shown in Fig. 8. Clones from 10 of the 12 populations, at both 2,000 and 10,000 gener-
ations, tended to produce relatively wider than longer cells in comparison to the
ancestor (P = 0.0386 based on a two-tailed sign test at each time point). By 50,000 gen-
erations, the clones were split evenly: 5 had aspect ratios greater than that of the
ancestor, 5 had aspect ratios lower than that of the ancestor, and 2 had aspect ratios
nearly identical to that of the ancestor. Note that the 50,000-generation clone from
population Ara–3 is an extreme outlier, with cells that are exceptionally long and very
large. This population is the one that evolved the novel ability to grow on citrate
(47–49), and its unusual morphology is presumably related to its distinct metabolism.

Figure 9A shows the average length-to-width ratios and their associated 95% confi-
dence intervals, excluding the Cit1 outlier at 50,000 generations. The ancestral cells
had an average length-to-width ratio of 3.37. Recall that E. coli has been reported to
typically maintain an average aspect ratio of about 4:1 (33, 51, 53). The aspect ratio we
saw is somewhat smaller. This difference might reflect variation between strains (the
LTEE ancestor is a derivative of E. coli B, not K-12) or some other factor. In any case, the
mean aspect ratio across the evolved lines declined to 2.90 and 2.87 at 2,000 and

FIG 6 Correlation between cell sizes during exponential growth and in stationary phase. Each point
represents the average over 3 replicates of the median cell volume in each growth phase using the
data shown in Fig. 5. Kendall’s coefficient t = 0.7582, n=14, and P ,, 0.0001.
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10,000 generations, respectively, and then increased to 3.39 at generation 50,000, almost
identical to the ancestral ratio. The early decline in the aspect ratio is statistically significant,
as is the subsequent reversal (Fig. 9A). This reversal would increase the SA/V ratio some-
what. However, it might not be sufficient to offset the reduction in the SA/V ratio associated
with the much larger cell volumes at 50,000 generations. On balance, the LTEE lines evolved
larger cell volumes by first increasing disproportionately in width and later increasing their
length, possibly to the benefit of a somewhat more favorable SA/V ratio.

Analysis of changes in the SA/V ratio. The reversion of the evolved clones to their
ancestral aspect ratio (Fig. 9A), coupled with their overall increase in cell volume (Fig.
3A), raises the question of how much their SA/V ratios have changed. If selection to
increase the diffusion of nutrients into cells is strong in the LTEE, then increasing cell
length would be beneficial. However, the larger cell volume would have the opposite
effect. To examine the net result of these changes, we calculated the SA/V ratio of
the evolved clones using the equations for spherocylindrical cells from Ojkic et al.
(32), which we presented in the introduction. We used the length and width values
measured for clones using SuperSegger to compute for each cellg, which depends on
the aspect ratio, and from that the cell’s surface area. We then divided that value by

FIG 7 Representative micrographs of ancestors (REL606 and REL607) and evolved clones from each
population at 50,000 generations. Phase-contrast images of cells from stationary-phase cultures were
taken at �100 magnification. Scale bars are 10mm.
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the cell’s estimated volume to obtain its SA/V ratio. Given the early trend toward
wider cells (lower aspect ratios) and the larger cell volumes at later generations, we
expected lower SA/V ratios for the evolved clones than for the ancestors, despite the
later reversion toward the ancestral aspect ratio. Indeed, all 36 evolved clones had an
SA/V ratio that was lower than for the ancestors (Fig. 10).

FIG 8 Average cell aspect ratios (length/width) of ancestral and evolved clones. Each point shows the
mean ratio for the indicated sample. The lines show deviations in the aspect ratio from the ancestral
state. The mean aspect ratios were calculated from three replicate assays in all but 4 cases (Ara24 at
10,000 generations and Ara22, Ara24, and Ara25 at 50,000 generations), which had two replicates each.

FIG 9 Tests of changes over time in cell aspect and surface-to-volume (SA/V) ratios. (A) Evolutionary reversal of cell aspect ratio. Each
point is the grand mean of the cell aspect ratio (length/width) for the ancestors and evolved clones. n=12, except at 50,000 generations,
where n=11 after excluding the outlier clone from the Ara23 population. Errors bars are 95% confidence intervals, and brackets show the
statistical significance (P value) based on two-tailed t tests. The tests were paired for clones sampled from the same population at the
consecutive time points, and the Ara23 population was excluded from the final test. (B) Monotonic decline in SA/V ratio over 50,000
generations. Each point shows the grand mean of the average ratio calculated for the ancestor and evolved clones. Error bars are 95%
confidence intervals, and brackets show the statistical significance (P value) based on one-tailed paired t tests.
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Figure 9B shows the average SA/V ratio and associated 95% confidence intervals over
time. We included the 50,000-generation Ara23 clone in this analysis because its SA/V ra-
tio (Fig. 10), unlike its aspect ratio (Fig. 8), was not an extreme outlier; that is, its atypical as-
pect ratio was largely offset by its large average cell volume (Fig. 2A). The mean SA/V ratio
declined monotonically and significantly, from 0.461 in the ancestor to 0.430, 0.412, and
0.392 at 2,000, 10,000, and 50,000 generations, respectively. Even the reversion to the an-
cestral cell aspect ratio between 10,000 and 50,000 generations (Fig. 9A) was insufficient
to offset the increase in cell volume over the same interval (Fig. 3A).

We also performed an isometric analysis to assess the extent to which the reversion
to the ancestral aspect ratio between 10,000 and 50,000 generations changed the SA/
V ratio. To do so, we used the cell aspect ratios measured at 10,000 generations and
compared the average SA/V ratio at 50,000 generations to the hypothetical average
using the earlier aspect ratios. The average SA/V ratio at 50,000 generations was ;6%
higher as a consequence of the change in cell aspect ratio (Fig. S6), and this difference
was significant (P = 0.0144). Even so, the mean SA/V ratio continued to decline (Fig. 9B)
because the change in average cell aspect ratio over this period (Fig. 9A) was insuffi-
cient to offset the increase in average cell volume (Fig. 3A).

Nearly spherical cells in one LTEE population. While examining micrographs, we
observed that cells from the Ara15 population at 2,000 and 10,000 generations looked
like stubby rods, many of which were almost spherical (Fig. 11). By 50,000 generations,
however, the cells were rod shaped (Fig. 7), suggesting that one or more mutations in
morphogenic genes might contribute to this phenotype.

The typical rod-shaped cell morphology in E. coli is maintained by several proteins,
including MreB, MreC, MreD, MrdA (PBP2), and MrdB (RodA) (46, 54). We examined
published whole-genome sequence data (55) for the clones in our study to identify

FIG 10 Average SA/V of ancestral and evolved clones. The surface area and volume of individual cells
were calculated from microscopic images, as described in the text, and their ratio has arbitrary units
proportional to micrometers. Each point shows the mean ratio for the indicated sample. The lines
show deviations in the ratio from the ancestral state. The means were calculated from three replicate
assays in all but 4 cases (Ara24 at 10,000 generations and Ara22, Ara24, and Ara25 at 50,000
generations), which had two replicates each.
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any mutations in these genes. By 50,000 generations, all but 1 of the 12 lines (Ara25)
had nonsynonymous mutations in at least one of these five shape-maintaining genes
(Fig. 12). Previous genomic analyses of the LTEE lines have shown that the cumulative
numbers of nonsynonymous mutations in three of these genes (mreB, mreC, and mrdA)
are significantly higher than expected given their gene lengths (55). Moreover, evolved
mrdA alleles have been shown to increase both competitive fitness and cell size when
moved into the ancestral genetic background (46). Together, these observations lend
strong support to the hypothesis that the changes in cell size and shape are adaptive
in the LTEE environment. There were also a few synonymous changes, which were
seen only in populations that had evolved point mutation hypermutability, as well as
one indel. However, the majority of mutations that arose and reached high frequency
in these genes were nonsynonymous changes.

The 2000-generation clone from the Ara15 population that produced the stubby cells
had a single nonsynonymous mutation in mreB. This mutation was also present in the
clones sampled from this population at 10,000 and 50,000 generations. There were no
other mutations in the other four rod shape maintenance genes at any of the time points.
E. coli cells have been shown to become spherical when MreB is depleted (54), which
strongly suggests that the mreB mutation is responsible for the stubby morphology
observed in the early generations of this population. The fact that the Ara15 cells were

FIG 11 Representative micrographs of cells from 2,000-generation (A) and 50,000-generation (B)
clones of the Ara15 population. Phase-contrast images were taken on an inverted microscope at a
magnification of �100. Scale bars are 10mm. Arrows point to examples of nearly spherical cells in the
earlier sample, which are not seen in the later one.

FIG 12 Parallel mutations in genes known to be involved in the maintenance of rod-shaped genes. Nonsynonymous
mutations were found in all populations except Ara25 by 50,000 generations. Populations Ara22, Ara24, Ara13, and
Ara16 evolved hypermutable phenotypes between generations 2,000 and 10,000; populations Ara21 and Ara23 did
so between generations 10,000 and 50,000. Hence, all synonymous mutations were found in lineages with a history of
elevated point mutation rates.
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not stubby at 50,000 generations, despite the mreB mutation, suggests some compensa-
tory change that did not involve the five morphogenic genes considered here. Four other
populations also had nonsynonymous mreB mutations by generation 50,000 (Fig. 12). Of
these four, the clone from population Ara11 also produced rather stubby cells (Fig. 7),
resulting in the lowest aspect ratio of any of the 50,000-generation clones (Fig. 8). Whether
the diverse effects of the mreBmutations on cell shape reflect the different mutations, the
genetic backgrounds on which they arose, or both remains to be determined.

Cell volume and fitness have remained highly correlated in the LTEE. Cell size
and relative fitness were previously shown to be strongly correlated during the first 10,000
generations of the LTEE (40). The fitness of these populations has continued to increase
throughout this experiment (42, 43). In light of the continued increase in cell volumes
reported in this work, we expected that cell size and fitness would continue to be correlated.
To test this, we used the relative fitness data previously collected for the 12 LTEE popula-
tions through 50,000 generations (42), and we asked how well those fitness values corre-
late with the cell volumes we measured for the ancestors and the whole-population
samples from three later generations. Figure 13 shows that cell volume and relative fit-
ness have remained significantly correlated, although with substantial scatter. Some of
this scatter reflects increased measurement noise when estimating relative fitness in later
generations. These estimates are obtained by competing the evolved populations
against a marked ancestor; as the relative fitness of the evolved bacteria increases, it
becomes more difficult to enumerate accurately the relative performance of the two
competitors.

Elevated cell mortality in the population that evolved to grow on citrate. We
observed what we call “ghost” cells in micrographs of the 50,000-generation Cit1 clone
from the Ara23 population. These cells were quite distinct from the ancestral strain
and evolved clones from all other populations (Fig. 7). In terms of contrast with their
background, the ancestor and other evolved clones had uniformly dark and opaque
cells, in contrast to the lighter agar pad on which they were placed for imaging. Many
of the Cit1 cells, by comparison, were translucent (Fig. 7). Most translucent cells
appeared intact, although we also saw some fragmented cells. We presume that the
translucent cells that appeared intact were nonetheless either dead or dying.

We also grew the Cit1 clone in DM0, which is the same medium as used in the LTEE
and our other experiments, except that DM0 contains only the citrate and no glucose.
The proportion of ghost cells was even higher in this citrate-only medium (Fig. 14).
Some translucent cells had small punctations, or dots, within the cytoplasm, often at
the cell poles (Fig. 14). These dots are reminiscent of the polyhydroxyalkanoate storage

FIG 13 Correlation between mean fitness relative to the LTEE ancestor and grand median cell volumes,
both based on whole-population samples. Four points (Ara16 at 10,000 generations and Ara22, Ara23,
and Ara16 at 50,000 generations) are absent due to missing fitness values reported by Wiser et al. (42).
Kendall’s t = 0.6066, n=34, and P, 0.0001.
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granules that some bacterial species produce under conditions where their growth is
unbalanced (56, 57) or when cells are otherwise stressed (58, 59). It is also possible that
these dots comprise the nucleoid or some other remnant of a leaky cytoplasm.

It is noteworthy that we observed these anomalous ghost cells at any appreciable
frequency only in the unique Cit1 population (47, 48). This observation of ghost cells,
and the implication that many cells in this population are dead or dying, is supported
by other observations that indicate the Cit1 cells struggle with maintaining balanced
growth on citrate (49). To test whether the ghost cells were dead, dying, or at least
physiologically incapacitated, we labeled stationary-phase cultures using a two-color
live/dead stain. Our methods, full results, and in-depth analyses of these labeling
experiments are presented elsewhere (49). Here, we present a subset of the data, with
an analysis that specifically compares the ancestor (REL606) and 50,000-generation
Cit1 clone (REL11364). Figure 15A shows representative micrographs of the ancestral
and evolved Cit1 cells grown to stationary phase in the standard DM25 medium that
contains glucose as well as citrate. Figure 15B shows the estimated proportions of live
(green) and dead (red) cells, obtained by pooling data from 5 independent cultures (i.
e., biological replicates) for each clone. There was much more cell death in the cultures
of the Cit1 clone compared to the ancestor. On average, 43.6% of the Cit1 cells were
scored as dead, based on greater intensity of the corresponding dye. In contrast, only
13.2% of the ancestral cells were scored as dead, and they exhibited much weaker in-
tensity of that dye (Fig. 15A). The difference in the proportion of dead cells between
the ancestor and the Cit1 clone is highly significant (t=2.9304, df = 8, one-tailed
P = 0.0094). This result thus supports our hypothesis that the ghost cells seen in our
original micrographs of the Cit1 clones were indeed dead or dying. The clones from
the Ara23 population produced by far the largest cells of the 12 populations at 50,000
generations (Fig. 2A). Perhaps the elevated mortality in this population occurred
because the cells died after reaching some critical size threshold. To test this possibil-
ity, we compared the sizes (both length and width) of cells that were dead with those
that were living, and we made these comparisons for both for the ancestor and the
50,000-generation Cit1 clone (Fig. 15C and D). In both cases, the dead cells were

FIG 14 Representative micrograph of 50,000-generation Cit1 clone from population Ara23 grown in
DM0. As shown in Fig. 7, we observed translucent “ghost” cells in the only population that evolved
the capacity to use citrate in the LTEE medium (DM25). This clone can also grow on citrate alone in
the same medium except without glucose (DM0), which increased the proportion of presumably
dead or dying ghost cells. Red arrows point to several ghost cells, some of which have darker
punctate inclusions; white arrows point to several more typically opaque and presumably viable cells.
Two insets show further magnified images of the highlighted regions. Scale bar is 10 mm.
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neither significantly longer nor wider than the living cells (all one-tailed P values. 0.50).
Thus, the increased mortality in this population does not indicate some critical size thresh-
old. Instead, it likely reflects maladaptive changes in one or more physiological processes
that resulted from the new ability to grow on citrate.

DISCUSSION

During the first 10,000 generations of the LTEE, 12 populations of E. coli increased
in fitness and cell size as they evolved in and adapted to their glucose-limited minimal

FIG 15 Comparison of cell death in the ancestor and Cit1 clone. (A) Representative micrographs showing LIVE-DEAD staining of the LTEE ancestor (REL606)
and the 50,000-generation Cit1 clone from population Ara23 (REL11364), both grown in DM25. Scale bars are 10mm. (B) Proportions of cells scored as
alive (green) or dead (red), based on two-color stain assay. (C and D) Cell widths (C) and lengths (D) were calculated by multiplying the ShortAxis and
LongAxis measurements (both in unit pixel) from the SuperSegger output by the conversion factor of 0.0664mm/pixel. Colored boxplots show the
distribution of cells scored as alive (green) or dead (red), based on a two-color stain assay. For each clone, we assayed cells from 5 biological replicates,
which have been pooled for this figure.
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medium (40). The increase in cell size was unexpected, given the fact that larger cells
have greater metabolic demands and have SA/V ratios that are less favorable for sup-
porting those demands. In the .60,000 generations since that study, the populations
have continued to adapt to the glucose media, and their fitness has continued to
increase with trajectories that are well described by a simple power law (42, 43). In this
study, we sought to determine if cell size has continued to increase and whether cell
size still correlates with fitness. We measured changes in cell volume and shape for
clones and whole-population samples. We used two methods: a Coulter counter, which
directly measures cell volume, and microscopy, which allowed us to analyze both cell
volume and shape using machine learning. The average cell volumes measured using
the two methods were well correlated (Fig. 1).

The average cell increased monotonically over time in the whole-population sam-
ples (Fig. 4 and 5). Clones from three populations (Ara22, Ara23, and Ara26) deviated
from this monotonic trend, producing smaller cells at 10,000 than at 2,000 generations
(Fig. 2A). These idiosyncratic cases imply within-population heterogeneity. They might
also be due, in part, to the clones being studied in an environmental context different
from that in which they evolved. As an indication of the relevance of both of these
explanations, two ecologically and genetically distinct lineages have coexisted in the
Ara22 population since ;6,000 generations, with coexistence mediated by differential
growth on glucose and acetate, a metabolic by-product (60, 61). In any case, our data
show that average cell size and mean fitness have remained significantly correlated in
the LTEE through 50,000 generations (Fig. 13), despite variation within and between
populations.

We obtained most of our data on average cell size with cells in stationary phase, at the
end of the LTEE’s standard 24-h period prior to the transfer into fresh medium. We did so
because analyzing exponentially growing cells presents additional challenges. In particular,
the evolved cells reach exponential-phase growth faster than the ancestor, owing to
changes in growth rates and lag times (41). Also, cell densities are lower during exponen-
tial growth, especially given the low glucose concentration in the LTEE medium.
Nonetheless, we performed a set of experiments to compare the average volumes of
exponentially growing and stationary-phase populations (Fig. 5). Exponentially growing
cells were larger than stationary-phase cells, and this difference was observed using both
the ancestor and evolved bacteria. Bacterial cells are larger during exponential growth to
accommodate more ribosomes (18) and replicating chromosomes (13, 17). The approxi-
mately 2-fold difference in average cell volume between exponential and stationary
phases for the 50,000-generation clones (Fig. S2) implies that these bacteria undergo a
reductive division as they enter or during stationary phase.

The 12 LTEE populations have evolved shorter lag phases and faster maximal
growth rates during their adaptation to the LTEE environment. Therefore, evolved cells
spend more time in the stationary-phase period between transfers than the ancestor.
In silico models of the daily transfer regime typical of experimental evolution systems,
including the LTEE, have shown that virtual microbes can evolve to anticipate the
transfer interval (62). A reductive division during stationary phase might prime the cells
to grow faster when transferred into fresh medium by temporarily increasing their SA/
V ratio, potentially reducing the duration of the lag phase. However, we note that the
LTEE ancestors also undergo a similar reductive division, as indicated by smaller cells in
stationary phase than during exponential growth (Fig. 5). Thus, the reductive division
per se does not account for the shortened lag phase in the evolved bacteria. In any
case, future studies might examine when this reductive division occurs in the ancestral
and evolved bacteria and, moreover, identify the metabolic cues and physiological
processes involved.

We also observed substantial heterogeneity in the cell shape of the evolved lines
(Fig. 7). One population (Ara15) evolved stubby, almost spherical, cells early in the
LTEE (Fig. 11A), evidently caused by a mutation in mreB, which encodes a protein
involved in maintaining the rod shape that is typical of E. coli. This population later re-
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evolved more rod-shaped cells (Fig. 11B), although the genetic basis for that change is
unclear. More generally, most populations evolved relatively wider cells during the first
10,000 generations (Fig. 8), even though longer cells would have had a higher SA/V ra-
tio (33). This trend suggests that cell size evolution in the LTEE is not tightly con-
strained by the SA/V ratio. In later generations, the average cell aspect ratio (length/
width) reverted to the ancestral ratio (Fig. 9A), but not enough to prevent a further
decline in the average SA/V ratio (Fig. 9B), as the mean cell volume continued to
increase (Fig. 3A).

For a given cell volume, wider cells have lower SA/V ratios than longer cells. From
the standpoint of acquiring limited nutrients, wider cells would therefore seem malad-
aptive, yet that is how the LTEE populations tended to evolve for the first 10,000 gener-
ations (Fig. 8). Might wider cells have had some benefit that overcame their unfavora-
ble SA/V ratios? As a bacterial cell grows in size, it simultaneously replicates multiple
copies of its chromosome. These copies must then be fully segregated into the two
daughter cells, which requires moving them away from the cell center before the divi-
sion can be completed (13). Rod-shaped bacteria like E. coli typically divide at the mid-
dle of the cell; the midpoint is defined by the proteins MinCDE, which oscillate
between the cell poles every 40 to 90 s while consuming ATP (63–68). The number of
MinCDE complexes doubles in cells longer than ;4mm, while their oscillatory period
remains constant (63). It has also been shown that MinCDE proteins do not oscillate at
all in shorter cells, which have a reduced aspect ratio; instead, they exhibit stochastic
switching between the two poles (69). This stochastic switching reduces the rate at
which these proteins use ATP (70). Thus, one could imagine that evolving wider cells,
which also have a reduced aspect ratio, would increase the ATP available for other
metabolic processes. Future studies might study the oscillatory behavior and ATP con-
sumption of these proteins in the LTEE lines.

Another potential advantage of wider cells is to minimize the macromolecular
crowding that occurs within the highly concentrated cellular cytoplasm (71). Gallet et
al. (72) suggested that the increased cell width in the LTEE lines might reduce the
adverse effects of macromolecular crowding, but they did not directly test this hypoth-
esis. However, they also proposed that the bacterial cells became larger in order to
become less densely packed, which would allow greater internal diffusion of resources
and macromolecules. Gallet et al. (72) found evidence in support of the second hy-
pothesis in the one LTEE population they examined, where the cell density (dry mass-
to-volume) declined over evolutionary time. If the rate of resource acquisition from the
external environment does not limit growth, then increasing the rate of internal diffu-
sion should increase the cell’s metabolic rate and, at least potentially, lead to faster
growth and higher fitness (1, 73–79). Therefore, it would be interesting to extend the
analyses performed by Gallet et al. (72) to all of the LTEE populations to assess the gen-
erality of their findings.

We also made the serendipitous discovery that one population, called Ara23,
evolved greatly elevated cell mortality (Fig. 7 and 14). That population is the only one
that evolved the ability to assimilate energy from citrate, which is in the LTEE medium
as an iron chelator (47). We subsequently showed that this increased mortality has per-
sisted in the population for almost 20,000 generations and perhaps even longer (49).
The persistence of this elevated death suggests some physiological constraint that is
difficult to overcome, though this cost must be smaller than the benefit provided by
the access to this additional resource. In any case, a 50,000-generation clone that we
analyzed from this population was also an outlier in other morphological respects, pro-
ducing cells that were exceptionally large (Fig. 2A) and long (Fig. 8). In addition to the
many ghost-like cells that appeared to be dead or dying (Fig. 7), some of these translu-
cent cells had inclusions within the cytoplasm (Fig. 14). Future studies may investigate
the genetic and physiological bases of these unusual morphological traits and their
relation to growth on citrate and cell death.

In summary, we have observed substantial changes in cell morphology, including
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shape as well as size, over the course of 50,000 generations of the E. coli LTEE. Some of
the changes are highly repeatable, including especially the parallel trend toward larger
cells observed in all 12 independently evolving populations. At the same time, the rep-
licate populations have evolved highly variable phenotypes, even under identical con-
ditions, leading to approximately 2-fold variation in their average cell volumes (Fig. 5)
as well as large differences in their aspect ratios (Fig. 8). The consistent trend toward
larger cells (Fig. 2B), the strong positive correlation of cell volume with fitness (Fig. 13),
and the parallel substitutions in genes involved in maintaining cell shape (Fig. 12) all
suggest that the evolution of cell morphology is not a mere spandrel but instead
reflects adaptation to the LTEE environment. The resulting among-population varia-
tions in size and shape, however, suggest that precise changes in cell morphology
were not critical to performance, because most populations have improved in relative
fitness to a similar degree (43), despite different cell morphologies. Thus, the changes
in cell size and shape during the LTEE reflect both natural selection and the idiosyn-
cratic nature of the chance events, including mutations, particular to every evolving
lineage.

MATERIALS ANDMETHODS
Strains. The E. coli LTEE is described in detail elsewhere (39, 42, 44). In short, 12 populations were

derived from a common ancestral strain, REL606. Six populations descend directly from REL606. The
other six descend from REL607, which differs from REL606 by a selectively neutral mutation in araA that
produces a readily scored marker phenotype (39, 55). Descendants of REL606 and REL607 are prefixed
with “Ara2” and “Ara1,” respectively, indicative of their ability to utilize arabinose. Whole-population
samples and clones from each population have been frozen at 500-generation intervals. These materials
permit the retrospective analysis of genotypic and phenotypic evolution. In this study, we used both
clones (Table S1) and whole-population samples (Table S2) from 2,000, 10,000, and 50,000 generations.

Culture conditions. Samples from the freezer were slightly thawed, inoculated into LB broth, and
grown overnight at 37°C. These cultures were diluted 1:10,000 in 9.9ml of Davis and Mingioli medium
containing 25mg ml21 of glucose (DM25). Cultures were incubated at 37°C in 50-ml Erlenmeyer flasks,
with orbital shaking at 120 rpm for 24 h. These conditions are the same as those used in LTEE. The fol-
lowing day, we diluted cultures 1:100 in fresh DM25 and grew them for 2 h and 24 h for exponential-
and stationary-phase cell measurements, respectively.

Volumetric and shape measurements. Cell sizes were measured using two analytical approaches.
In one, we used the Coulter Multisizer 4e (Beckman), an electronic device that measures cell volume fol-
lowing the Coulter principle (80). In this study, we used a 30-mm aperture, and we measured particle
sizes in the range of 2% to 60% of the aperture diameter, which corresponds to a volumetric range of
0.113 fl to 3,054 fl. However, we excluded any particles over 6 fl in our analyses. On several occasions we
calibrated the aperture using 5.037-mm-diameter latex beads (Beckman). The measured variance in bead
size was below the recommended threshold of 2.0% at each calibration.

In the second approach, we imaged cells using phase-contrast microscopy, and we processed the
resulting micrographs using the SuperSegger package (52). SuperSegger automatically identifies the
boundary between cells and segments the individual cells on a micrograph. It returns measurements
aligned to the midline of each cell for the long and short axes, which we used as length and width,
respectively. The volume (in arbitrary units) of a cell is approximated by integrating over all segments
within the cell’s boundaries (81). Given the low density of cells in DM25 even at stationary phase, and to
obtain sufficient numbers of cells for analysis in many visual fields, we concentrated most cultures 2-fold
by centrifugation at 7,745 � g for 2min. Clones from two populations at generation 50,000 (Ara21 and
Ara24) required 4-fold concentration. Samples from another population at generation 50,000 (Ara23)
were imaged without concentrating the medium. We then spotted 3-ml samples from each processed
culture onto 1% agarose pads, and we imaged the cells using a Nikon Eclipse Ti-U inverted microscope.

Analysis of cell mortality in population Ara23. We reanalyzed data on cell viability collected for
two clones: the LTEE ancestor (REL606) and the 50,000-generation clone from population Ara23
(REL11364) that evolved the novel ability to use citrate as a source of carbon and energy (Cit1). We used
the BacLight viability kit for microscopy (Thermo Fisher; L7007), following the manufacturer’s directions
for fluorescently labeling cells. In short, we mixed the provided components A and B in equal amounts,
added 1ml to 10-ml stationary-phase DM25 cultures of each clone, and incubated them for 20min in
the dark to prevent photobleaching. The two components contain two fluorescent dyes that differen-
tially stain presumptively live and dead cells. For the Cit1 clone only, we also examined cells in DM0 me-
dium, which contains the same concentration of citate as DM25 but no glucose. Full methods and addi-
tional results in the context of other work are reported in the work of Blount et al. (49).

Genomic and fitness data. We integrated our analyses of cell size and shape with previously pub-
lished data sets on the fitness of the evolved bacteria relative to their ancestor and on the mutations
present in the various clones obtained by sequencing and comparing the evolved and ancestral
genomes. The fitness data were previously collected by Wiser et al. (42), who performed competition
assays between evolved populations and reciprocally marked ancestors. We downloaded these data
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from the Dryad Digital Repository (https://doi.org/10.5061/dryad.0hc2m). The complete genomes of the
ancestral strain and evolved clones used in our study were sequenced by Jeong et al. (82) and Tenaillon
et al. (55), respectively. We used an online tool (http://barricklab.org/shiny/LTEE-Ecoli/) to identify all of
the mutations that occurred in several genes (mreB, mreC, mreD, mrdA, and mrdB) known to be involved in
maintaining rod-shaped cells in E. coli.

Statistical analyses. Statistical analyses were performed in R (version 3.5.0, 2018-04-23). Our data
sets and R analysis scripts are available on the Dryad Digital Repository (https://doi.org/10.5061/dryad
.7m0cfxpt2).
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