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IABSTRACT

Bacteria in nature frequently grow as biofilms, yet little is known regarding how biofilm bacteria
morphologically adapt to low nutrient availability, which is common in unsaturated environ-
ments such as the terrestrial subsurface or on plant leaves. For unsaturated biofilms, in which the
substratum may provide all nutrients, what are the relationships between nutrition and cell size
and shape—the simplest metrics of cellular morphology? To address this question, we cultured
Pseudomonas aeruginosa, a ubiquitous gram-negative bacterium that is environmentally and
medically important, on membranes overlaying solid media, and then measured cellular di-
mensions using atomic force microscopy (AFM). Nutrition was controlled chemically by media
composition and physically by stacking membranes to increase the path length for nutrient
diffusion. Under conditions of carbon-nitrogen imbalance, low carbon bioavailability, or in-
creased nutrient diffusional path length, cells elongated while maintaining constant width. A
mathematical relationship suggests that, by elongating, biofilm bacteria strategically enlarge their
nutrient collection surface without substantially changing the ratio of surface area to volume
(SA/V). We conclude that P. aeruginosa growing as unsaturated biofilm with a planar nutrient
source morphologically adapt to starvation by elongating. This adaptation, if generalizable,
differs from a better-understood starvation response (i.e., cell size decreases; thus SA/V in-

creases) for planktonic bacteria in well-mixed environments.
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Introduction

Bacteria have evolved to take maximum advantage of
physical and chemical changes in their environment.
Natural environments such as soils, sediments, and ma-
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rine and freshwaters on average have very limited carbon
and energy sources because of the continual depletion of
these resources by microbes [15]. In liquid culture,
changing nutrient availability has been demonstrated to
stimulate changes in cell shape. In their classic experi-
ment, Schaechter et al. demonstrated that exponential-
phase Salmonella typhimurium grown in rich media were
wider and heavier than cells grown in minimal media [29].
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Mathematically, the proportion of cell length to width was
relatively constant, which led Zaritsky to define it as the
shape factor, R [37]. Similar results have been shown in
Escherichia coli [17, 36]. At the other end of the nutritional
scale, cells subjected to starvation during exponential
phase became much smaller and rods changed shape to
become cocci [7, 14, 23]. However, unlike laboratory lig-
uid culture, most real-world growth environments are not
well-mixed. Indeed, when bacteria grow as biofilms, dense
consortia of surface-associated bacteria embedded in or-
ganic polymers [6], mass transport of nutrients is often
rate-limiting [5]. Because surface-associated growth is
generally recognized as the most common mode of bac-
terial growth in nature and disease [10] and because bio-
films often form under nutrient-limited conditions [5],
understanding how bacterial cells change size and shape in
response to nutrient limitation in unmixed systems is
fundamental to microbial ecology.

Several experimenters growing biofilms have observed
an unexplained pattern of filamentous growth, even in
monocultures of rod-shaped bacteria. A mixture of
Pseudomonas putida and P. fluorescens degrading a mix-
ture of low molecular weight aromatic chemicals grew as
long stringy cells when attached to the solid support of a
bioreactor but as short rods in liquid culture [30]. Simi-
larly, a Pseudomonas isolate elongated when grown as a
biofilm under oligotrophic conditions, but not when
grown in oligotrophic liquids or when grown on a surface
under nutrient-rich conditions [25]. In normally rod-
shaped S. typhimurium, mutations in the elongation genes
rodA and mre are lethal to biofilm cells but not planktonic
cells [9]. This suggests that in the biofilm mode of growth,
the maintenance of a rod shape has some unique impor-
tance. Filamentous cells are frequently found in biofilms
causing high frictional resistance in fluid systems [25].
This makes the understanding of filamentous cells in
biofilms under nutrient-limited conditions important for
industrial purposes [25]. Furthermore, like biofilms in
flowing systems, bacteria growing in unsaturated envi-
ronments (e.g., in soil [11, 28], on root surfaces [11], on
leaf and food surfaces, as colonies) are surface-associated
and embedded in a polymer matrix, and thus can be
named unsaturated biofilms. Anomalous growth behavior
such as unexpected filamentous growth can make micro-
scopic classification of bacteria in both saturated and
unsaturated biofilms difficult [3]. However, the general
relationship between cell morphology and nutritional
conditions in poorly mixed environments is unknown, as
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is an explanation for the observation that starved
Pseudomonas species elongate in biofilms but not in liquid
culture [25, 30].

In this work, we studied the relationship between nu-
trient deprivation and cell morphology for P. aeruginosa,
an environmentally and medically important bacterium.
By cultivating cells on membranes overlying chemically
controlled solid media or by varying the number of
membranes to control the path length for nutrient diffu-
sion, we were able to simulate a range of nutritional
conditions common to unsaturated environments. Analy-
sis of images acquired by atomic force microscopy (AFM)
provided cellular dimensions from which cell surface area
(SA) and volume were calculated. Statistical comparisons
were made for the various growth conditions and a
mathematical model is presented which both explains our
findings and provides an explanation for prior reports of
filamentous cells in biofilms.

Methods

The method used to cultivate our unsaturated biofilms differs
markedly from the more traditional biofilm cultivation tech-
niques that rely on flow cells to mimic the fluid shear occurring
in saturated environments. Our method is intended to simulate
the environment (no fluid shear, three-phase system) with nu-
trient gradients and zones of depletion as are expected to develop
in a poorly mixed system [26] such as soil.

Strain, Media, and Cultivation

P. aeruginosa strain PG201 (Urs Ochsner, University of Colora-
do) was maintained at —80°C in 70% Luria-Bertani (LB) broth/
30% glycerol. Solid media were prepared from an aqueous
mineral stock containing 0.5 g NH,Cl, 1.725 g Na,HPO, - 7H,0,
and 1.38 g KH,PO, per liter [16] and solidified with 1.5% Bacto-
Agar (Difco, Fisher Scientific, Pittsburgh, PA). Trace minerals
were supplied by adding 40 mL per liter of filter-sterilized (0.2
um) Hutner’s mineral solution [31] after autoclaving and prior to
dispensing into standard petri dishes. The carbon to nitrogen
ratio (C/N) was controlled by the amount of carbon source.
When glucose was the carbon source, it was added to the aqueous
mineral media from a 0.34 g/mL solution to achieve C/N ratios of
1, 11, and 24. Hexadecane, an alternative carbon source, was
dispensed as an 18% filter-sterilized (0.2 pm) solution in hexane
onto the solid media surface. The hexane was allowed to vola-
tilize completely.

Nuclepore® polyester membranes (13 mm diameter, 0.1 pm
pore, 6 um thick, Whatman, Clifton, NJ) were individually ster-
ilized with 70% ethanol for 2 min, air-dried, then transferred with
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sterile forceps to the solid media surface. For treatments in which
nutrient diffusional path length was controlled, 1, 2, or 3 mem-
branes were stacked and the underlying solid medium was
comprised of solidified mineral media supplemented with glu-
cose (C/N = 11).

Membranes were inoculated by transferring a small amount of
frozen stock directly to the membrane surface using a sterile
pick. The inoculated membranes overlying solid media were in-
cubated at 30°C for approx. 16 h before harvesting. The biofilms
grew radially and concentrically away from the point of inocu-
lation. All treatments were independently triplicated.

Sample Harvesting and Microscopy

Membranes with biofilm were removed intact from the agar
surface using sterile forceps. The membranes, with biofilm ori-
ented upward, were transferred to double-sided sticky carbon
tabs (Ted Pella, Inc., Redding, CA) and then onto steel disks.
Samples were air-dried for approximately 30 min in a sterile flow
hood. Drying has been shown to improve AFM imaging without
changing cell morphology [1]. AFM images of biofilms after 30
min and after several days were similar.

The biofilms were imaged in tapping mode, using a Dimen-
sion 3000 AFM (Digital Instruments, Santa Barbara, CA), under
ambient conditions. Silicon cantilevers with resonant frequencies
of ca. 300 kHz were used. Scan rates were ca. 2.5 Hz.

Cell Measurement and Data Analysis

Using Nanoscope software (Digital Instruments), cells were
measured across the center from the lowest point on each side
(between the cell and its neighbor, Fig. 1B). Fields of cells were
selected for measurement along the edges of the biofilm to
minimize capturing the morphological variability that might
occur along a radial axis from the center to the edge of the
biofilm as a consequence of nutrient depletion in the densest
regions [27]. Each cell was considered an individual data point.
Between 15 and 45 cells were measured on each membrane. Cells
were mathematically modeled as rectangular boxes; thus the
cellular SA and volume (V) are:

SA=(21-w)+ (21-d) + (2w - d) (1)
V=I1w-d (2)

where [ is length, w is width, and d is depth. Using the as-
sumption that the depth is proportional to width by a propor-
tionality factor n,

d=n-w (3)

Equations (1) through (3) are combined to calculate the ratio
of surface area to volume (SA/V):

SA 24221 .1 (4)
\% n w l
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Fig. 1.
by AFM. Shown are height (left) and amplitude (right) images
representing a 10-pm square of biofilm. Relative to the cells of
the control treatment (A), cells in the low bioavailability (hex-
adecane-grown) biofilm (B) are noticeably elongated. Cells with

Unsaturated Pseudomonas aeruginosa biofilms imaged

central constrictions (white arrows) were thought to be dividing
and were not measured. The white cross bar in (B) indicates how
the length and width of each cell was measured.

Similar results can be obtained by assuming cylindrical ge-
ometry, but the bacteria appeared relatively flat making rectan-
gular boxes an acceptably simple conceptual model. Where
equations included a depth term, we assumed that depth is equal
to width (i.e.,
depend on this assumption are valid. Pairwise comparisons for
the treatments were conducted using single-factor ANOVA per-
formed using Excel 2000®. The measurement error associated

n=1). As long as n <1, our calculations that

with width and length was propagated through all calculations
using accepted methods [33].

Results
Nutritional Effects on Cell Morphology

Unsaturated biofilms were grown under conditions of
carbon limitation, nitrogen limitation, and low carbon
bioavailability. Our control medium used glucose as a
carbon source and had a C/N of 11, very close to the ratio
dictated by a generalized formula (CsH;NO,) for bacteria
[13] assuming one-half of the glucose is mineralized. The
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carbon-limited (C/N =1) and nitrogen-limited (C/N
= 24) media used differing amounts of glucose to control
C/N. Hexadecane was used as a carbon source to limit
carbon availability by low aqueous solubility.

As has been seen previously, AFM provides detailed,
high-resolution images of unsaturated biofilms relatively
nondestructively [1]. In our samples, cells were easily
identified as bright, smooth, rectangular outlines with
slightly rounded corners (Fig. 1). In all treatments, the
dark color in the centers of the cells indicates that cell
centers are lower than the edges. This is either a natural
feature or due to a loss of cell turgor pressure upon drying.
Particularly for our control treatment (glucose as a carbon
source, C/N = 11), symmetric central constrictions were
sometimes evident (Fig. 1A, white arrows), indicating
cellular division.

We measured the lengths and widths of the cells for
several images per sample, always defining the length as
the larger distance. Because the cells were so closely
packed and were likely thicker than the AFM tip length,
absolute depth could not be measured. However, since
actively growing Pseudomonas are rod-shaped bacteria,
the cell depth is nearly the same as the width. The carbon-
limited (C/N = 1) and nitrogen-limited (C/N = 24) cells
were longer than control cells, which grew at a balanced
C/N. Otherwise, the biofilms appeared similar. When
biofilms were cultivated using hexadecane (Fig. 1B) in-
stead of glucose (Fig. 1A), cells were also significantly
elongated. As compared to the control, the cell boundaries
were not as crisply defined and appeared thicker when
hexadecane was the carbon source. Also when hexadecane
was the carbon source, no significant difference in cell
length was observed for different C/N ratios (data not
presented), reflecting the control of low aqueous solubility
on C bioavailability.

For each treatment, the coefficient of variation (CV) for
the lengths was approx. 20-25% and the CV for the widths
was 10-15%, showing an expected level of variation in
individual cell size [8]. However, there was no correlation
between the length and widths of individual cells, though
such correlations have previously been reported [34]. The
average cell widths for all the treatments were between
0.64 pm and 0.66 um (Fig. 2) and did not vary significantly
(p > 0.1). The average cellular lengths resulting from dif-
ferent nutritional treatments (Fig. 2) were all significantly
different (p < 0.001) with the control cells being the
shortest (1.40 = 0.03 um) followed by the carbon-limited
(1.62 £ 0.04 pm), nitrogen-limited (1.87 = 0.05 pm),
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and hexadecane-grown
(2.52 £ 0.09 pm).

(low Dbioavailability) cells

Effects of Nutrient Diffusional Path Length

Biofilms were cultivated overlying several membranes to
elucidate the effect of increasing the nutrient diffusional
path length on cell size. Diffusional path length signifi-
cantly influenced cell length but not cell width (Fig. 3).
Biofilm cells cultivated on 1 membrane (approx. 6 pm
thick) had the shortest average length (1.396 + 0.034 pm).
Cells in biofilms cultivated on 2 membranes were longer
(2.076 £ 0.047 pm) but not as long as cells in biofilms
overlying 3 membranes, which had an average length of
2.650 = 0.074 pm. The length of the cells was a linear
function (r* = 0.998) of the number of underlying mem-
branes or total path length. Biofilm cellular response to the
increased diffusional distance was extremely similar to the
response to poor nutrition, suggesting a common response
to a common treatment factor in all these experiments.

Modeled Cell SA, Volume, and SA/V

Small cells, like bacteria, have large SA/V. With a larger
SA/V, the cell can exchange materials with the environ-
ment more efficiently, precluding the need for complicated
internal transport systems [4, 24]. Using Equations (1)-
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Fig. 2. Average dimensions for biofilm cells grown under dif-

ferent nutritional conditions. Error bars represent the standard
error of the mean. Bars labeled with ¢’s or d’s are not significantly
different (p > 0.05) and bars labeled with a’s or b’s are not
significantly different (p > 0.10). Unlabeled bars are statisti-
cally unique; ie., they vary significantly from all other bars
within the dimension category (p < 0.02). Treatments were:
control (C/N = 11), carbon-limited (C/N = 1), nitrogen-limited
(C/N = 24), and low bioavailability (hexadecane).
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(4), we calculated the SA, volume, and SA/V for all treat-
ments. In the nutrition experiments, the SA increased
dramatically when the low bioavailability treatment
(7.57 + 1.56 pm®) was compared to the control (4.60 *
0.56 pm?). The SA values of the carbon-limited
(5.11 + 0.64 pm?) and the nitrogen-limited treatments
(5.83 * 0.88 pum?) were intermediate. The cellular SA in-
creased with the number of membranes, from 4.60 + 0.56
umz for biofilms cultivated on 1 membrane, to 6.34 + 0.85
pum? and 7.59 + 1.33 pm? for biofilms cultivated on 2 and 3
membranes, respectively. The average cellular volume was
smallest for the control biofilms (0.627 * 0.029 pm’) and
largest for hexadecane-grown biofilms (1.043 + 0.080
um’). The average cellular volume for carbon-limited
(0.703 + 0.033 pm’) and nitrogen-limited biofilms
(0.828 + 0.047 um?) was intermediate. Biofilms cultivated
on 3 membranes had a larger average cellular volume
(1.098 + 0.072 pm’) than biofilms cultivated on 1
(0.627 + 0.029 pm?) or 2 membranes (0.907 + 0.045 um?).
Across all treatments, the average SA and average cellular
volume varied by 40-80% of the mean values (Figs. 2, 3).

In contrast, the average SA/V varied only slightly with
treatment. The average cellular SA/V (7.69 * 0.35 pm™')
for control biofilms was slightly larger than that of carbon-
limited (7.49 *+ 0.36 um™'), nitrogen-limited (7.27 + 0.41
pm™'), and hexadecane-grown biofilms (6.93 + 0.56
um™'). However, cellular SA/V varied by only 0.75 pm™"
across treatments, which is approximately 10% of the

Il ' Membrane

[Z] 2 Membranes
3 Membranes

K - - g Q.VI NS g
Length Width Surface area Volume SAN

(um) (um) () (umd) m™
Fig. 3. Average dimensions for biofilm cells cultivated on 1, 2,

and 3 membranes overlying glucose-amended solid medium,
C/N = 11. Error bars represent the standard error of the mean.
Bars labeled with a’s or b’s are not significantly different
(p > 0.1). Unlabeled bars are statistically unique; i.e., they vary
significantly from all other bars (p < 0.01).
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Fig. 4. Percentage of the total surface area (p,) that is nutrient-
providing versus the ratio (R) of cell length to cell width for cells
growing on a nutrient-providing surface.

calculated mean. Smaller variations in the average cellular
SA/V were observed between biofilms cultivated on 1
(7.69 + 0.35 um™'), 2 (7.15 + 0.37 pm™'), and 3 mem-
branes (7.18 + 0.51 um™'). Using pairwise comparison,
the cellular SA/V were statistically the same (p > 0.05) for
four treatments. The average cellular SA and volume
varied significantly (p < 0.02) across all treatments. De-
spite the significant differences in both the average cellular
SA and volume, SA/V is relatively constant.

Discussion

We examined bacterial cellular morphology in unsaturated
biofilms as a function of nutrition. We demonstrated that
biofilm cells grow longer but not wider when one nutrient
(C or N) is scarce because of an imbalanced nutrient ratio
or poorly bioavailable carbon source. Similarly, cell
lengths increased with increasing distances separating the
bacteria from their nutrient source, which decreases nu-
trient flux according to Fick’s law. Approximate cellular
SA and volumes were calculated from the length and width
measurements by modeling the cells as rectangular boxes.
The changes in cell lengths altered the SA and volume
more significantly than the SA/V.

A close examination of the mathematics illustrates that
SA/V values are relatively constant when they are calcu-
lated from a changing cell length and relatively constant
cell width. In Equation (4), two fractions are added to-
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gether to determine SA/V, the first dependent solely on
width and the second dependent solely on length. We
assume that #, the ratio of depth to width, will always be
less than or equal to 1 since gravity exerts force only on
cellular depth and not width. Thus the coefficient of the
width-dependent term in Equation (4) will have a
minimum value of 4 and will always exceed the coefficient
of the length-dependent term, 2. Furthermore, since
the length is always greater than the width, the inverse of
the length will always be less than the inverse of the width.
The larger coefficient of the width-dependent term and
the larger inverse of the width in Equation (4) guarantee
that the width-dependent fraction will dominate SA/V.
Given that we saw no significant differences in
width, it is not surprising that SA/V did not vary with
treatment.

The changes in length without changes in width lead to
the obvious question: what advantage do longer biofilm
cells have on suboptimal media? One possible advantage is
that longer cells have more area oriented toward the nu-
trient-supplying media below. Except oxygen, all required
nutrients originate in the underlying solid medium. Thus
most of the cell’s nutrients must diffuse to the biofilm cells
through the bottom cellular faces. Because of the closely
packed arrangement of cells in our biofilm, the cells be-
have as part of a macroscopic whole, with nutrient flux
being proportional to the bottom surface area [21, 22].
Nutrient gathering per cell increases as the cellular SA
increases. We define the nutrient-providing surface area of
the cell, SA,, as the surface area oriented towards the
nutrient source. The SA, is always some percentage, p,,, of
the total SA of the cell:

SA, =22 sA (5)
100

In liquid, because the cell is bathed in its nutrient-
providing medium, all of the cellular SA is nutrient-
gathering, which means p, = 100% and SA,/V = SA/V.
However, in biofilm cells, only one face (the bottom) of
each cell is oriented toward the nutrient source and,
therefore, nutrient-gathering. Thus:

_ 3 100 = Lw £100  (6)
~ SA 2+ 2n)(1-w) + (2n-w?)

Pn

We substitute Zaritsky’s shape factor, R, defined in
equation (7), to obtain a simplified expression for p,,
shown in Equation (8).
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R= " (7)
- R 00 (8)
Pn= (2+2n)R+2n

This relation, graphed in Fig. 4, clearly shows that longer
cells (i.e. those with higher R) have a higher proportion of
their SA oriented toward the solid media. This means that
total cellular SA is used more efficiently for nutrient
gathering. If nutrient-limited sessile cells shrank down to
cocci (R =1) as many nutrient-limited cells in liquid
culture do, their calculated p,, would decrease to 16.7%. In
theory, biofilm cells can convert an additional 8% of their
surface area to be nutrient-providing by infinitely in-
creasing their length. However, in a classic case of di-
minishing returns, the benefit of increasing p, decreases as
the length increases relative to the width (Fig. 4). In-
creasing from a coccus (R =1) to a short rod (R =2)
provides the same 3% increase in p, as an increase from a
short rod (R = 2) to a very long rod (R = 7).

These results question how applicable a classic para-
digm in general microbiology is to biofilms: that starvation
leads to decreases in cell size and thereby increases SA/V.
This paradigm, tested for nutritional conditions ranging
from starved ultra-microbacteria [15] to cells in rich broth
[29], states that because smaller cells have higher SA/V
ratios, they can sequester nutrients more efficiently.
However, most studies relating nutritional conditions to
cell size have been carried out in liquid culture, where
nutrients are provided evenly over the entire cell surface
(i.e., SA, = SA) and SA/V is identical to SA,/V.

The elongation of biofilm cells when grown with a
strongly directional nutrient source has been observed in
both this paper and other work [25, 30]. Gradients of
nutrient availability are generally expected to occur near
interfaces. In papers by Kjelleberg et al. [20] and James
et al. [18], though, starvation of bacteria at interfaces
reduced the average cell size. These interfaces are more
sparsely colonized and the majority of bacteria are not in
physical contact with other bacteria. However, even
though the average cell size at the interface was less than
in the bulk phase, the largest cells were found at the in-
terface [20] suggesting that elongation could have oc-
curred in some interfacial cells. The different responses
observed may be due to the difference in diffusion in
biofilm, a macroscopic system where nutrient flux is
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proportional to surface area [21, 22], and diffusion around
isolated cells, which are microscopic systems where
nutrient flux is proportional to cell length [2]. Thus,
whether elongation occurs may be partially density-
dependent. Further testing is also needed to determine
whether other species of bacteria elongate as a result of
nutrient stress or if this response is unique to Pseudo-
monas species.

Although elongation was clearly observed in response
to nutrient stress, other stresses may also stimulate elon-
gation. In liquid culture, cells enlarge in response to ele-
vated temperatures [8], swell with osmotic upshock
[12, 19], and often elongate with antibiotics [35]. The di-
rect activity of the stressor may be responsible for changes
in cell size, as has been demonstrated for osmotic stress
[12, 19] and antibiotics [35], but in unsaturated systems,
such as soil, many stresses indirectly influence nutrient
availability. For example, soil desiccation can result in low
nutrient availability since water is the solvent in which
nutrients are transported to the cells [32]. Similarly, in-
creasing or decreasing the temperature changes the rate of
diffusion and thereby increases or decreases the rate of
nutrient resupply. The pervasiveness of nutrient stress in
natural environments, whether alone or in combination
with other stresses, may explain the high degree of general
stress resistance starved cells exhibit [14]. By focusing on
nutrient stress in the absence of other stressors, we were
able to isolate the biofilm cellular response to what is likely
to be a common underlying stress in most soil systems.
Further research is needed to determine whether elonga-
tion is a more general stress response that may occur from
other individual stressors or many stressors acting in
concert.

There have been previous reports that, under poor
nutritional conditions, bacteria growing in biofilms as-
sume a fibrous mode of growth [25, 30]. Poor nutrition
can result from a variety of causes, including nutrient
imbalance, poor bioavailability, and increased physical
separation from the nutrient source, all of which have been
demonstrated in this paper. In the fibrous mode of growth,
P. aeruginosa significantly and noticeably increase their
average length while the cell widths remain constant. In
theory, this increases the percentage of cellular surface
area oriented toward a planar nutrient source. This is
analogous to the increase in SA/V observed for starved
cells in liquid culture, but clearly growth-habit-dependent.
The increase in SA, seems to be a compensatory mecha-
nism for the decreased flux of nutrients to the cell, pos-

R.E. Steinberger et al.

sibly explaining the phenomenon of fibrous growth in
biofilms.
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