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Abstract

We quantified the effects of matric and solute water potential on toluene biodegradation by Pseudomonas putida
mt-2, a bacterial strain originally isolated from soil. Across the matric potential range of 0 to – 1.5 MPa, growth
rates were maximal for P. putida at – 0.25 MPa and further reductions in the matric potential resulted in concomitant
reductions in growth rates. Growth rates were constant over the solute potential range 0 to – 1.0 MPa and lower
at – 1.5 MPa. First order toluene depletion rate coefficients were highest at 0.0 MPa as compared to other matric
water potentials down to – 1.5 MPa. Solute potentials down to – 1.5 MPa did not affect first order toluene depletion
rate coefficients. Total yield (protein) and carbon utilization efficiency were not affected by water potential,
indicating that water potentials common to temperate soils were not sufficiently stressful to change cellular energy
requirements. We conclude that for P. putida: (1) slightly negative matric potentials facilitate faster growth rates
on toluene but more negative water potentials result in slower growth, (2) toluene utilization rate per cell mass is
highest without matric water stress and is unaffected by solute potential, (3) growth efficiency did not differ across
the range of matric water potentials 0.0 to – 1.5 MPa.

Introduction

In situ bioremediation is advantageous for mitigating
volatile organic compound (VOC) pollution in con-
taminated soils because, as compared to excavation
and offsite treatment, it is generally more cost effec-
tive and reduces the risk of releasing pollutants to the
atmosphere. Although there is a great deal of interest in
in situ bioremediation, the factors that may influence
in situ biodegradation processes are not well under-
stood. Six environmental factors have been identified
as possible determinants of successful bioremediation:
(1) available soil water, (2) oxygen, (3) redox potential,
(4) pH, (5) nutrients, and (6) temperature (Sims et al.
1993). Water availability, specifically the matric and
solute components of soil water potential, is a signifi-
cant determinant of microbial physiology in soil (Har-
ris 1981; Brown 1990). Matric water potential arises
from the interaction of soil water with solid surfaces

and is the dominant component of total water poten-
tial in non-saline soils (Papendick & Campbell 1981).
Solute water potential is determined by the interac-
tions of salts with soil water; solute potential may con-
tribute significantly to total water potential when soil
water content is low. Through its relationship to water
film thickness (Taylor & Ashcroft 1972), matric water
potential affects the supply of gas and solution phase
nutrients to microorganisms (Papendick & Campbell
1981). Thus, matric water potential can serve as a uni-
fying environmental determinant of unsaturated zone
biodegradation.

Given the importance of soil water potential to in
situ biodegradation, an understanding of the mech-
anisms through which water potential may affect
biodegradation rates is needed. The mass transfer of
VOCs through soils as a function of water content
is generally understood: at high water contents mass
transfer is impeded due to reduced air-filled pore space
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and partitioning of VOCs into soil water. At low water
contents air-filled pore space is increased yet VOC
molecules may be retarded by adsorption onto soil sur-
faces (organic or mineral) (Petersen et al. 1994). This
level of understanding of the effects of water potential
on VOC mass transfer in soils is sufficient for incor-
poration into predictive mathematical models. How-
ever, the effects of water potential on intrinsic bac-
terial physiology during VOC biodegradation are not
similarly understood. Therefore, we have examined
the effects that water potential has on bacterial growth
rates, toluene depletion rates and growth efficiency to
provide a better understanding of how water potential
may affect biodegradation in the soil environment.

Our approach to examining how water potential
affects toluene biodegradation includes studying both
matric and solute components of total water potential.
In many previous studies of water stress effects on
physiology, salts were added to soil slurries to show
that, for example, nitrification rates (Stark & Firestone
1995) and 2,4-D degradation rates (Han & New 1994)
decreased with decreasing water potential. Adjusting
the salt concentration of soil slurries or pure liquid
cultures alters the solute component of water potential
and may or may not also result in specific ion toxicity.
Recently, Schnell & King (1996) reported that methane
oxidation rates decreased with decreasing water poten-
tial when either salts (KCl or NaCl) or sugar (sucrose)
were used to lower the solute or matric water potentials,
respectively, of soil slurries. We have adopted a differ-
ent approach to simulating matric potential: adding
high molecular weight polyethylene glycol (PEG), a
solute that does not pass bacterial membranes, to liq-
uid cultures (McAneney et al. 1982). PEG is water
soluble and its mass in liquid culture media can be
varied to simulate matric water potential.

Salts were used in previous studies to simulate total
soil water potential in soil slurries because the alter-
native, that of simply drying soil, resulted in diffu-
sional limitations on the resupply of N, P and K. In
whole soil, nutrient limitations at low water content
will restrict microbial processes (Stark & Firestone
1995; Schnell & King 1996). In that our goal here
was to investigate the physiological effects of water
stress on the biodegradationof a VOC, we avoided con-
founding mass transfer effects by working with well-
mixed liquid cultures. Recent studies of methanotrophs
showed that water stress affected methane oxidation
rates similarly in liquid cultures and in whole soils
(Schnell & King 1996). In studies of purified enzyme
transformations (Laurent 1971; Andersson & Hahn-

Hägerdal 1987) and of bacterial growth (McAneney et
al. 1982; Busse & Bottomley 1989), low matric poten-
tials achieved by high PEG concentrations reduced
rates. However, a few studies have shown that growth
rates (McAneney et al. 1982; Busse & Bottomley 1989)
and photosynthetic rates (Potts & Friedmann 1981) are
optimal in the presence of a slightly negative matric
potential. The composite water stress literature pro-
vides some clues as to how water potential may affect
microbial physiology during biodegradation process-
es. However, to our knowledge, an examination of how
the solute and matric components of water potential
affect the microbial physiology operative in pollutant
biodegradation has not previously been performed.

In this report, we have examined the effects of simu-
lated solute and matric components of soil water poten-
tial in liquid culture in order to assess, separately from
the extrinsic mass transfer limitations that occur in dry-
ing soil, the growth and kinetics of toluene utilization
by Pseudomonas putida mt-2. Our results reveal that
(1) a slightly reduced matric potential results in fastest
growth rates, (2) toluene depletion rates are fastest
when P. putida is without matric water stress and (3)
carbon utilization efficiency is constant over a range of
matric potentials reflective of wet to dry soil.

Materials and methods

Chemicals

Analytical grade toluene, xylene and D-glucose were
obtained from Mallinckrodt, Inc. Polyethylene gly-
col, average molecular weight 8000 (PEG-8000), was
obtained from Sigma Chemical Company.

Growth media

The liquid basal medium consisted of 0.5 g NH4Cl;
1.725 g Na2HPO4�7H2O; 1.38 g KH2PO4; and 10 mL
half-strength Hutner’s Mineral Base (Smibert & Krieg
1994) per liter of Milli-Q water. Glucose or toluene
were provided at equimolar concentrations of carbon
(1.28 or 0.563 g per liter, respectively). Based on a
Henry’s Law constant of 0.27 (gas phase concentra-
tion/aqueous phase concentration) (Mackay & Shiu
1981), a liquid culture volume of 100 mL and a total
flask volume of 586 mL, the initial toluene concentra-
tion in the basal medium solution phase was 250 mg/L.
The water potential of the basal medium was – 0.15
MPa. To simulate the solute and matric components of
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total water potential, we amended the basal medium
with various concentrations of either NaCl or PEG-
8000, respectively. To alter the water potential of the
basal medium by either – 0.125, – 0.25, – 0.375, – 0.5,
– 1.0, or – 1.5 MPa, we added either 1.6 or 70 g, 3.2
or 100 g, 4.8 or 130 g, 6.4 or 150 g, 12.8 or 262 g, and
19.2 or 330 g of either NaCl or PEG-8000 per liter,
respectively (Harris 1981; Soroker 1990). All media
was filter sterilized (0.2 �m) prior to use. The water
potentials we studied represent the range of soil water
potential conditions, from near saturation to very dry,
that commonly occur in surface soils. For water poten-
tials lower than – 1.5 MPa, microbial metabolism is
expected to be severely impaired (Harris 1981) and
biodegradation would probably be insignificant.

Because PEG can serve as a carbon source for some
bacteria (Haines & Alexander 1975; Cox 1978), we
determined in advance that neither PEG-8000 nor eth-
ylene glycol (monomer of PEG) supported growth of P.
putida by measuring both colony forming units (CFUs)
and culture absorbance (660 nm) in cultures unamend-
ed with exogenous carbon. Furthermore, because high
PEG-8000 concentrations can reduce oxygen solubili-
ty (Mexal et al. 1975), we determined in advance that
the gas-to-liquid mass transfer of oxygen and toluene
was not affected in – 1.5 MPa matric potential adjust-
ed culture media as culture growth rates did not vary
across small to large culture volumes.

Bacteria and growth conditions

Pseudomonas putida mt-2 was maintained at – 80 �C
and was grown on Luria-Bertani (LB) agar when an
inoculum was required for liquid culture. For growth
and substrate utilization studies, P. putida was first
grown in glucose or toluene-amended basal media to
early stationary phase. Cells were separated from cul-
ture medium by centrifugation (30,000 g; 10 minutes;
5 �C), washed once and resuspended in approximate-
ly 1 mL basal medium. This suspension was used to
inoculate the PEG or NaCl-amended basal medium
and carbon was supplied as either glucose or toluene,
corresponding to the carbon source of the inoculum.
Cultures were grown in 586 mL triple-baffle side-arm
culture flasks (Bellco Biotechnology,Vineland NJ) that
were made gas-tight by wrapping threads with Teflon
tape and capping the top with a 38 mm Teflon-lined
cap and the side-arm with an 18 mm mininert cap (All-
tech Associates). Cultures were incubated in an orbital
shaker/incubator (150 rpm) at 27 �C. Growth was mon-

itored by measuring changes in culture absorbance at
660 nm.

Gas chromatography

Toluene concentrations were determined by gas chro-
matography (GC). Headspace samples (60 �L) were
analyzed for toluene during bacterial growth using
a Hewlett-Packard 5890A gas chromatograph with a
flame ionization detector (FID) (modified EPA Method
3810, SW 846). The carrier gas was ultra high purity
nitrogen (UHP, Matheson Gas Products) at a flow rate
of 30 mL/min. Other operating conditions were: oven
and detector temperature: 105 �C; injector tempera-
ture: 125 �C.

Toluene standards that were less than 1 mg/L were
made by injecting known amounts of saturated toluene
vapor into 2-liter static dilution bottles with 24 mm
mininert caps (Tekmar Co., Rosemount Analytical
Inc.), according to EPA standard operating procedures
(Morris et al. 1990). Various volumes of liquid toluene
and xylene were combined in gas-tight vials to provide
a range of gas-phase toluene standards above 1 mg/L
and Raoult’s Law was used to calculate the resulting
headspace concentrations in these mixtures. All stan-
dards and samples were in thermal equilibrium prior
to GC analysis.

Henry’s Law relationships in water potential-adjusted
media

Because PEG is a known cosolvent (Banerjee &
Yalkowsky 1988; Morris et al. 1988), we determined
Henry’s Law coefficients by adding various masses of
PEG-8000 or NaCl to a series of gas-tight bottles con-
taining equivalent volumes of basal media. Equivalent
volumes of toluene (less than the solubility limit) were
added to each vessel, headspace analysis for toluene
was performed after the solutions had equilibrated, and
a mass balance was used to determine the amount of
toluene in solution. NaCl had no effect on toluene gas-
liquid partitioning, whereas PEG-8000 did, resulting
in the following Henry’s Law coefficients: 0.27 for
0.0 MPa, 0.27 for – 0.25 MPa, 0.26 for – 0.50 MPa,
0.20 for – 1.0 MPa, and 0.17 for – 1.5 MPa. These
Henry’s Law coefficients were then used to determine
whether resulting initial solution phase toluene concen-
trations of 100 to 300 mg/L were toxic. We determined
that culture lag phase, growth rate and toluene deple-
tion rates for P. putida were unaffected by these initial
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toluene concentrations and, thus, the slight variation in
Henry’s constants had no impact on growth.

Thermocouple psychrometry

The water potential of the culture media was veri-
fied before use by thermocouple psychrometry with a
nanovoltmeter/thermometer (Models SC10 and NT-3,
Decagon Devices Inc., Pullman, WA). Known con-
centrations of NaCl in deionized, distilled water were
used for standards. The water potentials of the stan-
dards were calculated using the Van’t Hoff relation-
ship (Papendick & Campbell 1981). All measurements
were made at 25 �C.

Cellular protein content

Cells were isolated by centrifugation (30,000 g; 20
minutes; 5 �C) within 0.75 to 1.5 hours after the onset
of stationary phase, and then solubilized at 90 �C for 10
minutes in 1 N NaOH. Protein content was determined
by the method of Bradford (Bradford 1976).

Culturable counts

The number of CFUs within 0.75 to 1.5 hours after the
onset of stationary phase was determined by serially
diluting the cultures in basal or NaCl-amended media
of the same water potential as the culture medium and
plating them onto Luria agar. Plates were incubated at
27 �C for 48 hours.

14C-toluene utilization efficiency

The efficiency of 14C-toluene utilization was assessed
for matric potentials of 0, – 0.25, – 0.5, – 1.0 and
– 1.5 MPa. The inocula was prepared by growing
P. putida in basal medium to mid-exponential phase
with an initial liquid phase toluene concentration of
150 mg/L. Cells were recovered by centrifugation.
Triplicate side arm flasks containing 100 mL each
of appropriate PEG-amended media were inoculated
with 100 �L of the cell suspension and provided with
39 �L of 0.5 �Ci/mL 14C-(ring) labeled toluene (Sig-
ma Chemical Co.) for a starting liquid phase toluene
concentration of 150 mg/L. The side arm of each flask
contained 2 mL of 1 N NaOH to trap 14C-CO2. The
flasks were incubated at 27 �C and shaken at 150 rpm.
During growth, NaOH was periodically removed and
replaced with fresh NaOH through the side Mininert
valve using a 10-inch luer needle attached to a sterile

syringe. Removed NaOH was dispensed into a 15 mL
scintillation vial and 10 mL of scintillation cocktail
(Scintiverse II) was added.

After cultures were grown to maximum optical den-
sity (OD), the amount of radiolabel in all pools was
determined: NaOH-trapped CO2, cells, whole culture
and culture filtrate. To determine the amount of 14C in
the cells and filtrate, 2 mL of early 0.2 �m nylon mem-
brane. The membrane was transferred to a scintillation
vial containing 2 mL of 1 N NaOH and heated (90 �C)
in a water bath for 10 minutes to lyse cells prior to
adding 10 mL of scintillation cocktail. The filtrate was
handled in two ways: 1 mL was combined with 1 mL
2N NaOH in a scintillation vial to determine remain-
ing parent compound, intermediates and dissolved 14C-
CO2; the remaining 1 mL was combined with 1 mL of
2 N HCl to drive off dissolved 14C-CO2 prior to adding
scintillation cocktail. The amount of radiolabel in the
whole culture was determined by combining 1 mL of
the early stationary phase culture with 1 mL of 2 N
NaOH in a scintillation vial prior to adding scintilla-
tion cocktail. Scintillation counting was done with a
Beckman LS9000 instrument.

Results

Influence of water potential on growth rates

We grew P. putida with either glucose or toluene as
the carbon source so that the effects of reduced water
potential (by either NaCl or PEG-8000) on growth rates
could be compared between a benign (glucose) and a
potentially toxic (toluene) carbon source. In general,
we observed that toluene-utilizing cultures grew more
slowly than cultures utilizing glucose (Figure 1). When
toluene was the carbon source, we observed the fastest
(P = 0.05, by Fisher’s LSD) growth rate at – 0.25 MPa
matric potential (Figure 1). Similarly, when glucose
was the carbon source, the growth rate at – 0.25 MPa
matric potential was significantly faster (P = 0.05) than
the other matric potential conditions (Figure 1), but it
was not faster than the growth rate in basal media.
When either glucose or toluene was the carbon source,
growth rates decreased with decreasing matric poten-
tials below – 0.5 MPa (Figure 1).

For glucose-grown cultures,growth rates decreased
with decreasing solute potential (Figure 1).For cultures
grown with toluene, only – 1.5 MPa (NaCl) resulted in
a significantly lower growth rate (P = 0.05). To deter-
mine whether the reduction in growth rate imposed
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Figure 1. Influence of solute and matric water potential on culture
growth rates. A: Glucose; B: Toluene; open symbols = permeating
solute (NaCl); closed symbols = non-permeating solute (PEG 8000).
Values are the means � SEM of 3–5 independent replicates.

by the solute NaCl was due to either a water poten-
tial effect or salt toxicity, we examined the influence of
sucrose on growth kinetics. In general, growth rates for
the permeating solutes NaCl and sucrose were similar.
For example, at – 0.25 MPa, the growth rate (27 �C)
with NaCl was 0.339 � 0.011 hr�1 and with sucrose
was 0.349 � 0.005 hr�1 when toluene was the carbon
source. Growth rate determinations based on either
direct counts or CFUs confirmed the patterns shown in
Figure 1.

Effect of water potential on toluene utilization rate
coefficients

In addition to assessing the influence of water poten-
tial on growth rates, we studied the influence of water
potential on toluene depletion rate constants. The ini-
tial liquid phase concentration of 250 mg/L toluene
was well above the Michaelis-Menten half saturation
constant for P. putida (Holden 1995). Thus our model
for describing toluene depletion over time is applica-
ble to reasonably high initial toluene concentrations
and is first-order with respect to cell concentration and
zero-order with respect to toluene concentration. The
differential form of the model is: dS/dt = - k X; where
S = toluene concentration (mg/L, liquid phase), k =
first order rate coefficient (mg toluene/mg cells-time)
and X = cell concentration (mg/L). We used culture

Figure 2. Influence of solute or matric water potential on toluene
depletion first-order rate coefficients. Open symbols = permeating
solute (NaCl); closed symbols = non-permeating solute (PEG 8000).
Values are means � SEM of 3 independent replicates.

protein for the cellular mass term, X; thus units for k
are: mg toluene/mg-protein-hour. The integrated form
of the equation that we used to calculate k for each
growth condition was: k = � (MS/MX), where � is
the specific growth rate from Figure 1. The calculat-
ed rate coefficients plotted against water potential are
shown in Figure 2. There was no significant difference
(P = 0.05, by Tukey’s HSD (Daniel 1991)) between
rate coefficients when NaCl was used to reduce the
water potential. The rate coefficient was significant-
ly higher for the 0.0 MPa condition as compared to
reduced matric potentials. However there was no sig-
nificant difference in values across the matric potential
range – 0.25 to – 1.5 MPa.

Toluene utilization efficiency and cell yield

The growth of microorganisms at reduced water poten-
tial conditions may result in the potentially energy-
intensive production of compatible solutes (Harris
1981; Brown 1990), which could reduce cell yield.
Partly due to our observation that growth rates were
fastest at – 0.25 MPa matric potential, we wanted
to determine whether matric water potential affected
growth efficiency when 14C-toluene was provided as
the sole carbon and energy source. The distribution
of 14C to the CO2, cell and filtrate pools was deter-
mined by comparing each 14C-labeled pool to the total
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Figure 3. Influence of matric potential on carbon utilization efficien-
cy ( ) and cellular protein (�) and influence of solute potential (N)
and matric potential ( B ) on maximum optical density. Toluene was
the carbon source. Values are means � SEM of 3–5 independent
replicates.

amount of radiolabel added. Matric water potential had
no effect on the distribution of radiolabel to the three
pools studied: cells, NaOH-trapped CO2, and filtrate.
Acidifying the filtrate did not affect total 14C in the fil-
trate pool; thus 14C-CO2 was not retained in the culture
media and the NaOH trap was an effective sink. Also
for all cultures, our mass balance on 14C in the filtrate
and cell pools was confirmed by the whole culture 14C
values.

The efficiency of toluene catabolism is calculated
as the ratio of cell-associated 14C to the combined 14C-
CO2 and cell-associated 14C values, and values are
plotted in Figure 3. Using Fisher’s LSD (P = 0.05),
the conversion efficiencies were statistically indistin-
guishable across the five tested matric water potential
conditions.

As another measure of yield, we determined the cel-
lular protein content of early stationary phase cultures
after all toluene was depleted from culture headspace.
Regardless of carbon source, neither solute nor matric
water potential (Figure 3) had a statistically significant
effect (P = 0.05, by Fisher’s LSD) on culture protein
content.

Finally, maximum ODs for the solute and matric
potential-controlled toluene-grown cultures are plotted
in Figure 3. Maximum OD means were not significant-
ly different (P = 0.05,Tukey’s HSD) across the range of
solute potentials tested. However, across the range of

Figure 4. Influence of matric water potential on maximum stationary
phase CFUs (A) and protein content per cell (B); B glucose,  
toluene. Values are means � SEM of 3–5 independent replicates.

matric potentials tested, all maximum OD means were
significantly different (P = 0.05) and values decreased
with decreasing matric potential.

Cell numbers and size

We examined the effect of water potential and toluene
on the numbers of CFUs in early stationary phase.
In all cases there was complete utilization of the
carbon source and the number of stationary phase
CFUs did not change prior to cell harvest. Decreasing
solute potential had no statistically significant effect
(P = 0.05) on the numbers of early stationary phase
CFUs; CFUs with glucose averaged (log10) 8.96 �

0.02 and with toluene averaged (log10) 8.41 � 0.03
across the range of solute potentials. The CFUs in
the – 0.25 MPa matric potential cultures were statis-
tically fewer (P = 0.05) than either the basal medium
or the other matric potential cultures (Figure 4). The
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protein content and culturable population data were
transformed into protein content per cell (Figure 4).
At – 0.25 MPa matric potential the calculated protein
content per cell was significantly higher (P = 0.05) than
other growth conditions for both carbon sources; oth-
erwise there were no significant differences (P = 0.05)
between treatments. The CFU and protein/CFU data
(Figure 4) support our visual observations using phase
contrast microscopy that, at the time they were harvest-
ed for CFU measurements, the cells growing at – 0.25
MPa matric potential were visibly larger than the other
water potential conditions. However, by 6 hours after
the onset of stationary phase, the number of CFUs in
the – 0.25 MPa matric potential treatment increased to
levels comparable to the other water potential condi-
tions and the cells were smaller than they were in early
stationary phase.

Discussion

In this study, we measured the physiological effects of
water potential on P. putida. Our goal was to determine
the importance of water potential to the biodegradation
of a VOC, toluene. The physiological indices that we
measured in this study included growth rate, substrate
utilization rate, substrate utilization efficiency, yield,
cell numbers and size. Our results suggest that VOC
biodegradation may be strongly influenced by water
potential and by whether the matric or solute com-
ponent of total water potential is dominant. Further,
carbon source appears to influence which component
of total water potential, either solute or matric, is most
important to microbial physiology. The data in Fig-
ure 1 best support these conclusions. Here, we see
that for either carbon source, microbial growth rates
are highest when the matric potential is slightly nega-
tive (– 0.25 MPa). We elaborate on this observation in
the next paragraph. Further, with both carbon sources,
microbial growth rates decrease with decreasing matric
potentials below – 0.5 MPa. Still considering Figure 1,
we find that solute potential effects on growth rate are
quite different from matric potential effects. Primari-
ly, the effect of solute potential on growth rates dif-
fers for the two different carbon sources: growth rates
decrease with decreasing solute potential when glucose
is the carbon source, yet solute potential doesn’t affect
growth rate when toluene is the carbon source. At the
scale of the biodegrading microorganisms in soil and
based on our findings, we might expect that growth
rates will decrease when the carbon source shifts from

a benign to a toxic (toluene) substrate. Further, we
might expect that growth rates would be highest at a
slightly negative matric potential, and that reductions
in growth rates during soil drying would be attributable
more to matric rather than solute effects when a VOC
was the carbon source.

In that growth rates were faster at a – 0.25 MPa
matric potential than at any other solute or matric
water potential we examined, our results suggest that
slightly negative matric water potentials may confer
physiological advantages to bacteria originating from
unsaturated environments. Similar to our results, Busse
& Bottomley (1989) previously reported that slight-
ly negative matric water potentials (– 0.25 MPa) can
increase the growth rates of Rhizobium meliloti in soil.
Also, McAneney et al. (1982) found that the growth
rate of Arthrobacter crystallopoietes was faster at – 0.8
MPa matric potential as compared to either a similar
solute potential, the basal medium control, or any other
matric or solute potentials that were examined. Finally,
the photosynthetic rates of cryptoendolithic cyanobac-
teria have been shown to be faster at a slightly nega-
tive matric water potential (Potts & Friedman 1981).
All of these organisms, including P. putida, reside in
soils and these responses suggest that many soil bac-
teria may be more physiologically suited to a range of
matric potentials that are reflective of the indigenous
soil ecosystem.

Our finding that cell yield was constant across a
range of matric water potentials that are common in
temperate ecosystems is an indication that low matric
water potentials may not be as physiologically costly,
in terms of maintenance energy requirements, as his-
torically hypothesized (Pirt 1975; Brown 1990). Both
Brown (1990) and Pirt (1975) describe the survival of
microbes at low water potentials as energy-intensive.
Brown (1990) provides the example of Saccharomyces
cerevisiae that, due to the energy intensive produc-
tion of glycerol at low matric water potentials, ceas-
es to grow at – 8 MPa. A generalized response to
water stress is production of compatible solutes (Har-
ris 1981). Also, production of extracellular polysac-
charides in response to matric water stress has been
observed (Roberson & Firestone 1992). Responses
such as production of compatible solutes or extracellu-
lar polysaccharides require cellular energy and should
decrease the balance available for cell synthesis. How-
ever, for toluene-grown P. putida cultures, we found
that there was no measurable effect of water potential
on cell yield, as determined by measuring the total
cellular protein content or 14C incorporation efficien-
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cy (Figure 3). Our findings suggest that physiological
adjustments to water stress are not necessarily energy-
intensive and that a long-standing soil microbiology
paradigm warrants further study.

In comparing our findings regarding cellular effi-
ciency to findings published previously, we conclude
that certain measures used to indicate efficiency may
introduce bias when water potential is the primary cul-
ture variable. More specifically, if we had interpreted
our measurements of culture maximum OD (Figure
3) as the only index of biomass yield, as others have
done (Schnell & King 1996), we would have con-
cluded that matric stress significantly reduces yield.
In this case, because the carbon source is completely
utilized at the time of measurement, the relationship
of yield to water potential can be analogized to effi-
ciency/water potential relationships. We question the
use of turbidemitry alone as a tool for indicating bio-
mass yield in water stress experiments because the
refractive index of cells is known to change according
to culture osmolarity (Pirt 1975). In fact, turbidime-
try is the tool often used to monitor cellular morpho-
logical changes in response to acute osmotic stress:
culture turbidity changes upon exposure to osmolites
(Mager et al. 1956; Knowles 1971; Alemohammad &
Knowles 1974; Koch 1984). It is interesting that, for
our study and Schnell & King’s (1996), these types of
changes apparently occur for only the non-permeating
solute-amended cultures and not for the permeating
solute-amended cultures. Changes in maximum OD
with changing matric potential could conceivably be
attributed to cell size changes. We observed that the
cells grown at – 0.25 MPa matric potential were tran-
siently larger at late exponential phase. However, cell
sizes at lower matric potential culture conditions were
not reported for our studies because, with increasing
concentrations of PEG, the refractive index of the cul-
ture medium resulted in obscured cell boundaries by
phase contrast microscopy. In addition, the other poten-
tial effects of water stress on cellular morphology, e.g.
plasmolysis or outer membrane changes, could also
affect turbidimetric measurements and thus make such
measurements suspect as a tool for comparing cell yield
across water potentials.

Finally, as with OD, we found that CFUs of late
exponential cultures were not a useful measure of total
biomass across the range of matric potentials studied
(Figure 4). Because of the larger cell size at – 0.25
MPa, maximum CFUs were significantly lower than
the other culture conditions (Figure 4A). The cells at
– 0.25 MPa, because of their size, had a higher pro-

tein content than cells grown at other matric potentials
(Figure 4B). Thus, comparing Figures 3 and 4, we see
that the interpretation of how water stress affects total
biomass is very dependent on the type of biomass mea-
surement made. In our opinion, the cellular protein and
carbon utilization efficiency measurements (Figure 3)
are more reliable indices of yield because they were not
subject to the cellular morphological changes affecting
OD and CFU measurements.

In this study we have shown that water potential
can affect the physiology of VOC-degrading bacteria.
Specifically, we have shown that a slightly negative
matric potential (– 0.25 MPa) increased the growth rate
of P. putida when toluene was the carbon source and
that toluene depletion rates and cell yield were prac-
tically unaffected by negative water potentials. Thus,
the biodegradation of VOCs may be enhanced in slight-
ly unsaturated systems as compared to fully saturated
systems. Overall, our findings further define the role
of water stress in determining biodegradation rates in
the environment. Specifically, our findings can be used
to predict how biodegradation in transiently wet and
dry environments, such as soil or ex situ biofiltration
reactors, may be affected by water availability.
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