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Microbial communities capable of degrading biopolymers and surfactants typically found in graywater were selected

in continuous-flow bioreactors operated at 30, 44, 53, or 62 °C. The effect of temperature upon microbial activity and
community composition was determined. Microbial respiration of the organic components of the medium (including

linear alkylbenzene sulfonate) was detected in samples from each reactor. The microbial community in each reactor
was adapted to the operating temperature. Nucleic acid-based analyses of community composition showed that
distinct consortia were present at each temperature. Community complexity was inversely related to temperature.

The specific maintenance rate was twofold higher at 62  °C than at the lower temperatures. Under starvation con-
ditions, microbes in the 62 °C system lost membrane integrity 30- to 100-fold faster than microbes at lower tempera-
tures.
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Introduction ceases. However, the outcome in systems populated by

Aerobic biological wastewater treatment systems use mixeggnmaloerx (;?f'f)étrlgﬁts r?]];XTdfégb'(?fl 2p2(é'i2z |zslefésnc1:leea;;t§rzleic;-
microbial communities to catabolize organic substrates tvaried can oceur: this selective f(F))rce might imp:fct not only
innocuous gaseous products (§OWe have investigated . . St . . .

! . : . the identity of individual species but also the diversity of
tcrlf [%SEO?; ?(;?ﬁzcttr?ar:tr(r?g:: (\)A]g;hr :;v(\javtvétrhg/:/gsbtg)vr\?aati?srg(rzg}he microbial community. These changes in community
duceé from galley, scullery, laundry, shower and IavatorycompOS't.'on can impact steady—_state process rates and also
sinks). The primary organic components of these Water§Ommunlty stability to perturbations.
are biopolymers (proteins and polysaccharides) and such
surfactants as linear alkylbenzenesulfonates (LAS). PreMethods
vious work explored physiological changes in the microbial

. . . Continuous cultures
community that occur as substrate flux to the microbes i . . N .
altered, and the impact this has upon process rates O ontinuous-flow bioreactors were maintained in 580-ml

microbial catabolism. Here, the impact of temperature upo vessels (Cytolift glass airlift bioreactor, Kontes, Vineland,

'NJ USA). The reactor was maintained at the desired tem-
reactor functionality, microbial physiology and community _~’ N . >
composition is investigated. perature by circulating water through the water jacket of

Most wastewater treatment bioreactors are operated ?e reactor. The rate of sterile medium addition was con-

. olled by a Gilson Minipuls 2 peristaltic pump (Gilson Inc,
temperatures of 5-36, the temperature of the ambient Middleton, WI, USA). Aeration and agitation occurred by

environment. However, many industrial waste streams ar . . D X
produced at high temperatures or have an organic conte%@siiﬂirg 2L mir of sterile, humidified air through

that results in reactor auto-heating [11]. Although there is . . .
abundant precedent for degradation of biopolymers at tem- Medium feed to the continuous culture simulated the

. composition of graywater [10] and contained the following
peratures exceeding 45 [4], the fate of the surfactant LAS components: 9.3 mM NECI, 3 mM NaCl, 2 mM NaHCQ,

at high temperatures is unclear.

The impact of temperature on the growth and activityOéSCTMngﬁ/T %ﬁ’sgdzigmm'\élthM%igaig rﬁ:\r/ll ez?gg cé?a?eM and
rates of pure cultures is well understood. These ratesg v socﬁum citrate. The yH was 7.5. The medium con-
increase as a function of temperature over 30€4@om tairﬁ—:-d 87 mg of comr:nercia?laundry détergent and 1 ml of
a species-specific minimum to an optimum level; further L7 X .

. . . . . trace element solution [10] per L. The organic sub-
increases in temperature cause a rapid decline until grow@trates per L of medium were 400 mg starch, 150 mg gela-
tin and 18 mg of linear alkylbenzene sulfonate (LAS)
Correspondence: Dr A Konopka, Department of Biological Sciences,(S'gma Chemlcals.‘ .St Louis, MO, USA, 80.% by weight).
Purdue University, West Lafayette, IN 47907, USA The culture turbidity at 600 nm was monitored to recog-
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value, the culture was maintained for an additional threeate, 0.5 mM NgEDTA) using denaturing gradients ranging
hydraulic residence times, to ensure that a physiologicalrom 30% to 55% (where 100% denaturant contains 7 M
steady state was achieved, prior to removing samples fanrea and 40% formamide). Equivalent concentrations of
analyses. PCR products were loaded into each gel. Electrophoresis

Four series of chemostats were run. Each series wasas carried out at a constant voltage of 20 volts for 10 min
incubated at a different temperature, ranging fro@G@  then 200 volts for 4.5 h. Electrophoresis buffer ¢0TPAE)
62°C. For each temperature series, an identical inoculumvas maintained at 6C. Gels were then stained with SYBR
was added: a sample from the activated sludge reactor @reen | (1:10 000 dilution, Molecular Probes, Eugene, OR,
the West Lafayette, IN, municipal wastewater treatmentJSA), and visualized on an UV transilluminator and photo-
plant that had been preserved by quick freezing it in 10%graphed (Polaroid MP4 Land Camera). Polaroid photo-
glycerol and storage at20°C. graphs were analyzed directly, by pairwise comparisons of

For each temperature series, a steady state was obtainkdnd sharing between samples. Sorenson’s index was used
at an identical series of dilution rates (D). The reactors werg¢o compute a similarity coefficien€, = 2j/(a + b) in which
first run at D= 0.056 h?. After a steady state was achieved j is the number of bands common to two samp&eandb
and analyses made, the reactors were sequentially shiftede the number of bands in samples A and B, respect-
to D=0.11, 0.22, and 0.33'h Analyses were made at each ively [21].
steady state, and then the reactor was shifted to a higher D.

Steady-state substrate levels were not measured in thegmalytical methods
experiments, but in earlier studies run at mesophilic temMicrobial biomass in the reactors was monitored by meas-
peratures, residual substrate concentrations wet@o of  uring the optical density (OD) in a 1-cm cell at 600 nm on
that in the medium feed over the range of D tested in thesa Gilford 250 spectrophotometer (Gilford Instrument Lab-
experiments [10]. This assumption and the steady-stateratories, Oberlin, OH, USA). Cellular protein was meas-
biomass values at different D were used to calculate a spewed as described by [8]. Dry weight was also measured in
cific maintenance rate [19]. The feed medium containedome samples, by centrifuging a known volume of culture
20 mmol C L. The protein : dry weight ratio was deter- in a tared, dried centrifuge tube (758@ for 10 min) and
mined at some of the dilution rates at each temperaturghen drying the pellet at 108 overnight. The pellet was
and these values were used to convert protein biomass intben weighed on a Mettler AG204 analytical balance. The
dry weight biomass. The ratios were 0.46, 0.35, 0.33, andeported values are the means of triplicate determinations.
0.29 for reactors operated at 30, 44, 53 an8G2espect- Oxygen consumption by washed resting cells was meas-
ively. A linear regression of the inverse yieldthe inverse  ured with a Clark oxygen electrode (Yellow Springs Instru-
D was used to calculate the maintenance energy coefficiemients, Yellow Springs, OH, USA). A total volume of
and the maximum growth yield. The product of these twol.5 ml of washed resting cells (approximately §i>= 0.8)

values is the specific maintenance rate. was added to a water jacketed cell set to the appropriate
temperature, and the rate of endogenous respiration was
Community analysis monitored. Test substrate was added and oxygen consump-

DNA was extracted from concentrated samples of cells thation was monitored over the next 5 min. For the measure-
were frozen, and subsequently incubated for 90 min &70 ment of potential respiration rates, the concentrations of
in 5% sodium dodecyl sulfate before they were subjecteddded substrates were 4 mM maltose, 3 mM glucose, or 2 g
to two freeze-thaw cycles. The 338-534 bp region (relativecasamino acids 2. These concentrations were sufficient to
to E. coli) of the 16S rRNA gene was amplified using the produce the maximum (saturated) rates of oxygen con-
forward primer (5AC TCC TAC GGG AGG CAG CAG- sumption. For LAS, it was necessary to determine the rate-
3) with a GC clamp (5CGC CCG CCG CGC GCG GCG saturating concentration for individual experiments; this
GGC GGG GCG GGG GCA CGG GGG Gyattached to  concentration varied between 60 and 389. The reported
the B end, and reverse primer'{BTT ACC GCG GCT values are the means of triplicate analyses of subsamples.
GCT GG-3) [16]. Polymerase chain reaction (PCR) ampli- The proportion of cells with intact cytoplasmic mem-
fication mixtures had a final volume of 50 and contained branes was determined by addition of LIVE/DEAD Bac-
25 pmoles of each primer, 100 MM dNTPs, 2% BSA, 1 Light stain (Molecular Probes). Samples were incubated for
Promega PCR buffer and 2 units of Taq polymerase. PCRB0 min at room temperature in the dark, and then examined
amplification was performed in an automated thermalby epifluorescence microscopy with a broad band filter
cycler (PTC-100, MJ Research, Watertown, MA, USA) set [6].
using an initial 94C denaturation for 9 min, followed by
30 cycles of 94C for 30 s, 58C for 30s, 72C for 30 s,
then a final extension at 7€ for 7 min. PCR products were
confirmed on 1% agarose gels stained with ethidiumSteady-state biomass levels (measured as cell protein) had
bromide. dissimilar patterns at different temperatures (Figure 1). At
The mixture of PCR products was separated by denatur30°C, biomass level increased 20% as D increased from
ing gradient gel electrophoresis (DGGE), carried out in a.06 to 0.33 ht. At 44°C and 53C, biomass yields were
D-Gene apparatus (BioRad, Hercules, CA, USA) withrelatively constant at B= 0.11 h?, but declined approxi-
slight modifications to the method described in [15]. mately 33% at D=0.055 h'. The response at the highest
Briefly, PCR products were resolved on 8% (wt/vol) poly- temperature, 6L, was different; there was a linear corre-
acrylamide gels in 0.8 TAE (20 mM Tris-Cl, 10 mM acet- lation between biomass level and D, and biomass increased

Results
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Figure 1 Steady-state biomass levels (expressed as particulate proteifjigure 2 Temperature-dependence of microbial respiration rates.

for chemostats run at a series of dilution rates. Chemostats were operat&gsting cells were prepared from steady-state chemostat cultures

at (#) 30, (W) 44, @) 53, or (A) 62°C. (D =0.22 IT) operated at4) 30, (@) 44, (®) 53, or (A) 62°C. The net
respiration ratesyg oxygen per mg cell protein per h) were determined

L after the addition of 4 mM maltose to the suspension.
by 70% over the range of D tested. The decrease in biomass

levels at low D were interpreted as due to maintenance N . ) )
energy effects in the C-limited conditions [10] in the reac-  The specific adaptation of each bioreactor population to

tors. The specific maintenance rates were similar &30 its operation temperature suggested selection of different
44°C, and 53C (0.020-0.02211), but increased to bacterial species in each reactor. This was confirmed via

0.050 ht at 62C. DGGE analysis of PCR products of the variable V3 region

The microbial communities selected at each temperaturgf the 16S rDNA gene (Figure 3). Analyses were performed
could metabolize the organic components of the mediumon samples from the lowest and highest D run at each tem-
Extensive analyses were made upon the populations &erature. The complexity of the microbial communities
D =0.33 h! at each temperature. Of special note is thatdecreased substantially at higher temperatures. Whereas 17
LAS was respired by resting cells from the reactors at ali@nd 13 bands were detected at’GOfor D =0.055 and
temperatures. In the 82 reactor, thev,,., of LAS degra-
dation (obtained at 37-111AM LAS) was 160ug O, con-
sumed mg proteirt h™. For comparison, th¥,,,, for LAS
respiration for the 30 reactor was 7ng O, consumed
mg proteint h™.

One reactor was also run at ™ (D =0.22 h*) for the
sole purpose of measuring respiratory potentials on key
substrates. The monomers (casamino acids and maltose)
derived from the biopolymers (protein and starch) in the
feed medium were respired at high rates (570 and 640
oxygen mg cell proteirt h™2, respectively). In addition, the
net rate of oxygen consumption stimulated by8@ LAS
was 200ug oxygen mg cell proteit h™, a rate higher than
that observed in the B2 reactor.

The temperature optimum for microbial catabolism was
determined using resting cells obtained from reactors with
D =0.33 h* (Figure 2). The data\,,,) for maltose catab-
olism (a product of starch hydrolysis) are presented. The
population in each reactor was optimally adapted to its tem-
perature of operation. For microbes selected &C5and
62°C, increases or decreases of°COresulted in 2-fold
decreases in respiration rate. For the@4opulation, a
severe drop was seen at higher temperatures, but activity
at 3C0C was 75% of the optimal value. The %D reactor
population was not tested at temperatures lower tif&h 5
below its operating tempera_tu_re; a 25% d_ecline in aCtiVityFigure 3 Denaturing gradient gel electrophoresis of bacterial communi-
was found. This level o.f activity was retamed. at t(_:‘mpera"ties from bioreactors. Lanes 1-2, °80 (D=0.055 and 0.33H,
tures up to 43C; thus, this mesophilic community appeared respectively); lanes 3-4, 48 (D = 0.055 and 0.33); lanes 5-6, 5
to have the broadest temperature range for activity. (D =0.055 and 0.331); and lanes 7-8, 6Z (D =0.055 and 0.331).
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0.33 %, respectively, only five and four bands were community, but a dramatic loss in membrane integrity
detected (at each D) in the samples fronfG3and 62C.  occurred in cells from the 62 reactor (Figure 5). If the
The 44C reactors had 10 and 13 bands atD.055 h? loss of intact cells is modeled as an exponential decay pro-
and 0.33 ht. The microbial populations were also substan-cess, the rate constants at°@Q 53C and 62C were
tially different at each temperature. In the eight bioreactor-0.003,-0.008, and-0.28 h*; there was almost a 100-fold
samples, we identified 44 unique band positions. Only sixdifference in rate between 30 and 62C.
of these occurred at more than one temperature. Thus, the
frequency of band sharing was very low between SampleBiscussion
from different temperature€, ranged from 0 to<0.1 for
all comparisons between pairs of reactors at different temThe applied aspect of this research was to examine the tem-
peratures. For example, no bands were shared between therature limits to biodegradation of organic substrates typi-
53°C and 62C reactors. The frequency of band sharingcally found in graywater. However, the results are relevant
was also computed between the two dilution rates analyzetb basic issues in the microbial ecology of engineered
at each temperature, to determine the impact of growth rateiotreatment systems. The operation of bioreactors at
upon community composition. At low temperatures, therehigher temperatures has two potential engineering advan-
were substantial differences in the communiti€s Were  tages: higher biodegradation rates (due to the effect of tem-
0.33 and 0.61 for the 3C and 44C reactors), but in the perature on reaction rates) and reduced biomass accumu-
high temperature reactors, the relatively simple communifation (due to increased consumption of energy for
ties were very similar at the two DC{ of 0.8 and 1.0 for maintenance processes rather than growth) [11]. These
53°C and 62C, respectively). engineering considerations are expressed through the
In this study and others [11], maintenance requirementphysiological characteristics of the microbial species selec-
were greater at high temperatures. Thermophilic microbeted at each temperature.
might have more difficulty than mesophilic microbes, main- Temperature did operate as a selective force upon the
taining cell integrity during severe energy limitation. The microbial community, because microbial respiratory
proportion of bacterial cells with intact cytoplasmic mem- activity was optimally adapted to the operating temperature.
branes was determined at each steady state; lower Bt high temperatures (58 and 62C), high activity was
imposed a more stringent energy limitation than high D. Atrestricted to a narrow temperature range (activity was
all temperatures, the proportion of intact cells was directly<50% of maximal at temperatures 7°C from the
correlated with D (Figure 4). However, whereas af@0 optimum), whereas at 3C and 44C, high activity
virtually all cells were intact even at the lowest D, at eachextended over temperaturesl2—15C from the optimum.
successively higher temperature fewer intact cells weré&election for microbes that function optimally at the habitat
found at a specific D, and there was a steeper change temperature has also been found in natural ecosystems for
the proportion of intact cells as a function of D. As a result,photosynthetic microbes [5,17], autotrophic microbes [14],
<50% of cells were intact in the 82 reactors at D and heterotrophic microbes [1].
<0.25 ht. The analyses of substrate consumption rates did not fully
The capacity to withstand starvation conditions was alsa@onfirm the principle that higher biodegradation rates occur
tested. Samples taken from reactors at @11 h* were  at thermophilic temperatures. Higher maximum respiration
resuspended in the mineral salts components of the feewtes (obtained at the operating temperature of the reactor)
medium (that is, with no organic C source) and incubatedvere measured at 62 (and 70C) than at 30C and 44C,
at the temperature of the reactor. The proportion of intacbut the 53C reactor had a lower rate. A confounding factor
cells changed very little over the next 45 h for the’@0 in making these comparisons is that changes in bioreactor

100 L A30° c i A . 100
e
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2 8 60
s %r 8
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Sl 9
2
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20
0 . L L
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Dilution rate (1/h
(/n) Figure 5 Decline in the proportion of cells with intact cytoplasmic mem-

Figure 4 Proportion of cells with intact cytoplasmic membranes in branes after incubation under C-starvation conditions for cells from reac-
steady state chemostat cultures operated®gt30, (M) 44, (@) 53, or tors at @) 30, (@) 53, or (A) 62°C. Samples were removed from steady-
(A) 62°C. state chemostat cultures at=D.11 h*.
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performance reflect not only the direct effects of temperaDGGE analyses support both of these points. Very few 131
ture, but also the specific physiological characteristics obands were shared between samples obtained from different
the microbes selected at that temperature. temperatures. This is in contrast to results that examined

Of special interest in graywater systems is biodegradvariability of bacteria in aquatic habitats, in which signifi-
ation of surfactants such as LAS, because these surfactartant sharing of phylotypes occurred as a function of depth
are toxic to many microbes in the bioreactors. LAS-degradin lake, time, and geographical location (Konopé&a al,
ing microbes are essential to system function, to maintaisubmitted).

a low residual LAS concentration [10]. LAS was respired The complexity (number of bands) of the bioreactor
by the bioreactor communities, even af62and 70C. The  community was severely reduced at higher temperatures.
specific respiration rates found at these temperatures wei¢owever, this may merely be a consequence of the inocu-
approximately two-fold higher than in the mesophilic biore-lum’s complexity. DGGE analysis of activated sludge
actor community. Biodegradation of LAS in a broad variety samples indicated approximately 50 discrete bands, and
of habitats has been reported [12], but LAS biodegradatiotow-level fluorescence that suggests the presence of many
at the elevated temperatures used here has not beemore minor species in the community (Konopka al,
reported. unpublished observations). It is likely that fewer of these

Biomass yields on organic substrates are often lower amicrobes could grow at temperatures50°C than at
high temperatures, presumably due to energy consumptioxa50°C.
for nongrowth processes (called maintenance energy or The distribution of temperature strains in the original
endogenous decay). Increased maintenance rates at higheoculum could also explain why the communities at severe
temperatures have been found for both mixed [11] and purgs modest nutrient limitation (lows high D) were dissimi-
cultures [7,18,20]. In the graywater treatment reactors, théar at 30C, but virtually unchanged at the higher tempera-
maintenance rate was not a linear function of temperaturdgures. Low D selects for bacteria efficient at transporting
although it did increase two-fold at 82. Thus, microbial low substrate concentrations, whereas high D selects for
populations were active at all temperatures tested, but onlgpecies capable of rapid growth. At °8) the pool of
operation at 62C imposed higher energetic costs on thepotential competitors was large enough that the most com-
microbes. petitive species at low D were not the best competitors at

Additional insights into the stresses imposed by growthhigh D. In contrast, there was no difference in community
at elevated temperatures were gained by analyzing cellulamompositions at high temperatures because there was
integrity. Membrane-impermeable fluorescent dyes havalmost no other bacteria in the inoculum that served as
been used to determine the permeability of the cytoplasmicompetitors to the selected community.
membrane. Permeability to these dyes has been correlatedThus, high temperatures did impact the microbial ecol-
with cell viability [13]. Significant proportions of cells not ogy of this biotreatment system. There was a reduced com-
only at 62C but also at 53C had leaky membranes. The plexity of the microbial community (at temperatures of
high maintenance coefficient calculated for the population$3°C and above). This could have many consequences; one
at 62C may be consistent with a significant fraction of was a narrowed temperature range for high (50%
energetically stressed cells, but there was no indicatiomaximum) catabolic activity. Thermophilic communities
from the kinetic data that the populations at°’63were  are more dependent upon continuous supplies of energy (at
under substantial energetic stress. least at 62C), because maintenance costs are higher and

Carbon starvation provided additional evidence that thehere was a rapid loss of cell integrity under energy star-
community at 62C had higher energetic costs than at othervation conditions. However, high temperatures did not pre-
temperatures. Upon starvation, cells lost membrane integrent catabolism of an aromatic surfactant, LAS.
rity at a highly accelerated rate compared to populations at Further work should investigate whether thermophilic
lower temperatures. From an applied perspective, intermittommunities inherently are less complex (for example, by
tent substrate additions at these temperatures would lead tsing an inoculum from a thermophilic habitat). In addition,
decreases in catalytic activity during the starvation periodshe mechanism for the rapid loss of cell integrity under
between substrate pulses. starvation conditions would be of interest.

In addition to physiological analyses as a function of
temperature, the diversity of the microbial community was
determined. Biotreatment systems contain a mixture of ‘cknowledgements
microbial species [2]. In these experiments, initiated bywe thank Cindy Nakatsu for her comments. This work was
inoculation with activated sludge, there was a selectiorsupported by research grant NO0014-94—-1-0318 from the
pressure for the subset of bacterial species that could fun@ffice of Naval Research.
tion effectively at the imposed temperature.

Community composition was assessed by the bandin
pattern on DGGE gels. These patterns do not necessari%re‘cerences
represent the composition of the entire community, but do1 Allen SD and TD Brock. 1968. The adaptation of heterotrophic micro-
indicate the dominant phylotypes in the sample. Ecological cosms to different temperatures. Ecology 49: 343-346.
theory suggests that: (a) different species will be selected? Amann R, H Lemmer and M Wagner. 1998. Monitoring the com-

; . ‘ ) : munity structure of wastewater treatment plants: a comparison of old
at different temperatures; and (b) ‘extreme’ environmental '~ techniques. FEMS Microb Ecol 25: 205-215.

conditions (eg, high temperatures) will reduce diversity 3 gegon M, JL Harper and CR Townsend. 1990. Ecology: Individuals,
(although explicit proof of this point is lacking) [3]. The Populations, and Communities. Blackwell, Boston.
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