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ABSTRACT

Bioregenerative components for advanced life support
(ALS) systems will need to be reliable and stable for long-
duration space travel. To examine the stability and resil-
ience of microbial communities that recover nutrients
from inedible wheat residues, we maintained 4 bacterial
strains in mixed communities for 7 weeks. After 3 weeks
of incubation, aeration was stopped for several days.
Although the abundance of each isolate declined during
the perturbation, all strains persisted throughout the
experiments. However, only 80% of functions lost during
perturbation were recovered afterward. Thus, persis-
tence of strains in a community did not guarantee the
persistence of metabolic functions which those strains
could perform. Niche partitioning of the heterogeneous
molecules in the wheat residue apparently contributed to
stable coexistence of the 4 strains. A different commu-
nity, composed of 4 isolates from a hydroponic study
grown under either simulated microgravity or 1" g control
conditions in a comparatively homogeneous 1/2-TSB
medium, was less stable. Increased diversity of microbial
strains and complexity of the substrates upon which they
were maintained seemed to increase the stability of
microbial communities in ALS bioreactors.

INTRODUCTION

For long-duration space missions, advanced life support
(ALS) systems will be needed to produce food, recycle
air and water, and decompose waste [1]. ALS compo-
nents, including those using microbes, must function reli-
ably [2]. Stability of processes is often included in the
concept of component or system reliability because a
stable system is less likely to be changed by external
variables [2,3]. Stable biological systems maintain a
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steady-state equilibrium from which there is little devia-
tion [2-4]. Another aspect of system reliability commonly
encountered in biological systems is resilience - the abil-
ity of an ecological system or community to recover from
perturbations [3].

For microbial communities incorporated into ALS compo-
nents, the most important aspect of reliability is being
able to maintain the activities necessary for proper func-
tion of that ALS component, whether that function is bio-
conversion of inedible plant residue to CO,, recovery of
trace nutrients, or decomposition of other wastes [2,5].
Strayer et al. [2] have confirmed that CO, evolution and
total microbial biomass can be reliably maintained for
periods of more than a year. Examination of the internal
stability of a microbial community as it degrades hetero-
geneous substrates in inedible plant residue is among
the next steps in determining how to control and maintain
biological components for ALS, especially since
decreases in biological diversity have been observed in
microbial communities after closure in bioreactors and
mesocosms [6,7]. Since recruitment of new strains into a
bioreactor community will be difficult or impossible on a
long-duration space flight, the first step in maintaining
microbial functions is to maintain the presence of the
microbes responsible for particular metabolic activities.

In this paper, we examine the stability of populations and
metabolic functions of microbial communities in ALS
bioreactors, especially the relationship between bacterial
population dynamics within a mixed microbial community
and the dynamics of metabolic activities performed by
that community. We present results that confirm popula-
tion stability and resilience within a functionally diverse
microbial community assembled to degrade inedible
wheat residue. However, maintenance of component
strains in the model community did not guarantee the



persistence of metabolic activities performed by those
microbes. The stability of the wheat-degrading ALS com-
munity is contrasted with the unstable population dynam-
ics of a less functionally diverse community maintained
on a simpler medium and subjected to the perturbation of
a simulated microgravity environment.

METHODS

BENCHTOP-SCALE REACTOR FOR DEGRADING ALS
WHEAT RESIDUE — To maximize the recovery of fixed
carbon from higher plants, mixed microbial bioreactors
will be used to convert inedible plant matter into CO, and
microbial biomass [8, 9]. The model community con-
structed for this project was designed to degrade inedible
plant residue under conditions similar to those of the
microbial community in the ALS bioreactor studied by
Finger and Strayer [9]. Experimental bacterial communi-
ties were cultured at 26°C in 3-liter Bellco® spinner flasks
with emplaced pH electrodes [Ingold Electrodes] (Figure
1). Magnetized impellers were driven by stir plates at
approximately 60 rpm. Air input was filtered through two
autoclaved Gelman® bacterial air vent filters, positioned
before and after a hydration flask. The outflow air line
from the reactor vessel was connected to a trap flask,
and then to a final bacterial air vent filter. A flow meter
was connected downstream of the final filter.
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Figure 1. Schematic diagram of 3-L benchtop-scale
reactor vessel for model microbial community
cultured on inedible (to humans) wheat
residue.

Isolation and Characterization of Bacterial Strains — Bac-
terial strains capable of degrading inedible plant matter

were isolated from samples of mixed soil, leaf litter, and
rotting wood. Strains were chosen for inclusion in mixed
Runs 1 and 2 on the basis of their functional diversity,
both in their ability to grow on different components of
fibrous plant matter (e.g., cellulose and hemicellulose)
and in the presence of non-overlapping active metabolic
functions on BIOLOG®-GN plates. The four bacterial
strains (6a, 9, 13a, and 19) could be visually differenti-
ated during enumeration on TSA plates (Table 1 and
Appendix A) [10].

Table 1.  Strains chosen for model community
degrading inedible wheat residue.

Traits
BIOLOG®-GN  Liquid media which
Strain Cell assay support
No. morphology profiles® growth
6a G*rod 25 wheat
9 G rod, 5 hemicellulose or
wheat
13a G’, coccus 24 wheat, cellulose, or
hemicellulose
19 GY¥ rod 38 wheat or

hemicellulose

aNumber of compounds on BIOLOG2-GN assay plates degraded at 24
h at 25°C

Combining characterized strains in model communities —
Reactor vessels containing sterile medium were inocu-
lated with 15 mL each of 3- to 5-day-old shake-flask
starter cultures, which had been undergoing daily 10%
removal and replenishment of medium. Inoculation den-
sities were 1:200 of the pure culture density for each
strain. The 4 chosen strains were combined in parallel
communities in 2 reactor vessels. Fed-batch conditions
were maintained for 7 weeks by removing one-tenth (300
mL) of the culture volume every day and replenishing the
culture with an equal volume of fresh sterile medium con-
taining 2% (w/v) unleached wheat residue in distilled
water (pH 5.65). Inedible wheat residue, supplied by
Kennedy Space Center (KSC), consisted of aerial por-
tions of hydroponically grown wheat, dried and milled to
<0.635 mm.

The two mixed culture communities, Runs 1 and 2, were
maintained in side by side reactor vessels on the bench-
top for 50 days (five turnovers of the reactor volume). In
Run 1, the baseline aeration rate was 650150 mL/min.
The model community was stressed by ceasing aeration
for one week, starting one hour after the Day 22 sampling
for functional profile and population densities. Minutes
after the Day 29 samples were taken, aeration was
returned to the baseline level. Starting at Day 40, aera-
tion became increasingly intermittent and the rate gradu-
ally slowed because of blockage in the outflow air line.

Mechanical problems with the air pump resulted in Run 2
having a lower aeration rate than Run 1. For Run 2, the
initial aeration rate was 400 = 200 mL/min. After the Day



24 removal and replenishment of medium, aeration was
stopped for 5 days. After the Day 29 samples were
taken, aeration was returned to about 400 £75 mL/min
untii Day 34, when the aeration rate was reset to
10504100 mL/min. In summary, Run 2 started with a
lower aeration rate than Run 1, but after Day 34, aeration
was increased above that of Run 1.

Sampling Cultures in Benchtop Reactors -  Bacterial
population densities (CFU/mL) were enumerated on TSA
plates that were incubated for 4 days at 25°C and
counted daily as the colonies for each strain became visi-
ble. Population densities were sampled at least three
times a week. Profiles of active metabolic functions on
BIOLOG?-GN assay plates were obtained from 150-mL
samples, the first removed after the first 24 hours of
mixed culture, and the remainder removed once weekly
during regular aeration. During perturbation without aer-
ation, functional assays were performed 2 days after the
onset of perturbation and again immediately before
resumption of aeration.

For inoculation of samples onto BIOLOG?-GN assay
plates, bacteria were separated from the particulate
wheat residue by centrifugation and then resuspended in
0.85% sterile saline [11]. Replicate 1:10 dilutions of the
saline suspensions were used to inoculate five
BIOLOG?-GN assay plates for each sample. The assay
plates were incubated in the dark for 24 h at 25.5 +1.5°C.
The media and conditions used to prepare these micro-
bial samples do not match those required for any of the
BIOLOG? databases, so any resulting pure-culture pro-
files could not provide accurate identifications [12]. The
BIOLOG?-GN profiles showed that each strain had at
least one substrate which that strain alone metabolized in
pure culture (Appendix A).

EFFECTS OF SIMULATED MICROGRAVITY ON A
COMMUNITY OF HYDROPONIC ISOLATES — Ground-
based simulation of microgravity was attained using 50-
mL high aspect-ratio rotating-wall vessel clinostat biore-
actors (HARVSs), in which slow rotation (20 rpm) of the
bioreactor vessel on a horizontal axis randomized the
gravity vector under low-shear, fed-batch culture condi-
tions [13].

Microbial communities in HARVs — Three pairs of SMG
and Control HARVs were maintained for 10 days each,
with daily enumeration of strain densities within the cul-
tures. The members in the constructed community were
the yeast Rhodotorula rubra and three bacteria:
Pseudomonas azelaica, a species of Xanthomonas, and
an unidentified Gram-positive spore-forming bacillus that
was in neither the BIOLOG? nor the Vitek? databases
(Table 2). All 4 strains were present at detectable popu-
lation levels in the inoculation cocktail. The dynamics of
functional activity could not be examined because pro-
files based on BIOLOG®-GN assay plates were per-
formed only at termination (T=10) of experimental runs.

Table 2. Strain Identification for HARV communities.

BIOLOG?Z ID on TSA

Gram stain characteristics or Blood/BUGM?2

G- rod Pseudomonas azelaica
G- rod Xanthomonas species
G+ bacillus (spore former) No ID

VITEK? |D:
Yeast Rhodotorula rubra

RESULTS AND DISCUSSION

PERSISTENCE OF STRAINS IN ALS-MODEL
MICROBIAL COMMUNITIES DEGRADING WHEAT
RESIDUE

Persistence of all inoculated strains in the mixed
communities — All strains persisted throughout the 50 day
mixed culture incubations, even when a contaminant
appeared in Run 2 on Day 30 (Figures 2 and 3). Run 1
remained properly gnotobiotic for the entire incubation
period (Figure 2). Density of strain 19 dropped at least
two orders of magnitude during the perturbation in each
run. In Run 1, no strain density dropped below the 2" 10°
CFU/mL detection limit after Day 5, when strain 6a had
become detectable. Although strain 6a was undetectable
at times in Run 2, its reappearance after the perturbation
confirmed that the strain had not become extinct within
the reactor. In both communities, the recovery of popula-
tion densities after perturbation was slower than the drop
when the perturbation was begun.

Competition did not result in the extinction of any of the 4
strains inoculated into the two ALS-modeled mixed
microbial communities. Reduction of community diversity
and species richness has been observed in artificial com-
munities or mesocosms that have been physically sepa-
rated from their parent communities [6,7,14-16], and is a
continuing problem for industrial applications of microbial
consortia [17]. Abiotic factors ranging from cycling cul-
ture conditions to micro-scale spatial heterogeneity have
been identified which can alleviate the effects of competi-
tion and allow persistence of multiple strains in a commu-
nity [7,15,18-22]. The metabolic diversity of the bacterial
strains chosen for this ALS-modeled community was
intended to maximize the degradation and conversion to
CO, of the complex plant material [9, 23-25]. When cou-
pled with the heterogeneous nature of the plant sub-
strate, the functional diversity of the strains may have
resulted in niche partitioning, which reduced competition
for energy and carbon sources and allowed the stable
coexistence of all 4 strains.

POPULATION STABILITY IN COMMUNITIES
DEGRADING WHEAT RESIDUE - Population  stability
can be defined in terms of an equilibrium, to which a sta-
ble population returns after perturbation, or in terms of



variability about a long-term average, where a population
with less variability about that average is considered
more stable than a population with more variability [3,4].
According to either definition, the community in Run 1
was more stable than that in Run 2. The rapidity with
which the pairwise population density plots for Run 1
converged on an equilibrium point, and returned to that

equilibrium after the perturbation satisfy the equilibrium-
based definition of stability (Figure 4). The downward
deviation only along the axis for strain 19 in Figure 4a
indicates that the population density of strain 13a was not
significantly affected by the perturbation. Similarly, den-
sity of strain 6a was less inhibited by the perturbation
than strain 19 (Figure 4b).
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Figure 2. Population Densities of Each of the Four Strains in Run 1 of the Wheat-Degrading Model ALS Community.
Density plots are means of triplicate dilution series onto TSA. Error bars are omitted to reduce clutter.
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In Run 2, convergence on an equilibrium point was less
obvious than in Run 1, especially since the increased
aeration after Day 34 was associated with a positive drift
away from the local equilibrium point established under
the initial aeration rate (Figure 5). The pairwise density
plots for Run 2 are not drawn into knots as tight as those
for Run 1, indicating less stable population dynamics in
Run 2 according to the variability definition of stability.
Population densities of strain 13a (Figure 5a) and espe-
cially strain 6a (Figure 5b) declined more dramatically in
response to the perturbation than they did in Run 1 (Fig-
ure 4). However, the obvious perturbation and return to
local equilibrium of population densities identify Run 2 as
a stable community according to the equilibrium defini-
tion.

Factors contributing to population stability of ALS-Model
communities — In addition to the niche partitioning men-
tioned above, cyclic variations in environmental parame-
ters are a well-documented factor which can facilitate
coexistence of populations, as long as the amplitude and
frequency of the variations are within a tolerance range
specific to the particular community [15,20,22,26]. Main-
tenance of greater diversity has been reported in several
microbial communities subjected to fluctuations in tem-
perature [18, 19, 22]. In one study, a fed-batch culture
from a natural biofilm maintained structural diversity,
while a steady-state continuous culture, inoculated from
the same biofilm community, lost diversity and species
richness until only three strains could be detected [7].
Temporal fluctuations in pH and population densities
accompanying daily removal and replenishment of
medium in the fed-batch regimen used for Runs 1 and 2
were apparently within the range that facilitated mainte-
nance of structural diversity in those communities.

STABILITY OF ALS-MODELED COMMUNITY VS.
INSTABILITY OF A 4-STRAIN COMMUNITY
CULTURED IN HARVS — When a hydroponically-based
4-strain microbial community (Table 2) was cultured
under simulated microgravity (SMG) conditions, the pop-
ulation dynamics within the community were different
from those observed under ~1" g control conditions (Fig-
ures 6 and 7). The most striking difference between
SMG and control communities was the behavior of the
yeast Rhodotorula rubra. In control mixed cultures, the
density of R. rubra remained above 1 107 CFU/mL at the
end of 10 days (Figure 6). A pairwise density plot for R.
rubra and P. azelaica never converges on an equilibrium
point, thus reflecting the instability of this community (Fig-
ure 8a). The SMG cultures were even less stable (Fig-
ures 7 and 8b). In SMG, the density of R. rubra peaked
at 2.5" 10% CFU/mL and declined more rapidly than in the
control, reflecting the increased destabilization of this
community under SMG conditions (Figure 8).
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Figure 4.

Conditions in  HARV communities unfavorable to
population stability — Compared to the diverse array of
carbon sources (e.g., starches, cellulose and hemicellu-
lose) present as components of unleached wheat
medium used for the ALS-modeled community, the stan-
dard laboratory medium 1/2-TSB is quite homogeneous
and did not provide many niches for partitioning between
the component strains in the HARVs. Likewise, the low-
shear environment of 50-mL HARV chambers is less
diverse than the agitated and aerated 3-L cultures main-
tained in the ALS studies, providing less physical hetero-
geneity. Finally, the microbes included in the HARV study
were selected for their divergent colony morphologies
and common ability to grow on TSA and TSB, not for
metabolic diversity as had the strains used in the ALS
model. Without the potential for niche partitioning or the
cyclicity of environmental conditions experienced by the
ALS-modeled community, the HARV communities had
fewer stabilizing factors.
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FUNCTIONAL ACTIVITY IN
MICROBIAL COMMUNITIES

ALS-MODELED

Presence and persistence of metabolic activities in mixed
microbial communities degrading inedible plant residue —
Functional dynamics in the model ALS communities were
complicated and not determined solely by the population
dynamics of the bacterial strains that composed the com-
munities. The number and identity of sole-carbon sub-
strates metabolized by microbial communities changed
over time (Appendix A). The number of detectable meta-
bolic functions in Run 1 gradually increased as the com-
munity matured, decreased during the perturbation, and
increased again after the return of aeration. In Run 2, an
initial aeration rate lower than that in Run 1 complicated
the functional behavior of the community: the planned
period of no aeration occurred in the middle of an
“unplanned perturbation” of low aeration which existed
for the first 5 weeks of cultivation. Community #2 had
fewer active functions than community #1, and the
planned perturbation was accompanied by a barely per-
ceptible dip in the functional activity of community #2.
Three functions ceased to be detected during the anoxic
perturbation in Run 2. All three recovered immediately
after the low aeration rate was resumed. After the
increase in aeration at Day 34, the community in Run 2
began to degrade 7 substrates which it had never previ-
ously metabolized at detectable levels, including the syn-
ergistically degraded D-gluconic acid. The activation of
functions five weeks after the community was assembled
is convincing evidence that prolonged absence of a func-
tion from a community does not mean that functional
activity cannot be induced from capable organisms
present in the community.

Functional Response of Microbial Communities to
Perturbation — The ability to degrade carbohydrates and
polymers, the major components of the fibrous plant
material provided as a carbon and energy source [27,
28], was apparent from the outset and persisted through
the perturbation with only a 20% to 30% decrease in the
number of degraded substrates. During the perturbation
without aeration, both communities degraded only poly-
mers and carbohydrates (Appendix A). This behavior,
vital to the survival of most organisms degrading plant
material, must be done with enzymes secreted extracel-
lularly because the substrate molecules are too large to
cross the cell membrane [29].

In both Runs 1 and 2, functions not observed in any pure
cultures, and thus probably resulting from synergistic
interaction of the microbes, were especially ephemeral
and dependent upon the condition of the community. All
synergistic functions were interrupted during perturba-
tion, but some recovered afterward (Appendix A). Thus,
the enzymatic alliance necessary for synergistic func-
tions to appear in microbial communities #1 and #2 was
fragile and easily disrupted by stress on the bacterial
community.

PERSISTENT STRAINS DID NOT GUARANTEE
PERSISTENT FUNCTIONS — Unlike the strains them-
selves, functional activities did not persist throughout
either Run 1 or Run 2. Temporal shifts in functional pro-
files of microbial communities have been noted and
linked with succession in some communities [30-33]. In
the current study, the appearance and persistence of
metabolic functions was affected by the length of time in
mixed culture and the aeration rate of the community.
The functional profiles of both communities took longer to
stabilize than the density profiles.

Environmental conditions, most notably the difference in
baseline rate of aeration between the two communities,
had a profound influence on the functional profiles exhib-
ited by the same 4 strains in the two communities. Run
1, which had a higher aeration rate, maintained higher
densities of bacteria and degraded up to 47 substrates
on the functional assay plates. Run 2, which had lower
aeration for most of its duration, degraded a total of 37
different substrates, with no more than 30 different sub-
strates being degraded at a time. This difference in the
behavior of the two experimental communities supports
previous findings which report that bacteria express dif-
ferent properties under different growth conditions, espe-
cially with respect to inactivating metabolic activities
when conditions are adverse [29,34-36]. The physical
presence of bacteria in community #2 did not guarantee
detection of metabolic functions of which those bacteria
were known to be capable, and that those bacteria were
actually expressing in parallel community #1. This find-
ing is consistent with published reports of strains being
present in a community but not performing metabolic
functions of which they were known to be capable
[34,36,37].

SUMMARY AND CONCLUSIONS

The natural heterogeneity of fibrous plant structural mole-
cules and nominal operating cyclicity of bioconversion
components of ALS systems seemed to promote niche
partitioning that in turn facilitated the long-term mainte-
nance of a 4-strain model microbial community with sta-
ble and resilient population densities. However, the
relationship between population dynamics of a bacterial
community and the dynamics of metabolic activities per-
formed by those bacteria was complex and can be
grouped into 3 main categories, as reviewed below.

» Persistence of strains and functions in mixed culture

(1) Long-term maintenance was achieved for bacte-
rial populations in stable communities that were
degrading inedible plant matter. (2) Persistence of
strains in a microbial community did not ensure the
persistence of functional activities performed by
those strains. (3) Functions obtained by synergistic
interactions between strains were especially suscep-
tible to deactivation during adverse conditions.




* Community response to perturbation

(1) Population densities were more resistant to per-
turbation and more resilient than functional activities.
(2) Bacterial population densities recovered fully from
perturbation, but only about 80% of lost functions
were recovered within 2 weeks after perturbation. (3)
Strains and functions that degraded polymers and
carbohydrates were less affected by perturbation
than other strains and functions.

Relationship between population structure and func-
tional dynamics

(1) Changes in functional activity were not dictated
solely by population dynamics; metabolic activity
could be repressed or induced by environmental fac-
tors, both biotic and abiotic. (2) Since not all possible
functions for a strain were detected as soon as a
strain was above the threshold density for detection
on the BIOLOG®-GN assay plates, it was confirmed
that bacterial behavior is different in mixed culture
than it is in pure culture.

Since functional activity was not determined solely by
bacterial population densities, monitoring the total micro-
bial biomass and gross CO, production in ALS bioreac-
tors will not be sulfficient indicators of specific degradative
processes. Even in the more diverse communities used
in operational bioreactors at JSC and KSC, the mere per-
sistence of cellulose- or lignin-degrading microbes in a
community will not guarantee that carbon bound into cel-
lulose and lignin is being adequately recovered. The per-
sistence of key degradative processes will need to be
monitored.

Fortunately, abiotic factors that affect microbial behavior
can be controlled in an artificial community constructed
for an ALS. Knowledge that behavior of the microorgan-
isms can be influenced by human operators will be useful
in further refining microbial bioreactors. For instance,
although functional profiles did not recover from perturba-
tion as quickly as they stabilized after initial establishment
of the communities, external manipulation of abiotic fac-
tors may be able to accelerate a more complete func-
tional recovery. The delayed appearance of metabolic
activities 5-weeks into the cultivation of Run 2 indicates
that if the species are present in the community, it is pos-
sible to alter culture conditions to induce functional activi-
ties.

For the specific ALS application of a mixed microbial
community to convert inedible plant residue into microbial
biomass and CO,, the positive correlation between per-
sistence of functions and the polymer and carbohydrate
substrates that account for most of the mass of the plant
residue to be degraded by these communities is good
news for building stable microbial bioreactors. However,
trying to integrate additional waste streams, such as
human bodily wastes or aquaculture effluent, may require
maintaining functions which are not as stable in a mixed
community. Again, the persistent success of specific
functional activities will need to be confirmed.

ACKNOWLEDGMENTS

The project to model a microbial community that would
degrade inedible plant residue within an ALS component
was supported by NASA Graduate Student Research
Program Grant #NG 5707 through Kennedy Space Cen-
ter. We wish to thank Jay Garland of Dynamac Corpora-
tion for advice regarding analysis of data from BIOLOG
assay plates and Ed Conner for help in interpreting eco-
logical data. The SMG study involving HARVs was sup-
ported by the National Research Council through
Resident Research Fellowship #94-91270. We thank
Dale Brown of KRUG Life Sciences for technical consul-
tation on handling HARVs. We also thank Christine
Wogan of KRUG Life Sciences for editorial comments on
an early version of this manuscript.

REFERENCES

1. Knott, WM. The Breadboard Project: A functioning
CELSS plant growth system. Adv. Space Res. 12 (5):
(5)45-(5)52. 1992.

2. Strayer, R. F, B. F. Finger, M. P. Alazraki. Stability and reli-
ability of biological reactors. (SAE Technical Paper Series
No. 972549). Presented at 27th International Conference
on Environmental Systems, Lake Tahoe, NV, July 1997.

3. Krebs, C. J. Ecology: The Experimental Analysis of Distri-
bution and Abundance, third edition. Harper & Row, New
York. 1985.

4. Lawton, J.H. Fluctuations in a patchy world. Nature 326:
328-329. 1987.

5. Atkinson, C.F., M. P. Alazraki, C.A. Loader, J.C. Sager.
Design and operation of laboratory-scale aerobic compost-
ers. (SAE Technical Paper Series No. 972551). Presented
at 27th International Conference on Environmental Sys-
tems, Lake Tahoe, NV, July 1997.

6. Schmidt, S.K., R. Smith, D. Sheker, T.F. Hess, J. Silver-
stein, P.M. Radehaus. Interactions of bacteria and
microflagellates in sequencing batch reactors exhibiting
enhanced mineralization of toxic organic chemicals.
Microb. Ecol. 23: 127-142. 1992.

7. Goebel, B.M., E. Stackebrandt. Cultural and phylogenetic
analysis of mixed microbial populations found in natural
and commercial bioleaching environments. Appl. Environ.
Microbiol. 60(5): 1614-1621. 1994.

8. Owens, L. P, C. R. Hall. Biomass production and nitrogen
dynamics in an integrated aquaculture/ agriculture sys-
tem. Pages 265-278 in MacElroy, R. D. (ed.): Controlled
Ecological Life Support Systems: CELSS ‘89 Workshop.
NASA Technical Memorandum 102277. 1990.

9. Finger, B. F, R. F Strayer. Development of an intermedi-
ate-scale aerobic bioreactor to regenerate nutrients from
inedible crop residues. (SAE Technical Paper Series No.
941501). Presented at 24th Annual International Confer-
ence on Environmental Systems, Friedrichshafen, Ger-
many, June 1994.

10. Bouma, J.E. Dynamics of strain populations and metabolic
functions in gnotobiotic microbial communities. Ph.D., Uni-
versity of Virginia, Charlottesville, VA. 1995.

11. Mills, A.L., J.E. Bouma. Strain and function stability in gno-
tobiotic reactors. Pages 184-194 in Microbial Communi-
ties: Functional vs. Structural Approaches, H. Insam and A.
Rangger, eds. Springer-Verlag, 1997.

12. BIOLOG? Reference Manual: Metabolic Reactions of
Gram-negative Species. Marello, T. A. and B. R. Bochner
(eds.) BIOLOG Inc., Hayward, CA, and Science Tech Pub-
lishers, Madison, WI. 1989.



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Bouma, J.E., D.L. Pierson. Combined effects of simulated
microgravity and multi-strain interactions on population
dynamics of a constructed microbial community. (SAE
Technical Paper Series No. 981605). Presented at 28th
Annual International Conference on Environmental Sys-
tems, Danvers, MA. July, 1998.

Jost, J.L., J.F. Drake, A.G. Fredrickson, H.M. Tsuchiya.
Interactions of Tetrahymena pyriformis, Escherichia coli,
Azotobacter vinelandii and glucose in a minimal medium.
J. Bact. 113: 834-840. 1973.

van Gemerden, H. Coexistence of organisms competing
for the same substrate: An example among the purple sul-
fur bacteria. Microb. Ecol. 1: 104-119. 1974.

Brettar, 1., M.I. Ramos-Gonzalez, J.L. Ramos, and M.G.
Hofle. Fate of Pseudomonas putida after release into lake
water mesocosms: Different survival mechanisms in
response to environmental conditions. Microb. Ecol. 27:
99-122. 1994.

Hamer, G., A. Heitzer. Fluctuating environmental condi-
tions in scaled-up bioreactors. Annals N. Y. Acad. Sci. 589:
650-664. 1990.

Eddison, J.C., J.G. Ollason. Diversity in constant and fluc-
tuating environments. Nature 275: 309-310. 1978.

Upton, A.C., D.B. Nedwell, D.D. Wynn-Williams. The selec-
tion of microbial communities by constant or fluctuating
temperatures. FEMS Microbiol. Ecol. 74: 243-252. 1990.
Pavlou, S., I.G. Kevrekidis, G. Lyberatos. On the coexist-
ence of competing microbial species in a chemostat under
cycling. Biotech. Bioeng. 35: 224-232. 1990.

Scanferlato, V.S., G.H. Lacy, J. Cairns, Jr. Persistence of
genetically engineered Erwinia carotovora in perturbed and
unperturbed aquatic microcosms and effect on recovery of
indigenous bacteria. Microb. Ecol. 20: 11-20. 1990.
Rutter, M., D.B. Nedwell. Influence of changing tempera-
ture on growth rate and competition between two psychro-
tolerant Antarctic bacteria: Competition and survival in non-
steady-state temperature environments. Appl. Environ.
Microbiol. 60(6): 1993-2002. 1994.

Slater, J.H. Physiological and genetic implications of mixed
population and microbial community growth. Pages 314-
316 in Microbiology - 1980. D. Schlessenger, ed. ASM,
Washington, D. C. 1980.

Yanagita, T. Natural Microbial Communities: Ecological
and Physiological Features. Japan Scientific Societies
Press, Springer-Verlag, Tokyo. 1990.

Phelps, TJ., J.J. Niedzielski, K.J. Malachowsky, R.M.
Schram, S.R. Herbes, D.C. White. Biodegradation of
mixed-organic wastes by microbial consortia in continu-
ous-recycle expanded-bed bioreactors. Environ. Sci. Tech-
nol. 25: 1461-1465. 1991.

Pianka, E.R. Evolutionary Ecology, fifth edition.
Collins College Publishers, New York, NY. 1994.
Strayer, R.F., M.A. Brannon, J.L. Garland. Use of inedible
wheat residues from the KSC-CELSS Breadboard facility
for production of fungal cellulase. NASA Technical Memo-
randum 102277: CELSS ‘89 Workshop. 1990.

Strayer, R.F. Evaluation of enzymatic hydrolysis of CELSS
wheat residue cellulose at a scale equivalent to NASA's
KSC Breadboard Project. SAE Technical Paper 932253.
1993.

Gottschalk, G. Bacterial Metabolism,
Springer-Verlag, New York, NY. 1986.
Garland, J.L., A.L. Mills. Classification and characterization
of heterotrophic microbial communities on the basis of pat-
terns of community-level sole-carbon-source utilization.
Appl. Environ. Microbiol. 57(8): 2351-2359. 1991.

Vahjen, W., J-C. Munch, C.C. Tebbe. Carbon source utili-
zation of soil extracted microorganisms as a tool to detect
the effects of soil supplemented with genetically engi-
neered and non-engineered Corynebacterium glutamicum
and a recombinant peptide at the community level. FEMS

Harper-

second edition.

32.

33.

34.

35.

36.

37.

Microbiol. Ecol. 18: 317-328. 1995.

Garland, J.L. Patterns of potential C source utilization by
rhizosphere communities. Soil Biol. Biochem. 28(2): 223-
230. 1996.

Insam, H., K. Amor, M. Renner, C. Crepaz. Changes in the
functional abilities of the microbial community during com-
posting of manure. Microb. Ecol. 31: 77-87. 1996.

Tate, R.L. lll, A.L. Mills. Cropping and the diversity and
function of bacteria in Pahokee muck. Soil Biol. Biochem.
15: 175-179. 1983.

Moyer, C.L. and R.Y. Morita. Effect of growth rate and star-
vation-survival on the viability and stability of a psychro-
phylic marine bacterium. Appl. Environ. Microbiol. 55(5):
1122-1127. 1989.

Gottschal, J.C. Phenotypic response to environmental
changes. FEMS Microbiol. Ecol. 74: 93-102. 1990.

Lacis, L.S., H.G. Lawford. Thermoanaerobacter ethanoli-
cus growth and product yield from elevated levels of xylose
or glucose in continuous cultures. Appl. Environ. Microbiol.
57: 579-585. 1991.

ADDITIONAL SOURCES

Footnotes for Appendix A:

@ positive responses in all replicates indicated by: - dur-

ing aeration, ~

during periods of no aeration. Clear

cells had no indication of metabolism (zero positive
responses). Numbers indicate the number of positive
responses in cases where not all replicates gave iden-
tical responses.

B

Compounds listed in bold italics were not degraded by

any of the strains in pure culture, but were metabolized
in one or both mixed cultures.

C Strain 6a had 2 replicate BIOLOG?-GN profiles, Day 8
of Run 2 had 4 replicates, all other samples had 5 rep-
licate profiles.

-P indicates no aeration or aeration reduced below

baseline, +P indicates aeration increased above base-
line.

DEFINITIONS, ACRONYMS, ABBREVIATIONS

ALS: advanced life support

BIOLOG?-GN: assay plate for Gram negative bacteria
made by the BIOLOG company

CELSS: controlled ecological life-support system
CFU: colony-forming units

CFU/mL: colony-forming units per milliliter of medium
G*: Gram positive

G™: Gram negative

GY@": Gram variable

HARV: High Aspect-ratio Rotating-wall Vessel

JSC: Johnson Space Center

KSC: Kennedy Space Center

SAB+cam: Sabouraud-dextrose with chloramphenicol
(plates)

SMG: simulated microgravity

TSA: tryptic soy agar (plates)

TSB: tryptic soy broth (liquid)



APPENDIX A. DEGRADATION OF SOLE-CARBON SOURCES ON BIOLOG?®-GN ASSAY PLATES 24 H
AFTER INOCULATION WITH PURE CULTURES OF STRAINS 6A, 9, 13A, AND 19 OR INOCULATION WITH

SAMPLES FROM MIXED CULTURE RUNS 1 AND 2A,

Pure Run 1%¢ Run 2°¢
Strains® -P -P -P -P -P +P +P
Compound® 6a 9 13a 19 15 22 24 29 36 43 50 36 50
Polymers a-cyclodextrin .
dextrin
glycogen
tween 40
tween 80
Carbohydrates N-acetyl-D-galactosamin,
N-acetyl-D-glucosamine e o ° o
L-arabinose . e o 4
D-arabitol .
cellobiose . e o o
D-fructose
L-fucose
D-galactose
gentiobiose
a-D-glucose o
a-D-lactose
lactulose
maltose e
D-mannitol
D-mannose
D-melibiose . .
-methyl D-glucoside . * o
psicose .
D-raffinose
L-rhamnose
D-sorbitol
SUCrose e L] L] L] L] L] L] * ¢ L] L] * L] L] L] L] * * L] L] L]
D-trehalose o e o e o o o .
turanose e L] e o o o ¢ o o« o ¢ e o o o ¢ 4 o e o
xylitol 4
Esters methyl pyruvate o e . e o o . e o ¢
mono-methyl succinate e o o 4 o o . e o o *« 3
Carboxylic Acids acetic acid e . 4 o o . .
formic acid .
D-gluconic acid
D-glucosaminic acid
D-glucuronic acid
a-hydroxybutyric acid
b-hydroxybutyric acid .
p-hydroxyphenylacetic acid 3 e o o o . e o 3 1 2 e
a-ketobutyric acid e . o o * .
a-ketoglutaric acid .
a-ketovaleric acid o
D,L-lactic acid e o o . e o 2
propionic acid . 1 o 1 2
sebacic acid e .
succinic acid . 1
Amino Acids L-alanylglycine
L-asparagine
L-aspartic acid
L-glutamic acid
hydroxy-L-proline
L-phenylalanine
L-proline 3 o 2
L-pyroglutamic acid e
L-serine e 2 e 3 e
L-threonene o 3 2
Amides succinamic acid .
Amines putrescine . e o o o 2 o o ] ° o
2-aminoethanol .
Alcohols 2,3-butanediol .
glycerol . e o o * e o o 1
Brominated Compounds bromosuccinic acid . 3
Aromatic Compounds urocanic acid e 1 o . 1
thymidine 1
Phosphorylated Compounds glucose-1-phosphate
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