AEM

Journals.ASM.org

Isolation of Bacteria Capable of Growth with 2-Methylisoborneol and
Geosmin as the Sole Carbon and Energy Sources

Lior Guttman and Jaap van Rijn

Department of Animal Sciences, The Robert H. Smith Faculty of Agriculture, Food and Environment, The Hebrew University of Jerusalem, Rehovot, Israel

Using a relatively simple enrichment technique, geosmin and 2-methylisoborneol (MIB)-biodegrading bacteria were isolated
from a digestion basin in an aquaculture unit. Comparison of 16S rRNA gene sequences affiliated one of the three isolates with
the Gram-positive genus Rhodococcus, while the other two isolates were found to be closely related to the Gram-negative family
Comamonadaceae (Variovorax and Comamonas). Growth rates and geosmin and MIB removal rates by the isolates were deter-
mined under aerated and nonaerated conditions in mineral medium containing either of the two compounds as the sole carbon
and energy source. All isolates exhibited their fastest growth under aerobic conditions, with generation times ranging from 3.1 to
5.7 h, compared to generation times of up to 19.1 h in the nonaerated flasks. Incubation of the isolates with additional carbon
sources caused a significant increase in their growth rates, while removal rates of geosmin and MIB were significantly lower than
those for incubation with only geosmin or MIB. By fluorescence in situ hybridization, members of the genera Rhodococcus and
Comamonas were detected in geosmin- and MIB-enriched sludge from the digestion basin.

Geosmin and 2-methylisoborneol (MIB) are known to cause
an earthy, musty taste in water. While primarily known from
their undesirable effect in the drinking water industry (25), these
compounds also cause significant harm in the fish farming indus-
try. When released into the culture water of aquaculture facilities,
geosmin and MIB are absorbed through the gills, skin, or gastro-
intestinal tract by lipid-rich fish tissues and often render the fish
unmarketable (22). In aquaculture systems, preventive measures
to combat the accumulation of these compounds are hardly im-
plemented. Instead, posttreatment before marketing, involving
purging of off-flavored fish with clean water for several days, is the
most common abatement strategy (14, 22). Given the high costs of
the latter method and considering the magnitude of the problem,
off flavor inflicts considerable financial losses on the aquaculture
industry (49).

Much more research has been done to control the accumula-
tion of geosmin and MIB in drinking water than in the aquacul-
ture industry. Most treatment procedures are based on adsorption
of geosmin and 2-methylisoborneol (MIB) by surface-rich resins.
Powdered activated carbon (6) and granular activated carbon (10)
are most commonly used for this purpose. In addition to chemi-
cal/physical adsorption, biological degradation of these com-
pounds may take place, as demonstrated in carbon filters (13),
clay-based filters (39), and sand filters (19, 20, 32).

In recent studies on recirculating aquaculture systems (16, 17),
we concluded that, in addition to chemical/physical adsorption, a
substantial quantity of geosmin and MIB is biologically degraded
in the anaerobic treatment compartment of these systems. Specif-
ically, it was found that in sludge collected from the digestion
basin of the recirculating system, removal of geosmin and MIB
was higher in untreated samples than in sterilized samples. Al-
though the latter results pointed to geosmin and MIB biodegra-
dation, direct proof for this process was not provided, and several
questions remained unanswered. First, which organisms are capa-
ble of geosmin and MIB metabolism? Second, when such micro-
organisms are indeed present, are they capable of using geosmin
and MIB as the sole carbon and energy sources, or are these com-
pounds cometabolized? Third, if not cometabolized, are geosmin
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and MIB removed by the cells if other easily utilized substrates are
present?

The aim of the present work was to isolate and identify
geosmin- and MIB-degrading bacteria from the digestion basin of
the aforementioned recirculating system and determine their
growth and geosmin and MIB degradation when grown solely
with geosmin and MIB or with a combination of the latter com-
pounds and other readily available carbon sources.

MATERIALS AND METHODS

Growth and enrichment medium. Mineral medium supplemented with
geosmin and 2-methylisoborneol (MIB) was used as the enrichment me-
dium. The medium (24) contained the following ingredients (liter!):
NH,CI, 0.05 g; MgSO,, - 7H,0, 0.05 g; CaCl, - 2H,0, 0.02 g; K,HPO,, 0.1
g; FeCl; - 6H,0, 0.001 g; and trace element solution, 0.5 ml (45). The same
medium, as well as Luria-Bertani (LB) medium (Bacto tryptone,10 g li-
ter~!; yeast extract, 5 g liter—!; NaCl, 10 g liter—!) (33), was used for
growth of the isolates. During incubation of crude sludge and during
incubation of the isolates in LB medium, geosmin and MIB were supple-
mented from stock solutions containing 100 ug ml~! geosmin or MIB in
methanol (Supelco, Bellefonte, PA). Stock solutions, therefore, contained
24.4 M methanol and 0.55 mM geosmin or 0.59 mM MIB. Similar stock
solutions, containing geosmin and MIB in methanol, were used during
part of the enrichment procedure (see below). Bacterial incubations with
only geosmin or MIB as the carbon source were performed by adding
these compounds from separate stock solutions that were prepared by
dissolving 20 mg of either pure MIB or pure geosmin (Wako Chemicals
GMBH, Neuss, Germany) in 1 ml of sterile, double-distilled water.

MIB and geosmin biodegradation in crude sludge. Sludge was de-
rived from a sedimentation/digestion basin, which was part of a zero-
discharge marine recirculating system situated on campus (15). To sim-
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TABLE 1 Primers and probes used in the present study

Formamide Fluorescent dye
Primer or probe  Sequence (5'—3") Target site (positions)®  Target organism(s) (%) modification? Reference
Primers
11F GTTTGATCMTGGCTCAG 16S (11-28) Domain Bacteria Lane (29)
1392R ACGGGCGGTGTGTRC 16S (1392-1407) Domain Bacteria Lane (29)
341F¢ CCTACGGGAGGCAGCAG 16S (341-358) Domain Bacteria Muyzer et al. (34)
907R¢ CCGTCAATTCMTTTGAGTTT  16S (907-927) Domain Bacteria Muyzer et al. (34)
Probes
EUB338 GCTGCCTCCCGTAGGAGT 16S (338-355) Domain Bacteria 35 5" CAL4 Amann et al. (2)
SBACT P338 GCAGCCACCCGTAGGTGT 16S (338-355) Planctomycetales 30 6-FAM¢ Daimes et al. (8)
HGC69A GCAGCCACCCGTAGGTGT 23S (1901-1918) Actinobacteria 25 6-FAM Roller et al. (40)
VARI1 CTCCATTCGCGCAAGGTCTT  16S (209-228) Variovorax spp. 35 6-FAM Sanguin et al. (43)
RHOCOC3 CATCCTGCACCAGTAAACCT  16S (196-215) Rhodococcus spp. 35 6-FAM Kyselkova et al. (28)
COM1424 ACCTACTTCTGGCGAGA 16S (1424-1440) Comamonas spp. 25 6-FAM Amann et al. (4)

@ rRNA position according to Escherichia coli numbering.
b Modifications at 5" prime end.

¢ DGGE primer attached to 40-bp GC clamp (5'-GCCCGCCGCGCGCGGCGGGCGGGGCGGGGGCACGGGGGG-3").

45" CAL, CAL Fluor Red 590.
¢ 6-FAM, 6-carboxyfluorescein.

ulate oxygen-limited conditions prevailing in the digestion basin,
portions of 5 ml of sludge were placed in 150-ml serum bottles containing
140 ml mineral medium. The bottles were incubated at 30°C on a shaker
after flushing with argon for 30 min and subsequent addition of geosmin
and MIB (2.5 pgliter ! in methanol). Periodically, samples (7.5 ml) were
withdrawn from the bottles for determination of geosmin and MIB. Bot-
tles containing presterilized sludge were used as controls.

Isolation of bacteria. Sludge (10 ml) derived from the sedimentation/
digestion basin was incubated in 500 ml flasks containing 250 ml of min-
eral medium. Flasks were flushed with argon for 45 min and supple-
mented with MIB and geosmin (6 ug liter™! in methanol) prior to
incubation at 28°C. Every fourth day, an aliquot (10 ml) was transferred to
fresh geosmin- and MIB-supplemented mineral medium. This procedure
was repeated until the medium appeared to be free of visible sludge par-
ticles. At this stage, 100 wl of the suspension was spread on agar plates with
the same composition as the liquid medium. Successive transfers of dis-
tinctively different colonies were conducted until they were fully sepa-
rated. This enrichment strategy resulted in three morphologically differ-
ent bacteria. These bacteria showed growth for at least 10 successive
transfers on geosmin- and MIB-containing agar plates. Incubation of
these isolates in mineral medium (both solid and liquid) in the absence of
an organic carbon source resulted in no growth. Proof of their ability to
grow on geosmin or MIB was provided by culturing the isolates in the
presence of only one of these carbon sources without methanol. Under the
latter conditions (i.e., in liquid medium with either geosmin or MIB as
the sole carbon source), the isolates have been maintained in culture for
more than a year.

Identification of bacteria. DNA was extracted by heating single colo-
nies suspended in 30 ul of distilled water, pretreated with 1% diethylpy-
rocarbonate (DEPC), for 10 min at 94°C. 16S rRNA gene sequences of the
various isolates were amplified by PCR using the bacterial primer sets
341F with a GC clamp and 907R (34) and 1392R and 11F modified from
the method of Lane (29) as detailed in Table 1. Each 50-ul suspension
contained the following components: 1.5 U Taqg DNA polymerase (Red
Tag; Sigma, St. Louis, MO), Taq buffer containing a final magnesium
concentration of 1.5 mM, deoxynucleoside triphosphates (dNTPs; 20
nmol each), 50 pmol of each primer, and 1 ml DNA template. PCRs were
conducted in a gradient thermal cycler (model PTC-140 200; MJ Re-
search, Watertown, MA) programmed with an initial denaturation step of
95°C for 30 s followed by 33 cycles of denaturation at 95°C for 30 s,
annealing at 57°C for 30 s, and elongation at 72°C for 30 s. Cycling was
completed with a final elongation stage at 72°C for 2 min. The presence
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and size of the PCR fragments were determined by agarose gel electropho-
resis (2%) using ethidium bromide as the staining agent. The 341F and
907R PCR products were analyzed on a 20 to 80% gradient denaturing
gradient gel electrophoresis (DGGE) polyacrylamide gel in order to pin-
point the novel isolates. For identification of the isolates, PCR products of
both primer pairs were analyzed with an Applied Biosystems 377 DNA
sequencer using the Prism dye terminator cycle sequencing ready reaction
kit with Ampli Taq DNA polymerase. Each primer described above was
used separately for this process. The sequence products were primarily
identified by BLAST analysis (1). The 11F- and 1392R-generated frag-
ments (500 bp) were aligned with a prealigned 16S rRNA sequence data-
base using the aligning tool supplied by the MEGA phylogenetic software
package (46), and phylogenetic trees were generated by neighbor-joining
and maximum likelihood analyses with a correction method that applied
a 50% cutoff filter supplied by the MEGA software package. Bootstrap
analyses (1,000 replicates) were then applied to generated trees to select
optimal topologies (46).

FISH. The presence of the bacteria closely related to the ones isolated
was examined in sludge derived from the sedimentation/digestion basin
by fluorescence in situ hybridization (FISH) of either 16S or 23S bacterial
rRNA sequences with general and genus-specific oligonucleotide probes,
synthesized and modified by Sigma-Aldrich, (Germany). Probe modifi-
cations and their target organisms are presented in Table 1. Sludge (5 g)
was incubated in a 100-ml glass flask containing 75 ml mineral salt me-
dium, which was flushed with argon for 40 min prior to addition of geos-
min and MIB (5 ug liter—!). Every 3 days, geosmin and MIB levels were
adjusted to secure levels of around 5 ug liter —!. After 3 weeks of incuba-
tion, 10 ml of the suspension was added to sterile plastic vials and fixed
with paraformaldehyde (final concentration, 2%). Fixation of similar
samples with ethanol (1:1) was also performed to allow hybridization with
probes against Gram-positive bacteria. Vials were stored overnight at 4°C
for fixation, washed twice with phosphate-buffered saline (PBS) (1:1),and
stored at —20°C. Portions of 5 ul were introduced onto gelatin-coated
diagnostic microscope slides containing eight wells (Erie, Portsmouth,
NH) and dried at 37°C for 30 min. Wells containing pure cultures of the
bacterial isolates obtained in this study were used as positive controls.
Paracoccus sp. was used as a negative control. Hybridization was per-
formed according to a protocol described previously (3). Briefly, 8 ul of
hybridization buffer was added to the wells. The concentration of form-
amide in the buffer differed with each probe used (Table 1). One of the
probes (specified in Table 1) was added to each sample at a final concen-
tration of 5 ng ml~!. Parallel runs were conducted with the EUB338 gen-
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eral probe and one of the following specific probes: VAR1, RHCOCS3, or
COM1424. All slides were incubated for 3 h at 46°C in a moisture chamber
for hybridization. Following hybridization, slides were washed with a
washing buffer (3) and stained with 1 ug ml~! of 4',6’-diamidino-2-
phenylindole (DAPI) for 10 min. After final washing with sterilized dis-
tilled water, samples were overlaid with AF1 mountant solution (Citi-
fluor, United Kingdom) as an antifading reagent and covered with a
coverslip. Final samples were analyzed by epifluorescence microscopy on
a Nikon Eclipse 80i microscope (Nikon Instruments, Inc., Melville, NY).

In vitro experiments with bacterial isolates. Bacterial isolates were
incubated in mineral medium supplemented with either geosmin or MIB
(without methanol) and in LB medium supplemented with both geosmin
and MIB (in methanol). Aerobic incubation was initiated by adding 1-ml
aliquots of the bacterial stock solutions to 75 ml of medium in 200-ml
serum bottles. The bacterial suspensions were supplemented with geos-
min and/or MIB and incubated in a temperature-controlled (37°C)
shaker at 200 rpm. Periodically, aliquots were withdrawn from the dupli-
cate bottles for determination of MIB, geosmin, and bacterial concentra-
tions. Since all three strains were isolated from an anoxic digestion basin,
proliferation of the isolates and their concomitant reduction of geosmin
or MIB were also examined in argon-flushed, nonaerated medium. For
this purpose, incubation was conducted in 100-ml serum bottles contain-
ing 75 ml of mineral medium. The bottles were flushed with argon for 25
min prior to being sealed with butyl rubber stoppers and crimp capped.
Incubations were initiated by injecting geosmin and/or MIB through the
bottles’ caps. Two serum bottles, similarly treated and inoculated, were
dedicated for oxygen determinations. As determined by the Winkler
method (5), maximum oxygen levels of 0.03 mg liter ! were measured at
the start of the incubation period and decreased to undetectable levels
(below 0.01 mg liter ') during the exponential phase of growth.

Similar aerobic and nonaerated incubations with isolates minus geos-
min or MIB, as well as incubations with autoclaved bacterial suspensions,
served as controls.

Bacterial enumeration. Bacterial cell numbers were determined ac-
cording to the most probable number (MPN) technique. In this test, serial
dilutions (n = 5) were made on enzyme-linked immunosorbent assay
(ELISA) plates (Nunc, Denmark) containing the same medium used for
bacterial growth. Plates were incubated at 37°C for 48 h, and the number
of bacteria in the original sample was determined according to Halvorson
and Ziegler (18). In addition, 10-ul aliquots (obtained from each of the
10-fold dilutions on the ELISA plates) were spread onto agar plates con-
taining medium with the same composition as the growth medium. After
48 h of incubation at 37°C, colony-forming units (CFU) in the planted
drops, containing 30 to 300 cells, were counted and the original number of
CFU in the original sample was calculated based on 5 replicates (27).
Bacterial cell numbers (mean values) were calculated based on results
obtained with both methods. Bacterial growth rate constants were calcu-
lated based on cell proliferation during their exponential phase of growth.

MIB and geosmin analysis. MIB and geosmin concentrations in liq-
uid samples were analyzed using solid-phase microextraction (SPME) as
previously described by Lloyd et al. (31). Briefly, the method is based on
extraction of these compounds onto a StableFlex fiber (Supelco, Belle-
fonte, PA). Individual liquid samples (25 ml) were supplemented with 6 g
of NaCl and incubated in crimp cap vials (total volume, 40 ml) in a water
bath at 65°C. After 30 min of incubation, SPME fibers were injected
through the Teflon-faced silicone septa (Supelco, Bellefonte, PA) of the
airtight vials for headspace extraction of MIB and geosmin for 20 min.
Concentrations of the compounds (1 ng liter ! detection limit) were de-
termined by injecting the fibers for 1.5 min at 250°C into the splitless
operated injector of an HP5890 (Palo Alto, CA) gas chromatograph with
a flame-ionized detector (GC-FID). The GC was operated with an
MDN-5 fused silica capillary column (length, 30 m; inside diameter, 0.25
mm) of 0.25-um film thickness (Supelco, Bellefonte, PA). Helium was
used as the carrier gas at constant flow rate of 1 ml min~!. The oven
temperature was held at 60°C for 0.5 min from injection and then in-
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FIG 1 Geosmin (left) and MIB (right) biodegradation under nonaerated con-
ditions in mineral media containing crude (@) and sterilized (H) sludge ob-
tained from a digestion basin. Rates represent mean values (n = 3).

creased to 100°C at 30°C min~!, followed by increases to 185°C at 20°C
min~ ! and 250°C at 40°C min~!, and held at this maximum temperature
for 2.3 min. The FID temperature was 280°C. Identification of geosmin
and MIB peaks detected by GC-FID was verified by parallel analysis of
selected samples with a gas chromatograph coupled to a mass spectrom-
eter detector (GC-MS model Saturn 2000; Varian, Inc., Palo Alto, CA).

Nucleotide sequence accession number. The three 16S rRNA gene
sequences determined in this study have been deposited in GenBank un-
der accession no. GQ365214, GQ365216, and GQ365217.

RESULTS

MIB and geosmin biodegradation in sludge samples. Incubation
of sludge from the digestion basin in mineral medium under
nonaerated conditions resulted in a larger decrease of MIB and
geosmin than those in similar runs with sterilized sludge (Fig. 1).
Specifically, during the first 2 days of incubation, the decreases in
geosmin and MIB were similar in sterilized and nonsterilized slud-
ges. However, the decrease of these compounds continued beyond
this period in nonsterilized sludge at rates of 185.42 and 144.65 ng
liter ! day ! for geosmin and MIB, respectively. In sterilized
sludge, a decrease in these compounds was not observed beyond
day 2 of incubation.

Bacterial identification. Single bands obtained by denaturiz-
ing gel gradient electrophoresis (DGGE) of PCR-amplified DNA
extracted from the isolated colonies confirmed that the colonies
were comprised of only one bacterial strain (not shown). Phylo-
genetic tree analysis of the sequenced 16S rRNA gene fragments
(Fig. 2), revealed a close relationship of isolate 9b (GQ365214)
with Variovorax paradoxus, isolate 9bs (GQ365216) with Rhodo-
coccus sp., and isolate mg (GQ365217) with Comamonas sp. Par-
allel BLAST analyses of the 16S rRNA gene sequences (not shown)
also revealed a close relationship (scores of >98%) of all isolates
with these reference bacteria.

Invitro MIB and geosmin biodegradation. Geosmin and MIB
were used by all three isolates as primary carbon sources, as illus-
trated for the Rhodococcus-like isolate, whose growth was depen-
dent on the initial concentration of either one of these compounds
(Fig. 3). Incubation of the three bacterial isolates in aerated cul-
ture flasks as well as in argon-flushed, airtight flasks in the pres-
ence of either geosmin or MIB as the sole carbon source was ac-
companied by a significant removal of these compounds as well as
growth of the isolates under all conditions tested (Fig. 4, 5, and 6).
It should be noted that the geosmin and MIB concentrations in
Fig. 4, 5, and 6 represent the net concentrations of geosmin and
MIB (obtained by subtracting the decrease in geosmin and MIB
concentrations in the sterile control flasks from those in the non-
sterilized flasks), as it was found that geosmin and MIB decreased
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FIG 2 Phylogenetic tree analysis of 16S rRNA gene sequences of three bacterial isolates found capable of geosmin and MIB biodegradation. Bacteria isolated in
the current study are noted with their GenBank accession number. Numbers on branches represent bootstrap tests of phylogeny (500 replicates) using the

neighbor-joining with maximum likelihood analysis tool.

also in the autoclaved control flasks under aerobic conditions.
Over the incubation period, this nonbiologically mediated de-
crease of geosmin and MIB, most likely caused by volatilization of
these compounds, accounted for a decrease of 25% of the initial
MIB concentrations and 2% of the initial geosmin concentrations
in aerated control flasks. No loss of either geosmin or MIB was
observed in similar control flasks under airtight conditions (not
shown). In control runs (not shown), it was demonstrated that all
three isolates did not grow in medium devoid of geosmin and
MIB. Generation times during exponential growth of the isolates
with either geosmin or MIB under aerobic conditions ranged

25x105 25¢10°
15x10°4 154104
"E 5,0%10°4 ,r‘/‘_‘ 5.0%10°
2 30105 3.0¢10°
3]
20x10° 20%10°
1.0x10° 1.0x10°
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0 2 4872 9% % 216 0 24 48 72 % 16 216
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FIG 3 Growth of the Rhodococcus sp.-like isolate (expressed as CFU ml™!)
during incubation in mineral medium under aerobic conditions with geosmin
(left) and MIB (right). Initial geosmin and MIB concentrations were 2.5 ug
liter—! (M) and 2.5 mg liter ! (A).
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from 3.1 to 5.8 h, while under nonaerated conditions, longer gen-
eration times of 5.8 to 19 h were measured (see the supplemental
material). Geosmin removal rates by the various isolates during
exponential growth ranged from 3.7 X 1073t0 1.9 X 10~ 2ngh~!
cell ™! under aerobic conditions and from 4.0 X 1075 to 4.0 X
1073 ng h™! cell ! under nonaerated conditions. MIB removal
rates ranged from 1.0 X 1076 to 1.1 X103 ng h~! cell ! under
aerobic conditions and 2.5 X 107° to 2.2 X 1073 ng h™! cell ™!
under nonaerated conditions (see the supplemental material).
Compared to incubation in mineral medium, incubation of the
isolates in LB medium under both aerated and nonaerated conditions
(Table 2) resulted in higher growth rates of all isolates. Geosmin and
MIB removal rates under these conditions were considerably lower
(ranging from 1.5 X 10~¢ to 4.8 X 10~ !°) than during incubation of
the isolates with only geosmin or MIB as the carbon source. It should
be noted that incubation of the isolates in LB medium was conducted
with amendments of geosmin and MIB dissolved in methanol.
Hence, in addition to tryptone and yeast extract (present in LB me-
dium), methanol was a possible additional carbon source for bacterial
growth. Indeed, subsequent runs revealed that, although significantly
slower than in LB medium, growth of the isolates was also obtained in
medium with methanol as the sole carbon source (not shown). Fur-
thermore, it is important to note that both geosmin and MIB were
added to the LB medium—as opposed to the runs with mineral me-
dium, where the isolates were cultured with either geosmin or MIB.
Despite the apparent low geosmin and MIB removal rates by the
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different isolates in LB medium, geosmin as well as MIB removal by
each of the isolates was higher than 60% of the initial concentrations
under both oxygen-sufficient and -deficient conditions (not shown).

FISH. The presence of bacteria closely related to both Rhodo-
coccus sp. and Comamonas sp. in sludge derived from the digestion
basin was verified by fluorescence in situ hybridization (FISH)
using general and specific rRNA-targeted probes (Fig. 7). The

presence of bacteria belonging to the genus Rhodococcus was dem-
onstrated by using both a general 23S rRNA-targeting probe,
HGC69A, for Actinobacteria and a specific 16S rRNA-targeting
probe, RHCOCS3, for the genus Rhodococcus. Bacteria of the genus
Comamonas were identified in the sludge by using a specific 16S
rRNA-targeting probe, COM1424. The hybridized bacteria
showed a high morphological similarity to pure cultures of the
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sole carbon source under nonaerated (a) and aerated (b) conditions. Rates are mean values of duplicate analyses. Net loss is depicted relative to abiotic control
treatments. Differences between the duplicate determinations did not exceed 10%. Note the use of different time scales for the aerated and nonaerated treatments.
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treatments.

Rhodococcus and Comamonas-like isolates, which also hybridized
with the aforementioned probes (Fig. 7). Identification of bacteria
belonging to the genus Variovorax was more problematic. A gen-
eral 16S rRNA-targeting probe (SBACT P338) against Planctomy-
cetales (comprising the genus Variovorax) did hybridize with the
Variovorax paradoxus-like isolate as well as with bacteria present
in the sludge (not shown). However, a specific 16S rRNA-
targeting probe, VARI, failed to hybridize with the isolate.

DISCUSSION

In the present study, pure cultures of bacteria were obtained that
were capable of using geosmin and MIB as the sole organic carbon
and energy sources under both aerobic and nonaerated condi-
tions. Closely related bacteria were found to degrade aromatic
hydrocarbons, as was found for (i) Variovorax paradoxus, which
was shown to metabolize 3-nitrotyrosine (37); (ii) bacteria be-
longing to the genus Comamonas, found capable of nitrobenzene
(36) and quinoline degradation (7); and (iii) bacteria within the
genus Rhodococcus, degrading a wide array of aromatic hydrocar-
bons such as benzene, toluene, and phenol (26). Among the afore-

mentioned genera, only Rhodococcus has been associated with
degradation of geosmin and MIB (11, 12,41) when incubated with
additional carbon sources.

Degradation and growth of bacteria with either one of these com-
pounds have been reported in a few studies. It was found that MIB,
when supplied as the sole carbon source, was degraded by a consor-
tium of three or more Pseudomonas species isolated from a freshwater
lake (24) and by a Bacillus sphaericus isolate from a drinking water
reservoir (30). Recently, geosmin, when supplied as the sole carbon
source, was found to support growth of a Sphingopyxis sp. isolate
from a sand filter in a wastewater treatment plant (21). It seems un-
likely that the ability to grow on geosmin and/or MIB as the sole
carbon source provides a competitive advantage for these organisms
since the sole presence of only those and no other organic carbon
compounds in natural environments is not expected. The presence of
off-flavor compounds together with other organic carbon sources in
natural water bodies might explain why most reported isolates are
only capable of geosmin or MIB degradation while metabolizing ad-
ditional carbon sources (11, 12, 23, 35, 41, 44, 50). From the latter
studies, no clear picture emerges as to the bioenergetic value of geos-

TABLE 2 Generation times and geosmin and MIB removal rates during exponential growth of bacterial isolates in LB media supplemented with

MIB and geosmin under aerobic and nonaerated conditions®

Aerobic Nonaerated

Generation Removal rate (ng h—! cell ™) Generation Removal rate (ng h™! cell ™)
Isolate time (h) Geosmin MIB time (h) Geosmin MIB
Variovorax paradoxus 1.02 1.46 X 10~° 7.73 X 1077 2.60 2.30 X 107° 1.35 X 107°
Rhodococcus sp. 1.15 ND¥ ND 2.19 4.81 X 10710 3.54 X 10710
Comamonas sp. 1.11 ND ND 3.46 2.94 X 1077 1.36 X 10~?

@ The initial concentration of either geosmin or MIB in the various media was 5 ug liter—!.
? ND, not determined.
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FIG 7 FISH analysis of sludge bacteria with DAPI (blue), EUB338 (red) and
the targeting probes (green) HGCr69A (top panels), RHCOC3 (middle pan-
els), and COM1424 (bottom panels) (A) and the Rhodococcus sp.-like isolate
with the 16S rRNA targeting probe RHCOCS3 (left) and the Comamonas sp.-
like isolate with the 16S rRNA targeting probe COM1424 probe (right) (B).

min and MIB when (co)metabolized with other organic carbon com-
pounds, and as such, the benefits for organisms like those isolated in
this study, capable of using these compounds as the sole, hence pri-
mary, carbon sources have yet to be determined. Due to the unavail-
ability of suitable bacterial isolates, only a few studies on bacterial
geosmin and MIB degradation pathways have been conducted (42,
47). Based on these studies, the degradation pathways of both com-
pounds seem to differ substantially. However, a common degrada-
tion pathway for geosmin and MIB using the Bayer-Villiger reaction
(48) has been suggested (19). From the above findings, it may be
concluded that a better understanding of the bacterial metabolism of
geosmin and MIB is hampered by a lack of available suitable bacterial
strains. It is anticipated, therefore, that the bacteria reported here,
capable of degrading both compounds in the absence of additional
carbon sources, may serve as an important tool for a better under-
standing of the bacterial geosmin and MIB metabolism.

In this study, the bacterial isolates were found to be capable of
geosmin and MIB removal also when incubated in argon-flushed
and airtight flasks. Given the fact that the bacterial strains were
isolated from an anaerobic digestion basin, this finding is not sur-
prising. However, the mineral medium used in this study did not
contain any external electron acceptors, and as such, the question
remains whether geosmin and MIB were degraded by fermenta-
tion processes or whether despite its low ambient concentrations,
oxygen was used by the cells for degradation of these compounds.

Limited information is available on geosmin and MIB degrada-
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tion rates by other bacteria. The geosmin degradation rates obtained
in this study were in the same order of magnitude as those of a re-
cently isolated bacterium similar to Sphingopyxix alaskensis (21),
while the MIB degradation rates were higher than those observed for
a consortium of Pseudomonas species (24). As all three isolates exam-
ined in this study failed to grow in autotrophic growth medium but
did grow when incubated with either geosmin or MIB in a
concentration-dependent mode, it is apparent that these compounds
are used by the bacterial isolates as primary carbon sources. By using
cell concentrations, cell sizes as estimated from FISH analyses (Fig. 7),
and values of bacterial carbon content provided by Norland et al.
(38), we estimated that the increase in cell carbon accounted for 20 to
90% of the total carbon which was removed as either geosmin or MIB
during the various incubations. This range of carbon incorporation
efficiencies (i.e., the amount of new carbon biomass produced per
unit of carbon assimilated) is high as respiration accounts for 70% of
the assimilated carbon in heterotrophic bacteria (9). Most probably,
due to the low initial geosmin and MIB concentrations and the re-
sulting low bacterial biomass during the various incubations, esti-
mates like these are inaccurate. Similar mass balances derived from
incubations with higher initial geosmin and MIB concentrations (Fig.
3) resulted in more feasible carbon assimilation rates, which ac-
counted for 6.5 to 25% of the total carbon removed from the flasks.

Threshold levels for both geosmin and MIB, known to affect
the taste and odor of fish, are as low as 5 ng liter—!. As such, in
order for biological degradation to be of practical importance,
geosmin- and MIB-degrading bacteria should exhibit a relatively
high affinity for these substrates. We found that when incubated at
low ambient geosmin and MIB concentrations (not shown), these
compounds were either depleted or at very low levels (lower than
10 ng liter ') during the late stationary growth phase, and we
conclude, therefore, that biological removal of these compounds
is also effective in the low concentration range often found in
off-flavor-tainted water bodies. Moreover, physical/chemical ad-
sorption of these off-flavor compounds takes place at very low
ambient concentrations (e.g., see reference 17). Therefore, at ele-
vated geosmin and MIB levels within the adsorbent matrix, it
might be assumed that biological removal of these compounds is
not affected by substrate limitation.

Recently, we found that geosmin and MIB could be efficiently
removed in a lab-scale up-flow anaerobic sludge blanket (UASB) re-
actor, containing sludge from which the bacterial strains reported
here were isolated (L. Guttman and J. van Rijn, unpublished data).
Ongoing research deals with investigating the use of a similar, but
larger, reactor in a closed-aquaculture recirculating system.
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