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Six crude oil-degrading bacterial strains isolated from different soil and water environments were combined to create

a defined consortium for use in standardized efficacy testing of commercial oil spill bioremediation agents (OSBA).

The isolates were cryopreserved in individual aliquots at pre-determined cell densities, stored at -70°C, and thawed
for use as standardized inocula as needed. Aliquots were prepared with precision (typically within 10% of the mean)
ensuring reproducible inoculation. Five of the six strains displayed no appreciable loss of viability during cryopre-
servation exceeding 2.5 years, and five isolates demonstrated stable hydrocarbon-degrading phenotypes during
inoculum preparation and storage. When resuscitated, the defined consortium reproducibly biodegraded Alberta
Sweet Mixed Blend crude oil (typically  * 7% of the mean of triplicate cultures), as determined by quantitative gas
chromatography—mass spectrometry of various analyte classes. Reproducible biodegradation was observed within

a batch of inoculum in trials spanning 2.5 years, and among three batches of inoculum prepared more than 2 years

apart. Biodegradation was comparable after incubation for 28 days at 10 °C or 14 days at 22 °C, illustrating the tem-
perature tolerance of the bacterial consortium. The results support the use of the synthetic consortium as a repro-
ducible, predictable inoculum to achieve standardized efficacy tests for evaluating commercial OSBA.
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Introduction agencies to evaluate the safety and efficacy of OSBA
Biodegradation of crude oil in natural systems occurﬁ'.ntended for regtlaase 'Qto th? enwrc;]r'm;]en_}, sq”as to crzate a
through the actions of mixed microbial populations. In cer- Ist % aﬁcepta Ti prS _uc;tjssrom WE'C ! Ol SpI rle;pon ers

tain environments, conditions limit the presence or effecSOUId CNOOSE. 'NE nited States Environmental Protection

tiveness of natural degradative consortia. For example, priSAgency (US-EPA) and Environment Canada’s Emer-

tine environments lacking petroleum hydrocarbonsgencies Science Division addressed this need contempor-

typically support low levels of hydrocarbon-degrading ;neously by developing tiered quantitative laboratory tests

v : . : requiring microbial inocula) for evaluating OSBA. How-
microbes, whereas oil-contaminated environments ma 2 . ;
experience physical conditions (eg low temperature) o hveklthelralpgroaches dlffelrgrd '?}th?t theAUSI-_EPA (thrcc:)ugh
. » i . the National Environmental Technology Applications Cor-
chemical conditions (eg low oxygen or fixed nitrogen S .
levels), limiting the ability of their degradative consortia to poration; NETAC) chose to use natural seawater microflora

biodegrade petroleum. In these cases, the practice (ﬁ]sthelrstandard inoculum for Tier Il laboratory tests [17].

bioaugmentation or biostimulation may be warranted. Th h e?i(c):n::rgr?;’oEir;wcr:g%n;ggfeé:?)?ak?;ctg?igs?sé?at%%n?:;ﬁt gsg g_'
former term refers to the addition of exogenous Organlsm}raphically diverse sources representing different natural

((aig\lliréﬁﬁgntﬁivgl?gmoélé??ﬁéaggzm; ﬁgreano\}vyhegs)théolatttgrenvironments. Two such consortia were synthesized: one
i : ' . rom terrestrial and freshwater sources for testing OSBA
refers to the addition of chemicals such as nutrients (e :
. . tended for continental use at moderate temperatures (10—
nitrogen, phosphate and/or oxygen) or surfactants to StImUZ-SOC)_ and one derived from seawater andpcoastal sc(-:-di-
late the natural flora, ments for testing OSBA intended for marine applications

Prior to theExxon Valdeil spill in 1989, few oil spill : . .
bioremediation agents (OSBA) for either biostimulation orat C.Old temperatures<(10°C), reflecting typical Canadian
gnvironments.

s s WY ubpec ot . The conori were developed for o purposes: ) 0
! b y gnty p serve as reproducible populations for testing the efficacy of

of bioremediation in Prince William Sound (reviewed m%iostimulatory OSBA: and (i) as benchmark populations

[19]), increasing numbers of OSBA have been markete - : . . .
; ; gainst which bioaugmentation OSBA could be reproduci-
[1,20]. This has created a need for environmental regulator ly measured. Therefore, reliable oil biodegradation by the

inoculum under standard conditions was extremely
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subsequent testing for replication (viability with storage),aliphatic-degrading isolates, a minimum of 100 isolated
reliability (hydrocarbon-degrading phenotype stability), andcolonies were replica patched using sterile wooden tooth-
validity in laboratory tests (reproducibility of degradation). picks onto mineral medium spread with g0 of the ali-
Characteristics of the cold, marine consortium have beephatic fraction of Prudhoe Bay crude oil (prepared as per
described elsewhere (Fogét al, in press), as have results Ref [7]) as a carbon source (test plate), and onto mineral
from testing of commercial OSBA [3]. medium without an added carbon source (negative control).
Plates were inverted and incubated at@Zor 2—3 weeks
in the dark, then scored by comparing growth on the plates:
growth on the test plate and no growth on the correspond-
Media and standard crude oil ing control was scored as a positive result. For phenotype
The standard freshwater medium contains 0.5 4/KO,,  testing of aromatic degraders, triplicate spread plates on
2.0g NagSO, 0.2g MgSQ:7H,O, 2.0g KCI, trace BYP agar having well-isolated colonies (typically with
FeSQ-7H,0 and 1.0 ml trace mineral salts solution per liter 100-200 colonies each) were pregrown at@2or 5 days,
of twice-distilled water. Trace mineral salts solution con-then sprayed [16] with an ethereal solution of dibenzothi-
tains 3.7 g CaGI2H,0, 2.5 g HBO;, 0.87 g MnC}, 0.65g ophene and re-incubated. Colonies which developed an
FeCl, 0.44 g ZnCJ, 0.29 g NaMo00O,-2H,0, 0.01 g CoCl  orange color resulting from oxidation of the substrate [10]
and 0.0001 g CuGlper liter of twice-distilled water. When were scored as positive.
required, a sterile nutrient solution (N,P: containing 25 g
K,HPQO,, 50 g NH,CI and 100 g KNQ per liter of twice-  Preparation and testing of replicate inoculum
distilled water) was added to sterile freshwater medium agliquots
20ml L. The composition of BYP agar and mineral Isolated colonies of individual strains were used to inocu-
medium agar used for inoculum enumeration and phenolate 5 ml of tryptic soy broth (TSB; Difco) in test tubes and
type testing have been described [10]. incubated at 2ZC overnight on a tube roller. One to three
Alberta Sweet Mixed Blend (ASMB) crude oil was milliliters of these seed cultures were used to inoculate
selected as the reference oil for tests, as it has been char&80 ml of TSB in 500-ml Erlenmeyer flasks incubatedat
terized extensively by Environment Canada [15]. It was25°C for 24—-48 h, as appropriate, with shaking at 200 rpm.
‘weathered’ by evaporation under forced air at room tem-Cultures were harvested aseptically by centrifugation at
perature for 24 h to reduce volatile hydrocarbon content and0000x g for 15 min. The cell pellets were resuspended
improve quantitative analysis of residual oil. This resultedin 5-10 ml of cold, fresh TSB, then an equal volume of
in mass losses of 17.3%, 18.6% and 13.8% for three differsterile 50% v/v glycerol was added. These ‘bulk suspen-
ent batches of oil prepared over a 4-year period. The weatlsions’ were placed on ice for at least 10 min to allow pen-
ered oils were stored, sealed, &C4 etration of the glycerol cryoprotectant. Viable cell numbers
in the bulk suspensions were estimated by removing an ali-
Selection and identification of oil-degrading bacterial quot, diluting it in 10 mM phosphate buffer (pH 7) and
strains plating it in triplicate onto Plate Count Agar (PCA; Difco)
Bacterial strains in our cryopreserved culture collection iso-or BYP agar for incubation at 22 for 5 days. Meanwhile,
lated from diverse environments and geographic sites werthe individual bulk suspensions were frozer-a@°C. After
considered as candidates for the synthetic consortium. Ithe colony forming units per ml (CFU mi) in each bulk
preliminary tests, six of these isolates were confirmed asuspension had been estimated, they were thawed and held
degrading either the aliphatic or the aromatic componentsn ice, and diluted appropriately with sterile ice-cold TSB
of ASMB, using qualitative gas chromatography with aplus 50% glycerol (1:1 vol:vol) to achieve a calculated
flame ionization detector (GC-FID; [7]) and the surrogateviable cell density of 2< 10° CFU ml™. The diluted bulk
standards squalane and chrysene. Various combinations sfispensions were then individually dispensed in LO8H-
the strains were incubated with ASMB to verify that they quots using a repeat pipettor and 2.5ml CombiTips
would be compatible in an oil-degrading consortium. (Eppendorf) into sterile 2.0-ml screw-cap Nalgene Cryo-
Residual oil in duplicate flasks was qualitatively analyzedgenic Vials (Nalge, Rochester, NY, USA), and frozen at
after fractionation and compared with parallel sterile con-—70°C. The actual CFU mt in the aliquots was determined
trols to determine relative biodegradation losses. accurately for each isolate after freezing by thawing three
The strains were subjected to standard biochemical testandomly selected aliquots, diluting and plating each as
[18] including: Gram stain and cell morphology, motility, above, and counting CFU in triplicate on PCA or BYP agar
nitrate reduction, anaerobic growth, production of fluor-for each replicate aliquot. Purity of each inoculum prep-
escent pigments, cell wall amino acid composition, presaration was also verified using these plates. After enumer-
ence and identity of mycolic acids, presence of xanthomonation, colonies were screened for appropriate degradative
adin pigment, utilization and acid production from various phenotypes, as described above.
carbohydrates, and gelatinase, amylase, oxidase, catalasdn later studies, the three aliphatic-degrading isolates,

Materials and methods

and decarboxylase activities. and similarly the three aromatic-degrading isolates, were
combined into the same cryovial for use in efficacy testing.
Phenotype stability However, individual replicate aliquots of each isolate were

Pure cultures of the standard inoculum organisms weralso prepared for use in viability and phenotype quality
tested for the proportion of viable cells possessing theontrol tests.
desired hydrocarbon-degrading phenotype as follows. For To test inoculum viability and phenotype stability during
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long term storage at70°C, at intervals randomly selected In early studies into the effect of temperature on the
aliquots of individual isolates were thawed, diluted andinoculum, replicate flasks were incubated in freshwater
tested for CFU mtt and phenotype as described above. medium plus N,P at4 1¢°, 15° and 22C and sacrificed
for analysis at weekly intervals up to 28 days. These tests

Biodegradation tests were carried out using Prudhoe Bay crude oil added volu-
The standard freshwater OSBA efficacy tests developed bgnetrically, and analyzed as described below.
Environment Canada ([12] Blenkinsopet al, in
preparation) employ the freshwater medium and ASMB oilRecovery and analysis of residual crude oil for
incubated under standard conditions in various combiquantitative GC
nations with inoculum, OSBA, and N,P amendment. TheAfter incubation, flask contents were acidified to pkR
residual oil recovered from replicate cultures is then subwith 2 ml 4 N H,SO,. Exactly 1.0 ml of a surrogate stan-
jected to quantitative GC-FID and GC with mass spec-dard solution containing known weights of squalane
trometry (GC-MS) to determine the percentage of biodeg{Sigma),o-terphenyl (99%, Aldrich) and.gphenanthrene
radation that has occurred. Biostimulatory OSBA are tested97 atom%, Aldrich), prepared in a volumetric flask and
in the presence of the standard inoculum, whose oil-degradstored at-20°C, was added to assess the efficiency of oil
ing activity they must stimulate. For bioaugmentation extraction. Residual oil was exhaustively extracted with
OSBA, the test flasks are inoculated only with the commermultiple aliquots of HPLC-grade dichloromethane
cial product, and the standard inoculum is used in separatg&aledon Laboratories, Georgetown, ON, Canada), dried by
quality control flasks to ensure that acceptable conditionpassage through anhydrous 8@, and concentrated by
are achieved during the test. This paper presents the resultstary evaporation and undes o less than 1 ml. The reco-
from duplicate and triplicate control flasks (containing stan-vered oil was quantitatively transferred to 2-ml glass auto-
dard inoculum, reference oil, and mineral medium with orsampler vials with teflon liners (Hewlett Packard).
without N,P) normalized to parallel sterile (uninoculated) As previously described [4, 22], a known mass of each
controls, to demonstrate the hydrocarbon-degrading propesample was fractionated into aliphatics and aromatics by
ties of the inoculum. Results from OSBA tests have beeniquid column chromatography and analyzed by quantitat-
presented elsewhere [3]. ive GC-FID and GC-MS. The following fractions were ana-

Specifically, triplicate 500-ml Erlenmeyer flasks contain-lyzed [23]: total GC-detectable petroleum hydrocarbons
ing 200 ml freshwater medium with or without N,P were (‘TPH’, the sum of all GC-resolved and unresolved
inoculated by thawing replicate inoculum aliquots on icehydrocarbons), total aliphatics (the sum of all GC-resolved
and quantitatively transferring the cells aseptically using and unresolved hydrocarbons collected in the aliphatic frac-
Pasteur pipette and a small amount of the sterile mediurtion, including totaln-alkanes, branched alkanes and cyclic
to rinse the cryovials. The viable cell number in each ali-saturates)n-alkane distribution (the sum of all resolved
quot was sufficient to provide an inoculum densitycaf  alkanes from g to C,, plus pristane and phytane); total
10° CFU mltin the medium. In early trials, 400l oil was  aromatics (calculated as TPH minus total aliphatics); five
added volumetrically to each flask, and results werearget polycyclic aromatic hydrocarbons (‘PAH’) and their
reported as mass loss per ml of oil. This method was refinedlkyl homologues (the sum of the parent compounds and
in the final protocol by gravimetrically adding 400 mg alkylated homologues of naphthalene, phenanthrene,
weathered ASMB reference oil (accurately measured talibenzothiophene, fluorene and chrysene); and biomarkers
0.1 mg) to each flask using a tared sterile 5-ml glass syringéeg hopanes and steranes in the aliphatic fraction). Results
and reporting results on a % weight loss basis. Parallelvere expressed as mg ag of analyte per mg residual oil,
uninoculated flasks served as sterile controls to account fafter instrument calibration and normalization to internal
abiotic losses. All flasks were stoppered with foam plugsstandards [22,23]. Percent losses of the analyte fractions
capped loosely with foil, to permit gas exchange while min-were calculated relative to the recovered oil from the paral-
imizing volatility losses. Flasks were incubated in the darklel sterile controls. In this communication, results are
on a gyratory shaker at 150 rpm (2.5 cm eccentricity) atreported from three selected classes of analytes, namely:
either 10C for 28 days or at ZL for 14 days. (i) TPH; (i) total aliphatics; and (iii) PAH, because these

Table1l Source and presumptive identification of the constituent strains of the freshwater inoculum

Strain Source Reference Identification

Aliphatic-degrading isolates

S+14He freshwater pond, Alberta [6] Mycobacteriumsp?

Husky A oily sludge landfarming site, Saskatchewan this study Mycobacteriumsp?

Esso AgD refinery wastewater, Germany [11] Corynebacteriunsp
Aromatic-degrading isolates

LP6a hydrocarbon-contaminated soil, Alberta [11, 12] Pseudomonas fluorescens
EB2la refinery wastewater, Germany [8, 11] Pseudomonas alcaligenes
S+14Ha freshwater pond, Alberta [6] Xanthomonasp

aMost similar toMycobacterium agri.
®Most similar to Corynebacterium callunae
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classes respectively represent: (i) a general indicator of 825
biodegradation; (ii) the most readily degraded fraction of
the oil; and (iii) compounds of concern because of their
typical environmental persistence and potential carcino-
genicity.

Results

Selection and identification of inoculum strains

Six bacterial strains isolated from various environments
were chosen from our cryopreserved collection of pet-
roleum-degrading bacteria and presumptively identified by
standard taxonomic methods (Table 1). We have previously
observed [8] that our collection contains strains that min-
eralize either hexadecane or phenanthrene in the presence
of oil. Therefore, we selected isolates from amongst the
aliphatic- and aromatic-degrading bacteria to constitute our
complete standard inoculum. Three strains of each degrad-
ative type were chosen to build redundancy into the inocu-
lum.

In preliminary trials the compatibility of various combi-
nations of these inocula was verified by qualitative GC-
FID. Selected chromatograms from these studies presented
in Figures 1 and 2 show that the aliphatic-degrading strains
extensively degraded the-alkanes and isoprenoids indi-
vidually (Figure 1b—d), together (Figure 1e), and also when
combined with the aromatic-degrading strains as a complete
inoculum (Figure 1g). In contrast, the three aromatic-
degraders did not significantly alter the aliphatic fraction
(Figure 1f). Analysis of the aromatic fraction of the same
residual oils showed that the isolates primarily degraded
the lower molecular weight compounds (Figure 2b—d). The
combination of three aromatic-degrading strains achieved
better degradation (Figure 2e) than any individual strain
(Figure 2b-d), and the best aromatic degradation was
observed with the complete inoculum (Figure 2g). The ali-
phatic-degrading strains did not significantly degrade the
aromatic fraction of ASMB (Figure 2f). Based on results
from these and other combinations of the strains (data not
shown), the six isolates described in Table 1 were deter-
mined to be compatible for use in the synthetic consortium.

In early experiments, biodegradation tests were conduc-
ted over a range of temperatures typical of temperate fresh-
water environments, to determine whether the inoculum
would function under both cold and warm freshwater con-
ditions or whether distinct consortia would be required. Fig-
ure 3 shows that comparable losses of TPH, total aliphatics
and PAH were achieved by the inoculum whether incubated
at £°C, 10C or 15C for 28 days or at 2Z for 14 days.
That is, the inoculum was capable of degrading oil hydro-
carbons over a range of at least°C8 providing that an
extended incubation time was allowed at the lower tem-

Figure 1 Qualitative GC-FID analysis of the aliphatic fraction of
residual ASMB oil after incubation with the following strains individually
and in combinations: (a) sterile control; (b}yBiHe; (c) Husky A;
(d) EssoAgD; (e) combined inoculum of all three aliphatic-degrading
strains; (f) combined inoculum of all three aromatic-degrading strains;
(g) complete inoculum of all six strains. Peak identificatienn-hexade-
cane, representing the series of normal alkai¥espristane;V, phytane;

e, squalane (surrogate standard).
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Replication of inoculum aliquots, phenotype stability,

and long-term viability with storage

Viable cell numbers in the replicate aliquots were deter-
mined in triplicate for each of three randomly chosen ali-
quots. Replication was satisfactory, as shown by typical
results presented in Table 2, where overall replication
within triplicate analysis of three aliquots is approximately
10% of the mean.

Five of the six isolates demonstrated satisfactory pheno-
type stability during preparation and storage, with 100%
phenotype-positive colonies in all batches and with storage
time. The exception waB. alcaligenesEB21a, where the
percentage of colonies with a positive phenotype for aro-
matic utilization varied among inoculum batches, ranging
from 28% to 82%. However, once prepared, each inoculum
batch maintained a consistent proportion of phenotype-
positive colonies during storage.

Three separate batches of inoculum have been prepared
and tested over a total period of more than 4 years. At
intervals, three aliquots of each isolate for each batch of
inoculum were thawed and their CFU Tthldetermined.
Representative results obtained with inoculum batch 3 dur-
ing storage for 2.5 years are shown in Figure 4. Equivalent
results were obtained for the other two inoculum batches,
with ca 3 years being the maximum storage time tested to
date. Five of the six inoculum strains consistently main-
tained viability during cryopreservation at70°C. How-
ever,P. fluorescens P6a showed a characteristic decrease
in viable numbers which occurred early in the storage per-
iod (by the earliest sampling time). Typically, a decrease
of 60-80% of CFU was observed for each batch of LP6a
prepared. The reason for this loss of viability is not known.
In later inoculum preparations, we compensated for the
anticipated loss by increasing the initial viable numbers of
f LP6a in the aliquots.

Inoculum use: reproducibility of biodegradation
Thirteen biodegradation trials have been performed over a
period of 4 years using different batches of inoculum and
oil. Experiments conducted with inoculum batch 1 (trials
1, 2 and 10; triplicate flasks) spanned a period of 5 months
to a maximum inoculum storage time of 7 months; batch
w 2 experiments (trials 3—8; duplicate flasks) were conducted
with freshly prepared inoculum, spanning 2 months storage
, o _ _ ‘ time; batch 3 experiments (trials 9 and 11-13; triplicate
Figure 2. Qualitative GC-FID analysis of the aromatic fraction of fjaq)s) spanned 26 months, with inoculum up to 2.5 years
residual ASMB oil after incubation with the following strains individually : ! . .
and in combinations: (a) sterile control; (b) LP6a; (c) EB21a; (d)&ia;  Old (trial 9). Data for TPH, total aliphatics, and PAH losses
(e) combined inoculum of all three aromatic-degrading strains;excerpted from these trials are shown in Figure 5, to illus-
(f) combined inoculum of all three aliphatic-degrading strains; trate the reproducibility of biodegradation achieved by dif-
e B ons: S mhronee 3 Svpmpaingss ferent batches of inoculum, and by the same batch of inocu
4, Cs-naphthaleﬁes’; 5, dibenzot’hic;phene; 6, phe’na’nthronehrysene’ lum .\A_”th time and un.der different standard incubation
(surrogate standard). conditions. For each trial, the mean % lassl standard
deviation is shown, calculated relative to parallel sterile
controls; that is, the net losses due solely to biodegradation
are presented. Although some variability in biodegradation
was expected in early trials where oil was added volu-
metrically instead of gravimetrically, excellent replication
i biodegradation within a set of duplicate or triplicate
flasks (ie a trial) was observed (Figure 5). Standard devi-
ations within a trial were typically around 7% of the mean,
regardless of the batch of inoculum or the incubation con-

peratures. In all subsequent experiments, standard inc
bation conditions were defined as eitheP@Cor 28 days
(to represent ‘cold, freshwater’ conditions) or°22for 14
days (to represent ‘warm, freshwater’ conditions).
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ditions used. Similar replication was observed with the aro- s

matics (not shown), whereas loss of the readily degradable
n-alkanes was typicall=90% and therefore not informa-
tive regarding reproducibility. Losses for all analyte classes
were consistently lower than the mean in trial 6 and higher
in trial 9; trials conducted at 2C generally yielded lower
losses than those conducted at@2

The pattern of biodegradation of PAH homologues in the
presence of nutrients was reproducible and consistent with
previous observations [7]: the % loss of a compound was
related to its molecular weight and degree of alkyl substi-
tution. That is, within an homologous series, the pareg} (C
compound was degraded more readily than its G, C;
and G, alkyl homologues, and the naphthalene series was
degraded more completely than the phenanthrene, fluorene
and dibenzothiophene series (Figure 6). This shows that the
synthetic consortium degraded petroleum PAH in a pattern
typical of natural mixed populations [7].

Major terpane and sterane biomarkers (eg &d G,
tricyclic terpanes, & af- and G, aB-pentacyclic hopanes,
C,; affB- and Gy afBB-steranes, the other hopanes and
steranes) were quantitatively analyzed after incubation and
determined statistically to be undegraded (data not shown),
as expected.

In the absence of nutrient supplementation, overall bio-
degradation was reduced, depicted as % loss of TPH in
Figure 7 (plotted on the same scale as Figure 5 TPH for
direct comparison). Similar results were seen with the ali-
phatic and PAH analytes (not shown). Under these sub-
optimal conditions, replication of triplicate cultures within
a trial was still acceptable, but greater variability was
observed between trials using inoculum batch 2, and also
among the three inoculum batches.

Q

% loss TPH

% loss Total Aliphatics ©

(2]

Discussion

Ideological considerations

The synthetic consortium described in this study was not
designed to be a ‘super cocktail’ of oil degraders; none of
the constituent strains was considered to be an outstanding
hydrocarbon degrader. Instead, the inoculum was deliber-
ately intended to achieve moderate oil degradation, since
its primary purpose was to serve as a quality control bench-
mark for bioaugmentation OSBA testing, demonstrating
achievement of reproducible test conditions and analyses

% loss PAH

4

T I

0 7 14 21 28

Table 2 Typical aliquot replication for three strains (inoculum batch 3).
Viable counts were determined by triplicate plate counts at time zero for
Time (days) each of three randomly selected aliquots

Figure 3 Biodegradation losses of (a) TPH, (b) total aliphatics and (c) Aliquot No. Mean CFU nit* x 10° + 1 standard deviation in
PAH from Prudhoe Bay crude oil incubated under standard conditions strain:

with N,P up to 28 days at four temperatures (A—- 4°C; —e— 10°C;
--O-- 158°C; —a— 22°C); demonstrating activity of the inoculum over a Husky A EB21a $14Ha
range of 18C. Each point is the mean of triplicate analyses; error bars
(where visible) represent 1 standard deviation.

1 1.09+ 0.07 2.10+ 0.45 3.45t0.51
2 1.10+0.26 2.22£0.24 3.44+ 0.30
3 1.31£0.16 2.23t0.35 3.65£0.73
Overall meafn 1.17£0.12 2.18t 0.07 3.51+0.12

aCalculated by averaging values of triplicate sets.
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Figure 4 Viability of batch 3 standard inoculum strains during cryopre-
servation at-70°C. Points represent the mean of three replicates; error 604 ——
bars (where visible) represent 1 standard deviation. (a) Aliphatic ,}

degraders; (b) aromatic degraders. 504

s PAH

during tests. It was not intended as an ‘ideal’ inoculum for g o
commercial OSBA to surpass. Its second purpose was tQ 307
provide a known, reproducible inoculum for testing the
(non-biological) biostimulation OSBA, which act to
enhance the degradative efficiency of oil-degrading con- 1o-
sortia.

The use of a defined bacterial consortium to provide a °
standard, reproducible inoculum is the major difference
between the US EPA and Environment Canada approaches
to laboratory testing of OSBA efficacy. The major advan-Figure 5 Biodegradation losses of (a) TPH, (b) total aliphatics and (c)

tages to using a Synthetic consortium are the known, preF_’AH from ASMB using different inoculum batches incubated under stan-
dard conditions with N,P. Each trial shows the mean of duplicate or tripli-

dictable, and reproducible activity of the inoculum, such ! . 1P
. . cate flasks; error bars (where visible) represent 1 standard deviation.
that OSBA efficacy test results can be Compaf@_' _rel'a_anoculum batch 1, stippled bars; batch 2, open bars; batch 3, cross-hatched
even when performed months apart. In contrast, initial trialgars. Overall mean % losses ( standard deviation) for each analyte
by NETAC using indigenous oil-degrading populations class: TPH= 31.5 ¢ 6.4); total aliphatics= 35.0 ¢ 6.6); PAH=46.2
present in natural seawater encountered problems of lo#>). calculated by averaging values from replicate sets.
biodegradative activity and poor reproducibility due to sea-
sonal and geographic variability of the inoculum [21]. Ald- tium can be criticized as being too artificial compared to
rett et al [1] also conducted OSBA efficacy tests similar the natural microflora with which bioaugmentation agents
to the NETAC protocol, using natural seawater as thenust compete, and which the biostimulation agents are
inoculum. They observed that unpredictable variability ofdesigned to enhance. A partial response to that criticism is
the inoculum was a limitation to accurate and reproduciblehat the standard inoculum is composed of different species
assessment of OSBA. These problems have been overcormbtained from diverse locations, and therefore could be
to some degree using enrichment cultures of indigenousonsidered a ‘generic’ freshwater microflora rather than
populations [13]. Conversely, the use of a synthetic consorrepresenting a specific locale. Another response is that

Trial
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tended adverse effects from handling, storage or OSBA for-
mulations than would an inoculum comprised of only one
or two components. This redundancy proved its value in
the case oP. fluorescen&P6a, which exhibited some loss
of viability with storage (Figure 4), and with EB21a which
demonstrated phenotype instability. A well-designed syn-
thetic consortium should show co-operativity in degra-
dation of complex substrates and may overcome potential
effects of toxic metabolites [5], although a theoretical dis-
advantage to a multi-strain inoculum is that interactions
between the inoculum strains are more difficult to predict
and control. This has not been an obvious problem in the
freshwater inoculum to date.

Mean % loss

<

] = Reproducibility of inoculation undoubtedly contributed
-10 ALY [ A A to the uniform biodegradation levels achieved in the tests
S5838385833185838[s58 8 reported here. This reliability among tests performed over

a 4-year period with inocula of different ages supports our
Naphthalene | Phenanthrene | Fluorene | Dibenzothiophene  contention that OSBA tests can be compared with confi-
Figure 6 Biodegradation losses of homologous series of PAH from dence ev_en,'f conducted Severa‘,l years_apart. It al_so attests
ASMB incubated under standard conditions with N,P supplementationiO the _re“ab'“ty of the Stfmdard incubation, extraction and
Each bar shows the mean % loss< 4 trials, + 1 standard deviation) —analysis methods used in the tests. We do not know the
calculated from parallel sterile controls. The alkyl homologues are rep-upper limit for storage time for the inoculum, as all batches
resented by ¢ where x= number of alkyl carbon substitutents. tested to date (up tca 3 years) have had acceptable
viability and performance.
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Standard inoculum versatility
40- The freshwater inoculum described here was able to func-
tion reproducibly over an & temperature range (Figure
14 days at 22°C 28 days at 10°C 3), so that this consortium can be used for both ‘warm’
307 T and ‘cold’ incubation conditions. In addition, the inoculum
biodegrades a variety of crude oils [4], demonstrating its
204 substrate versatility. In fact, we have used the synthetic
consortia (both freshwater and marine) to quantitate biodeg-

radability of a suite of crude oils commonly transported
. & @ and stored in North America [4,14].
5' EIS 7l f; 5 ' 112 1]3

10 11

Trial This work was supported by Environment Canada and the
Figure 7 Biodegradation losses of TPH from ASMB using different US. Minerals Ma”‘?fgem?”t Service, as We”. as Natural
inoculum batches incubated under standard conditions without N,P supple>ciences and Engineering Research Council of Canada
mentation. Each trial shows the mean of duplicate or triplicate flasks; errotndividual Research Grants to JF and DW. The authors
gsrslévghtf;?s}/iggg rzepéezer!]mb ;rss-t%r;?;:dsdecvrf;?ﬂé tlgr?ecgll:grsbagcerlacknowledge the fine technical assistance of M Landriault
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inoculum described elsewhere [9]). The availability of such
inocula would enable OSBA to be tested against consortia
and under conditions representative of the environment ifkeferences
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