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Biodegradation of aromatic compounds under mixed
oxygen/denitrifying conditions: a review
LP Wilson and EJ Bouwer

Department of Geography and Environmental Engineering, 313 Ames Hall, The Johns Hopkins University, Baltimore,
Maryland 21218, USA

Bioremediation of aromatic hydrocarbons in groundwater and sediments is often limited by dissolved oxygen. Many
aromatic hydrocarbons degrade very slowly or not at all under anaerobic conditions. Nitrate is a good alternative
electron acceptor to oxygen, and denitrifying bacteria are commonly found in the subsurface and in association
with contaminated aquifer materials. Providing both nitrate and microaerophilic levels of oxygen may result in oxi-
dation of the stable benzene rings in aromatic contaminants and allow for the intermediates of this oxidation to
degrade via denitrification. The effects of using mixed electron acceptors on biodegradation of subsurface contami-
nants is unclear. Below some critical oxygen threshold, aerobic biodegradation is inhibited, however high levels of
oxygen inhibit denitrification. The mechanisms which regulate electron transfer to oxygen and nitrate are complex.
This review: 1) describes the factors which may affect the utilization of oxygen and nitrate as dual electron acceptors
during biodegradation; 2) summarizes the incidence of dual use of nitrate and oxygen (aerobic denitrification); and
3) presents evidence of the effectiveness of bioremediation under mixed oxygen/nitrate conditions.
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Introduction biological treatment zone to intercept and biodegrade the
Releases of crude oil and associated petroleum prOdUCFSORtearrgtI)?c?rt])tisc’).degradation has been highly effective in the
and in particular gasoline from leaking underground storag gmediation of many fuel releases [91,121,153,154]. Typi-
Eﬂi; rﬂﬁ;?e:jncreriii%vbgfepegﬂ dforSl%?sTr?:setos:aedTrﬁgﬁ ally, oxygen concentrations in hydrocarbon-contaminated
Groundwater qugality is primarily threatened by the slightly roundwater are low due to microbial respiration. The sup-
. . ly of oxygen to a contaminant plume can only be replen-
soluble components of petroleum which consist of mono e . . .
. : hed by diffusion and dispersion processes at the contami-
aromatics, particularly benzene, toluene, ethylbenzene arﬁ X ;

- ant plume boundaries [100]. Studies have demonstrated
xylenes (BTEX). Petroleum hydrocarpor}s can persist in th hat biodegradation of petroleum [161] and creosote waste
§ubsurface as non-aqueous phase_llqglds (NAPL), provi 91,165] in soil and BTEX [13,31] and gasoline [71] in
ing a long-term source for contamination of groundwater: "’ '

through their slow dissolution. The slow rate of mass trans_groundwater are limited by the supply of dissolved oxygen.

fer of NAPL due to its immiscible nature makes reme_Add|t|on of oxygen to the subsurface is difficult due to its

- o [y v low solubility in water (approx 10 mgtt at 15C), its
diation by traditional pump-and-treat methods _difficult rapid consumption in reduced groundwater environments

[56,71,99]. Biodegradation of petroleum hydrocarbons by by abiotic and biotic processes), and its tendency to pre-

natural microflora has recently emerged as an effective;”. : : . o
L -~ Cipitate oxides which may decrease aquifer permeability
mgﬁps of elimination of these compounds from the enV'ron[2,11,13,110,163]. Therefore, microaerophilic and anaer-

In situ stimulation of microbial growth may result in obic biodegradation are of increasing interest for intrinsic

. X . . nd engineered bioremediation processes.
increased biodegradation of subsurface contaminanf? 9 b

. . o Of the electron acceptors other than oxygen
present in the_ natural environment. Specifically, the NO3, Fé*, SOi-, and CQ) available to subsurface micro-
addition of nutrients, electron acceptors, electron donor

and surfactants may stimulate biodegradation and the corp ganisms, nitrate is a preferable alternative to oxygen as

version of dissolved and sorbed organic contaminants tt§6%nerl?_¥ y|.elg Is close to oxygen, it |§(;1|ghly water soluble
harmless products [9,23,24,71,90]. Bioremediation of sedi; > g L'®, it does not pr$C|p|tate OXIOES, IS INEXPENnsSIVe,
ments and groundwater may be achieved by addition Orgtiolnss Bg?(;\texggot?n aguEG%r] "[;'ecgoﬁgg?r?éirgsa da\l;[ang?anceesn_
growth-sustaining chemicals via infiltration galleries or addition of nitrate to tghe subéurfac% mav also be roglerﬁ-
injection wells. Alternatively, growth factors (eg nutrients) Y P

o : : : tic due to drinking water regulations which limit its con-
may be injected into a contaminant plume to establish entration in the environment and its potential to contribute

to eutrophication of surface waters.
. _ Laboratory studies demonstrated that denitrifying bac-
Correspondence: Dr LP Wilson, Department of Geography and Envwon-t

mental Engineering, 313 Ames Hall, The Johns Hopkins University, Balti- eria are capable of degrading some aromatic compounds
more, MD 21218, USA such as benzene, toluene, ethylbenzene and xylene under

Received 8 November 1995; accepted 9 June 1996 anaerobic conditions [11,68,87,98,102,106,169]. Bacteria
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which carry out nitrate reduction are commonly found in carbon atoms (ortho pathway); 2)adjacent to 16117

the subsurface [122] and active denitrifiers have beemydroxylated carbon atom (meta pathway) (Figure 1); or
observed in organic-contaminated aquifer materials 3) in an indole ring [58]. Three intermediates are common
[14,39,68,92,136]. Although benzene mineralization hago all of the aerobic pathways of metabolism of aromatic
been demonstrated under denitrifying conditions in some compounds: catechol, protocatechuate and gentisic acid.
studies [72,102], benzene has been recalcitrant in otherhese compounds are broken down by similar pathways to
studies [7,11,47,65,68,87]. simple acids and aldehydes which are readily used for cell
Typically, small amounts of dissolved oxygen can besynthesis and energy [5].
found at great depths in subsurface sediments in the satu- Aerobic biodegradation in soils and aquifer sediments
rated zone. Aerobic zones near the surface may beconteas been studied extensively for a wide variety of pet-
microaerophilic (defined as dissolved oxygen in the range roleum hydrocarbons including benzene [13,51,109,
of 0 to 2 mgL™?) or anaerobic as oxygen is depleted by 127,152], toluene [8,13,109,127,152,164], ethylbenzene
aerobic biodegradation in highly contaminated sediments  [13,109,127,152], xylenes [13,86,109,127,152] and naph-
[12]. Because the supply of oxygen is limited, biodegrad-thalene [15,41,59,61,81,101,119,165]. Polycyclic aromatic
ation of contaminated sediments and groundwater under compounds, common constituents of wood treatment and
mixed electron acceptor conditions may prove more feaseoal tar wastes, are degraded by similar mechanisms as ben-
ible than bioremediation under strict aerobic or anaerobic  zene. Attack is initiated via a di-oxygenase resulting in a
conditions. In particular, the presence of both oxygen andlihydrodiol which is then converted to a catechol-like com-
nitrate as electron acceptors may result in an enhanced pound (Figure 2) which can undergo ortho or meta ring fis-
ability of subsurface microorganisms to attack the aromaticsion [29,60,143]. Studies of aerobic naphthalene transform-
ring (using oxygenases) of many organic compounds and ation have confirmed the necessity of this enzyme to the
then to complete degradation using nitrate either concurprocess [88].
rently with aerobic oxidation, or subsequently when oxygen Recent research indicates that some non-oxygenated aro-
is depleted. In addition to the potential for enhancementnatics (eg toluene, xylenes) can be biotransformed under
of biodegradation, there may be economic and engineering anaerobic conditions in the presence of alternative electron
advantages to establishing mixed electron acceptor coracceptors [10,11,17,18,38,42-46,52-54,66,68,69,76,86,87,
ditions in the subsurface. 96-98,102,107,109,126,134,160,163,169]. In the absence
Providing nitrate to the subsurface is likely to be lessof oxygen, substituted aromatic compounds (with electron-
expensive than maintaining aerobic conditions and as donating substituents) appear to be more easily degraded
nitrate is highly water soluble, it is easier to maintain athan non-substituted ones. Addition of a substituent group
residual concentration in groundwater. Field experiments  onto the benzene ring allows for alternative modes of
demonstrated that biodegradation of BTEX in groundwateidegradation including side-chain group attack [143]
can be limited in the absence of oxygen and that, when (Figure 3). Experimental evidence suggests that benzene is
oxygen is plentiful, biodegradation can be limited by nitraterecalcitrant under some anaerobic conditions whereas sub-
[1,20]. The presence of nitrate during aerobic or microaero-  stituted aromatic compounds (including some polyaromatic
philic respiration may play an important role in biodegrad- hydrocarbons) are degraded depending on the functional
ation as both an alternate electron acceptor and a source of  group and the terminal electron acceptor present. Many of
nitrogen for assimilatory nitrogen processes. The effect othe resultant intermediates of anaerobic degradation contain
nitrate and oxygen as dual electron acceptors on biodegrad- oxygenated functional groups [87,160] (Figure 4). Cleavage
ation of subsurface contaminants is complex. The purposesf water is a source of oxygen for the anaerobic hydroxyl-
of this review are to: 1) describe factors which may affect  ation of toluene and benzene under methanogenic con-
the utilization of oxygen and nitrate as electron acceptorglitions [160] and it is likely to be an important source under
during biodegradation; 2) summarize the incidences of dual denitrifying conditions.
use of nitrate and oxygen (aerobic denitrification) in the
laboratory and field; and 3) present evidence for the effec: - .
tiveness of bioremediation under mixed oxygen/nitrate conEﬁeCt of oxygen on aerobic biodegradation
ditions. Aerobic microbial growth and respiration rates are sensitive
to the dissolved oxygen concentration [28,95]. For
example, in a study o€andida utilisgrowth on acetate,
Johnson [74] found that at very low oxygen concentrations,
Aerobic biodegradation of aromatic compounds involvesthe respiration rate was directly proportional to the oxygen
their oxidation by molecular oxygen leading to the pro-  concentration whereas at very high levels, the respiration
duction of intermediates which enter central metabolicrate was independent of oxygen concentratidf, €
pathways including the Krebs Cycle an@-oxidation 1x 10° M). At low oxygen concentrations, oxygen dif-
[34,139]. During aerobic respiration, microorganisms usefusion may regulate respiration. This relationship is consist-
oxygen to hydroxylate the benzene ring, resulting in sub-  ent with Monod kinetics which dictate that above a critical
sequent fission of the ring. Mono- and di-oxygenaseoxygen level, further increases in the oxygen concentration
enzymes incorporate one or two atoms of oxygen respect- do not effect the rate of respiration [135]. Critical oxygen
ively into the ring [51]. The major reactions catalyzed by concentrations have been reported to range from 0.01 to
di-oxygenases include the cleavage of the aromatic double  0.038higrlsome bacterial and yeast cultures [95] and
bond, which may be located: 1) between two hydroxylatedo be on the order of 0.5 mgt for flocculant microbial

Aromatic hydrocarbon biodegradation
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Figure 1 Aerobic benzene biodegradation: aromatic double bond cleavage (redrawn from [29]).
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Figure 2 Aerobic naphthalene biodegradation (redrawn from [29]).

cultures [49]. Cheret al [30] reported critical dissolved
oxygen concentrations of 0.35 mgifor Azotobacter vin-
landii and 0.12 forEscherichia coli.

The critical threshold dissolved oxygen concentration has
been defined in a variety of ways by different researchers.
Gaudy and Gaudy [49] defined it as the concentration at
which respiration is one-half of the maximum respiration
rate observed at oxygen saturation.Jk Chenet al [30]
defined it as the level at which growth rate is 97% of the
maximum. Shaler and Klecka [135] reviewed the critical
oxygen levels below which microbial activity (ie biodeg-
radation, growth) is inhibited. Table 1 summarizes their
findings and also provides additional values for oxygen lev-
els that inhibit aromatic hydrocarbon biodegradation.

Higher levels of oxygen appear to be necessary for aero-
bic biodegradation of aromatic hydrocarbons than for
smaller, non-aromatic compounds such as glucose. This
supports the theory that oxygen is required as a co-substrate
during the cleavage of the aromatic ring. Although there
was no significant inhibition of biodegradation of poly-
cyclic aromatic hydrocarbons in field studies at 1.8 mg
O, L *when compared with 8 mg L. [22], other studies
suggest that a minimum dissolved oxygen threshold exists
which can support BTX biodegradation by soil micro-
organisms. For example, at initial dissolved oxygen levels
ranging from 1-2 mg t!, sequential removal of parts per
billion levels of BTX was observed (20—-60% removal);
however, no significant biodegradation was observed at
initial dissolved oxygen levels ranging from 0-0.5 mg L
[32].

Studies of the critical dissolved oxygen threshold asso-
ciated with other organic contaminants yield a variety of
values. For example, Larsat al [89], observed a three-
fold reduction in biodegradation of nitrilotriacetic acid
when the oxygen concentration dropped from saturation to
0.3 mg L. Microaerophilic conditions were also observed
to limit biodegradation of nitrilotriacetic acid in soils [156].
The variation in the studies presented in Table 1 suggests
that the critical oxygen level required to induce aerobic
biodegradation varies with microbial population and sub-
strate and can range from 0.013 to 1.5 mg O

Effect of oxygen on denitrification

Although a wide variety of bacteria are capable of biodeg-
rading aromatic hydrocarbons, facultative anaerobic bac-
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Figure 3 Aerobic toluene biodegradation: side group attack (adapted from [143]).

CH, CH,0H OOH COOH
[ j C - ©
H,0 Hzo H,o
OH OH

Benzoic Acid
Toluene p-Cresol ring
reduction
COOH
ring
cleavage

Figure 4 Anaerobic toluene biodegradation (adapted from [93]).

teria are likely to be especially important to biodegradation range described by Focht and Chang [48]. The effects of
under mixed electron acceptor conditions. Because of thetemperature, pressure, ionic strength, reactor size and sys-
ability to use both oxygen and nitrate, denitrifying bacteria  tem configuration must also be considered in order to make
typically occur in transition redox zones where microaero-comparisons among the data [155].
philic conditions may exist. As facultative anaerobes, they
may possess enzymes that enable the bacteria to use aerobiempetition for electrons
degradation pathways to metabolize organic compounds i@xygen and nitrate can both serve as terminal electron
the presence of molecular oxygen. When oxygen levels  acceptors during oxidation of a reduced compound such as
drop below a certain concentration, the bacteria will switchtoluene. Facultative anaerobic bacteria such as denitrifiers
to nitrate respiration; however, a single oxygen threshold are able to transfer electrons from a reduced compound to
level has not been quantified. oxygen (when it is available) via the electron transport
There is likely a critical range of oxygen concentrations  chain and gain energy in the process. In the absence of
above which denitrification cannot proceed [155]. Foroxygen, nitrate can serve as the terminal electron acceptor
example, in studies of acetate degradationTijosphera  with nitrate reductase, cytochronbeand ubiquinone acting
pantotropha the rate of denitrification increased gradually as electron donors during nitrate reduction (Figure 7).
with decreased dissolved oxygen until oxygen levels In early studies it was hypothesized that it was the elec-
reached 25% of air saturation and the denitrification rateéron-withdrawing capacity of oxygen which inhibited deni-
doubled below this level [131]. Parkin and Tiedje [120] trification and that it was electron transport to oxygen rather
observed a dramatic drop in the rate of denitrification withthan the presence of oxygen itself that inhibited the process
increase in oxygen concentrations in studies with deni- [36,73,147,168]. DeGroot and Stouthamer [36] proposed
trifying soil cores (Figure 5). Hernandez and Rowe [62]that nitrate reductase was inactivated by the presence of
also observed a sharp decrease in the rate of nitrate uptake oxygen which oxidized the enzyme. Once oxidized, nitrate
in whole cells of denitrifyingPseudomonas aeruginosa  reductase repressed its own synthesis. The presence of oxy-
oxygen was increased with complete inhibition occurring gen may actually result in oxidation of reduced components
at 0.21% oxygen (Figure 6). in the electron transport chain such as cytochrédme&his
A variety of microbial studies has demonstrated that the  could prevent the transfer of electrons to cytacangime
oxygen threshold that inhibits denitrification ranges fromnitrate reductase. Once the concentration of oxygen is low-
6 uM to 63 uM (0.19-2 mg QL) [48]. Studies of the  ered or removed, reduced cytochrénmay resume its
effect of oxygen on denitrification have yielded varied transfer of electrons to cytochronteresulting ultimately
results confounded by variability in the units used to report  in the reduction of nitrate [73].
these results (Table 2). The survey summarized in Table 2 Oxygen may act as a competitive inhibitor of denitrifi-
indicates that the range of the oxygen threshold that inhibits cation, out-competing nitrate for electrons. In studies of
denitrification (0.08-7.7 mg L) is greater than the mixed ferric iron (F&) and nitrate electron acceptor con-
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Table 1 Critical oxygen concentrations which inhibit microbial activity

Oxygen (mg %) Measure Conditions Reference
0.013 kol Escherichia coliwith glucose [30]
0.014 Ko Sphaerotilussp with glucose [57]
0.017 Ko Azotobacter vinelandiwith glucose [30]
0.033 ko Aphaerotilus natansvith glucose [57]
0.042 Ko Continuous culture o€andida utiliswith [74]
acetate
0.073 ko Floc forming microorganisms [57]
0.084 ko Continuous culture o€andida utiliswith [140]
glycerol
0.12 97% of growth rate Escherichia coliwith glucose [30]
0.3 three-fold reduction Environmental water sample with [89]
in biodegradatioh nitrilotriacetic acid
0.35 97% of growth rate Azotobacter vinelandiwith glucose [30]
0.45 Kio Continuous culture o€andida utiliswith [28]
glycerol
<1 Decrease in rate of Batch enrichment with 2,4-D [135]
biodegradation
1.2 Kio Batch enrichment with 2,4-D [135]
<0.5 Ethylbenzene Batch culture of aquifer bacteria with [166]
removal ceased BTEX and naphthalene
0.5 Biodegradation Environmental sample with BTX [32]
ceased
14 Kio Environmental water sample with [89]
nitrilotriacetic acid
<15 Naphthalene Batch culture of aquifer bacteria with [166]
removal ceased BTEX and naphthalene

%, is half saturation coefficient for oxygen.
PResult is compared with rate at oxygen saturation.
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Figure 5 Effect of oxygen concentration on the rate of denitrification in A’ Dlssolved oxygen
a soil core (redrawn from [120]).
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Figure 6 Rate of nitrate uptake in whole cells seudomonas aerugi-
nosaas a function of increasing oxygen (% oxygen in gas bubbled through

ditions, Ottow [117] proposed that nitrate reductase could" edium) (redrawn from [62]).

transfer electrons to either ferric iron or nitrate although

the preferred transfer was directly to nitrate when it was  reductase activity. Because electron transport to ferric iron
available. DiChristina [37] proposed that when mixedand nitrate each proceeds (via a shared and branched elec-
iron/nitrate are present as electron acceptors, ferric iron  tron transfer chain) in the same manner as electron transport
serves as a secondary sink for the transfer of excess eleproceeds to oxygen and nitrate, these studies may serve as
trons when anaerobic electron transport is limited by nitrate a model for the interaction between nitrate and oxygen.
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Table 2 Oxygen concentrations which inhibit denitrification
O, level in Estimate of Measure Reference
literature Q conc (mg 1)
0.36% 0.14 Inhibits nitrate reduction by 21% in cell suspensi@hscoli [149]
1% 0.3% Inhibits nitrate reduction by 50% in cell suspensidhscoli [149]
3% 1.2 Inhibits nitrate reduction by 93% in cell suspensi&hscoli [149]
0.21% 0.08 Inhibits denitrification in denitrifyingP. aeruginosa [62]
>5% 2.0 Inhibits denitrification inP. denitrificans [133]
25% air saturation 17 Sharp decline in denitrification rate i pantotrophagrown on [131]
acetate
>8-9 mmHg 0.41-0.46 Reduction in activity of denitrification enzymes Kiebsiella [40]
K312 with glycerol
0.0035 atm 0.12 Inhibits denitrification byAzospirillum brasilensén a chemostat [115]
Aeration rate (KaC’) >0.4 e Inhibits function of nitrate reduction iff. aeruginosa [138]
mMO, L™ min~?
Po, > 90% 6.7 >50% reduction in activity of nitrate reductase h coli [26]
5.1mg L* 5.1 Inhibits expression of nitrate reductasePinstutzeri [83]
2.1mg Lt 2.1 Inhibits expression of nitrite reductaseRn stutzeri [83]
3.8mgL* 3.8 Inhibits expression of nitrous oxide reductase’irstutzeri [83]
4mgL? 4 Decline in synthesis of nitrate reductase, nitrate reduction in [85]
activated sludge isolates
4.05mg L* 4.05 Inhibits expression of nitrate reductasePinnautica [21]
2.15mg L* 2.15 Inhibits expression of nitrite reductaseRn nautica [21]
0.25 mg L* 0.25 Inhibits expression of nitrous oxide reductasé’imautica [21]
0.2 ppm 0.2 Inhibits denitrification iR. denitrificans [151]
0.2 ppm 0.2 Inhibits denitrification iR. denitrificans [142]
12 umol L™t 0.38 Inhibits denitrification byrhiobacillus denitrificansn a chemostat [77]
0.24 mM 7.7 Inhibits denitrification by aquifer bacteria witikxylene [87]
60 umol L™ 1.9 Inhibits denitrification in eutrophic lake sediments [112]
3 umol L™ 0.1 Inhibits production of N®in Paracoccus halodenitrificans [63]

aConversion of oxygen value reported in literature to units of concentration (fdilased on data provided in literature.

bAssume T=25°C.
°T =37°C.
9T =30°C.

€Could not calculate based on data given.
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Because electron transfer occurs via a branched pathway,
a lack of control along this pathway may explain denitrifi-
cation in the presence of oxygen [93]. In a study which
measured transformation of succinate Bgcherichia coli
K12, nitrate uptake ceased once oxygen was made available
to the bacteria. Once the oxygen was depleted, nitrate res-
piration resumed. When a similar study was performed
using formate as substrate, the presence of oxygen caused
only a four-fold decline in nitrate use [73]. Because formate
dehydrogenase-N can donate electrons to ubiquinone and
menaquinone, and succinate dehydrogenase can donate
electrons only to ubiquinone, the transport of the surplus
electrons from menaquinone may account for the use of
surplus nitrate in the presence of oxygen during formate
transformation [145].

Wimpenny and Cole [167] proposed that redox con-
ditions regulate the synthesis of nitrate reductase. Krul and

Figure 7 Schematic of branched respiratory electron transport chainv€eningen [85] demonstrated that increasing the redox

(adapted from [93]).

potential (adjusted by addition of chlorate) repressed syn-
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thesis of nitrate reductase in some microbial species, but  denitrification did not occur in cells under aerobic con-
not in others. Alefoundeet al [3] proposed that the redox ditions, denitrification occurred in the presence of microaer-
state of ubiquinone, the last common component of both ophilic levels of oxygen. In a study of the effect of oxygen
nitrate and oxygen electron transport, plays a role in then denitrification inPseudomonas nautic&oninet al [21]
regulation of denitrification. The presence of oxygen may  also observed that each of the denitrification enzymes was
serve to affect the redox state of components of the respitinhibited by different levels of oxygen. Nitrate reductase
atory chain, thereby controlling electron transport to oxy-  was least sensitive to oxygen and was not inhibited until

gen or nitrate [147]. oxygen levels reached 4.05 mg'L Nitrite reductase and
nitrous oxide reductase were inhibited at 2.15 and

Denitrifying enzymes 0.25 mg L%, respectively.

The initial step in denitrification (reduction of The findings of other studies involving conditions where

NO3 to NG,) is catalyzed by nitrate reductase and the presmixed oxygen/nitrate can accept electrons suggest alterna-
ence of this membrane-bound enzyme represents indirect  tive mechanisms for the control of denitrification by oxy-
evidence of denitrification. Nitrate reductase is a terminabgen. Noji and Taniguchi [116] concluded that oxygen
component in the electron transport chain and its synthesis blocks the ability of nitrate to reach the active site of nitrate
is thought to be induced by the presence of nitrate and theeductase. Hernandez and Rowe [62] observed that oxygen
absence of oxygen [122,145,157]. Oxygen suppresses deni-  inhibited denitrification by affecting cell uptake of nitrate
trification [27,50,63,78,120,159] and the synthesis and/osince this inhibition was observed in whole cell prep-
activity of denitrifying enzymes [78,82,124,125,137, arationBséudomonas aerugingdaut was absent in cell
149,159]. For example, Van't Riedt al [159] conducted extracts. Hacket and MacGregor [55] proposed that oxygen
studies of the denitrifying enzyme activity dflebsiella  inhibited the incorporation of nitrate reductase into the
aerogenesinder anaerobic conditions. When the conditionscytoplasmic membrane. Other studies report that oxygen
shifted to aerobic, oxygen affected both the synthesis and blocks the synthesis of nitrate reductase at the level of tran-
activity of nitrate reductase. Brons and Zehnder [26]scription and also some postranslational steps [78,132]. In
observed a significant repression of nitrate reductase = summary, oxygen has been hypothesized to inhibit nitrate
activity in Escherichia coliin the presence of oxygen reduction in bacteria by: 1)competing for electrons;
(Figure 8) or absence of nitrate. In the presence of both 2) preventing synthesis of denitrifying enzymes; and
oxygen and nitrate, nitrate reductase activity was intermedi3) inhibiting nitrate transport to the site of nitrate reductase.
ate at the lower dilution rates.
Krul and Veeningen [85] observed that synthesis ofBiodegradation in contaminated aquifers
nitrate reductase by bacteria isolated from activated sludgalthough there is evidence that some bacteria are capable
declined with increasing oxygen concentration, particularly ~ of simultaneous use of oxygen and nitrate as electron
at levels greater than 4 mgil (Table 3). In a study of acceptors, some aerobic denitrification may be explained
induction of denitrification enzymes by a continuous cul- by temporal variations in oxygen tension in the subsurface,
ture of Pseudomonas stutzerKorner and Zumft [83] particularly where aerobic and anoxic zones join, or where
determined that the threshold oxygen level which inhibited  anaerobic microsites exist in an otherwise aerobic environ-
enzyme synthesis varied for each of the three denitrifyingnent [21,111]. Whether oxygen or nitrate will act as elec-
enzymes. When nitrate was available, the maximum oxygen tron acceptor is primarily dependent on their concen-
concentration that would allow expression of nitratetrations, the concentration of electron donor and the specific
reductase, nitrite reductase and nitrous oxide reductase bacterial population available. In environments which are
were 5.1, 2.5 and 3.8 mgt, respectively [83]. Although exposed to the atmosphere, oxygen is probably the strong-
est regulator of denitrification [155]. In porous media, aero-

> bic and anoxic environments may co-exist. Although the
S 600 + majority of denitrifying activity was observed in anaerobic
5 o 500 1 sediments, the results of studies of sediment cores from
© g — streams in Denmark indicate that denitrification occurred
2 I = 400 + near the oxic/anoxic interface in the sediments (OxRD
S E« oxygen) [33]. The oxic surface layer may serve as a barrier
S = -5 300 + to nitrate diffusion into the anoxic sediment zone and there-
T S8 200 4 fore may be an important regulator of denitrification in
g £S5 stream sediments.
L e 100 + The oxygen infiltration into an anaerobic microsite is
g 0 . ‘ primarily determined by diffusion. Water is the primary
5 N f carrier of oxygen into porous media and is therefore the
0 02 04 06 most important regulator of denitrification in groundwater
aquifers [155]. If substrate concentrations are high and
Dilution rate (1/h) there is high demand for electron acceptor, substrate con-

Figure 8 Effect of oxygen on nitrate reductase activity in a chemostatCentration may be the most important regulator of denitri-
culture of Escherichia coliwith, and without nitrate (redrawn from fication, allowing for it to take place in the presence of

[26]). —®— Anaerobic-nitrate; —l— aerobic-nitrate; —-A— anaer- ~ OXygen [1:_[8]- Contami_nated aquifers typically have high
obic; —x— aerobic. concentrations of a variety of pollutants that may undergo
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Table 3 Effect of dissolved oxygen concentration on the synthesis of nitrate reductase by a bacterium isolated from activated sludge [85] 123
Dissolved Q O, uptake rate Nitrate reduction

(mg LY (mg O, 100 mg proteint min-?t) (mg NG; 100 mg proteint min?)

0 0.300 0.510

=0.1 0.308 0.531

=4.0 0.422 0.380

=15.0 0.335 0.110

aerobic and anaerobic biodegradation. Therefore, it is difTable 4 Microorganisms observed to denitrify in the presence of oxygen
ficult to elucidate the method of regulation of respiration™ _
and denitrification during contaminant biodegradation. Lab-Microorganism Reference
oratory experiments that study the effects of various con-

centrations of oxygen, nitrate and substrate in aquifeﬁggﬁ;‘;?g?st%p [[814%88]5]
material may clarify the mechanisms. Aquaspirillum magnetotacticum [16]‘
Azospirillum brasilense [115]

" . . . . Escherichia coli 26
Conditions involving mixed oxygen/nitrate Hf,;himclr%bcﬁ% E10]5]
electron acceptors Klebsiellasp [40]

L . . Moraxella sp [118]
Because of oxygen's |nh|b_|tory .effect, some investigatorsparacoccus denitrificans [80,94]
believe that denitrification is strictly an anaerobic processParacoccus halodenitrificans [63]
[79,122,148,157]. Nevertheless, several studies demaoriropionibacterium thoenic [94]
strated that nitrate reductase enzymes were induced in tiﬁésgﬂggmgzgz ;eruginosa %51,49] A
presence Of O?(ygen [16'35'_105’129'130]' de,‘monStrat'ngseudomonas denitrificans [35:133,141,142]
that denitrification is not strictly an anaerobic process.pseudomonas nautica [21]
Denitrification in the presence of oxygen has been observeBiseudomonas stutzeri [94]
by a number of researchers despite oxygen’s ability tom!Obaﬁ'"US de”'t”f'ca”hs [g]s 150
inhibit ~ denitrification  [6,16,19,21,25,26,40,75,84,85,94, | losphaera pantotropha [128-130]

103-105,112,113,123,129,130,133,146,162], and there is

some evidence for denitrification in otherwise aerobic aqui-

fers [64,70,144,154,158]. activity is not inhibited. The stoichiometry of using both
Ottow and Fabig [118] conducted a study of biodegrad-oxygen and nitrate is poorly understood and the point at

ation of glycerol under aerobic, anaerobic, and mixed oxy-  which denitrifers will switch from using oxygen to nitrate

gen and nitrate conditions using anaerobic bacteria. Theis unknown [73,122,157]. Experimental evidence suggests

observed a higher rate of carbon dioxide production under  that it may be advantageous to supply both nitrate and some

conditions where mixed oxygen/nitrate electron acceptorsion-inhibitory level of oxygen to affect biodegradation of

were present than with either electron acceptor alone. Sim- otherwise recalcitrant aromatic hydrocarbons [65,67,102,

ultaneous denitrification and oxygen respiration occurred50,166].

although they did not conclude whether two different Mineralization of non-oxygenated cyclic compounds
microbial populations were acting separately or whether theénay occur to a greater extent under microaerophilic con-
same organism was able to carry out both processes simul- ditions than under anaerobic conditions where oxygen is

taneously (probably in separate cellular compartments). Thaot available to oxygenate the benzene ring. Simultaneous
simultaneous use of both oxygen and nitrate as terminal use of oxygen and nitrate may be extremely important in
electron acceptors by a wide variety of bacterial specieshe subsurface where dissolved oxygen is insufficient to
supports this theory (Table 4). maintain aerobic conditions, especially in the presence of
Studies of biodegradation of aromatic hydrocarbons withthe high concentrations of organic contaminants that are
mixed oxygen/nitrate conditions are sparse. As described common during releases of petroleum hydrocarbons to the
above, the mechanisms that regulate oxygen and nitrate useibsurface. Oxygen may simply serve to enhance the
during biodegradation of contaminants have not been growth rate and, as a result, the size of the indigenous
determined. The theory of dual use of oxygen and nitratenicrobial population. A larger, faster-growing population
during bioremediation is speculative. Under microaero-  will likely exhibit a high rate of denitrification and biodeg-
philic conditions, biodegradation of aromatic hydrocarbonradation. Studies of the growth rate Dhiosphaera panto-
compounds may occur through a combination of oxygerntrophaon acetate under aerobic, mixed aerobic/nitrate and
and nitrate utilization. Denitrifying bacteria may incorpor- denitrifying conditions demonstrated a higher growth rate
ate available oxygen into the ring structure of an aromatic ~ under mixed electron acceptor conditions than under con-
contaminant using oxygenases. The oxygenated aromatiitions of either oxygen or nitrate alone [130] (Table 5).
intermediates may then be further degraded using nitrate as In studies of biodegradation of toluene and xylenes by
the electron acceptor. Numerous studies have demonstrat®seudomonas maltophiliagrowth of the bacteria was
that below some critical level of oxygen, denitrification greater with a mixture of 2% oxygen and nitrate than with
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Table 5 Growth rates and protein yields fdiosphaera pantotropha gnd a significant amount of benzene was converted to car-
[130] bon dioxide after oxygen was depleted (Figure 9). This sub-
sequent mineralization was likely coupled to denitrification.

Conditions Spec'?fhg,rf))"vth rate (m; [‘ff?'” Kuhn et al [87] found that a continuous flow of high
levels of oxygen (0.24 mM) impeded biodegradatiomef
Aerobic, no nitrate 0.28 81 xylene under denitrifying conditions in a laboratory aquifer
Aerobic, with nitrate 0.34 60 column, but that denitrification proceeded with 0.03 mM
Anaerobic, with nitrate 0.25 40 of oxygen. In another study using microcosms containing

nitrate, biodegradation proceeded without any lag once the
dissolved oxygen concentration in the headspace fell below
0.7% and denitrification proceeded [65]. The rate of nitrate
nitrate alone. Although it was not clear whether these bacreduction was unaffected by the presence of air when com-
teria used oxygen and nitrate simultaneously or sequen-  pared with denitrification in anaerobic microcosms.
tially, the experimental evidence suggests that much of thélthough the microaerophilic level of oxygen was insuf-
microbial growth was coupled to nitrate use [150]. In batch  ficient to allow for complete aerobic oxidation of benzene
studies of biodegradation of benzene and its intermediates the microcosms, a significant decrease in benzene con-
Alvarez and Vogel [4] observed greater benzene removal  centration was observed after oxygen was depleted.
and a faster rate of biodegradation in the presence of botRemoval of BTEX was greater in microcosms receiving
oxygen and nitrate than with oxygen or nitrate alone. both microaerophilic levels of oxygen and nitrate than in

Major et al [102] observed greater losses of benzenemicrocosms receiving either microaerophilic levels of oxy-
toluene andn-xylene in microcosms in the presence of both gen alone or nitrate alone (Figure 10).
oxygen and nitrate than under either strict aerobic or deni- Biodegradation of a mixture of BTEX, naphthalene and
trifying conditions. They attributed this enhancement to phenanthrene by aquifer microorganisms was sensitive to
biodegradation which might have occurred in anaerobimxygen concentration in microcosm studies conducted in
microsites under denitrifying conditions with aerobic res-  our laboratory [166]. Biodegradation of specific compounds
piration occurring in the bulk of the microcosms, or to the was favored depending on the initial oxygen concentration.
possibility that the microcosms were nitrate-limited and Nitrate was supplied in excess of the stoichiometry required
that the nitrate supplement allowed for assimilatoryfor complete mineralization of the mixture by denitrifi-
nitrate reduction. cation. Only toluene was degraded under anaerobic deni-

In another study of BTEX biodegradation in a micro- trifying conditions, although ethylbenzene and naphthalene
cosm containing aquifer material, BTEX removal ceased in  were also degraded when microaerophilic levels of oxygen
microcosms incubated with oxygen alone once oxygen wawere provided in addition to nitrate (Table 6). Some
depleted [67]. Biodegradation continued without lag in removal of all of the aromatic hydrocarbons was observed
those microcosms which contained nitrate in addition towith aerobic levels of oxygen and nitrate. Although
oxygen; however, the rate of biodegradation slowed once  biotransformation of the mixture was greatest under aerobic
aerobic respiration ceased and denitrification was initiatedconditions, analysis of the stoichiometry suggests that both
In general, initial rates of removal were greater in micro-  oxygen and nitrate played a role as electron acceptors
cosms incubated with nitrate alone, however lag period¢Table 7).
before the onset of degradation were greater than in micro-
cosms receiving both oxygen and nitrate. The overall nitrate
removal and nitrite production were approximately the Oxygen
same in both sets of microcosms, and oxygen did not 100 Depleted
appear to affect the extent of denitrification. Benzene was
recalcitrant under denitrifying conditions, although some K
further removal of benzene was observed once oxygen was
consumed in microcosms receiving both oxygen and
nitrate. In studies which used columns containing the same
aquifer material, no enhancement of biodegradation of ben-
zene was observed by the addition of oxygen to a column
which also received nitrate. Some enhanced removal of
toluene, ethylbenzene and xylenes was observed under
mixed microaerophilic/nitrate conditions when compared
with oxygen alone. Total BTEX removal was greater under
denitrifying conditions than under microaerophilic or
microaerophilic/nitrate conditions. f '

In microcosms incubated with BTEX, naphthalene, phen- Y 20 40 60 80 100
anthrene and cultures of aquifer microorganisms, benzene Days
was recalcitrant under denitrifying and  micro- Figure 9 Mineralization of benzene under mixed oxygen/denitrifying
aerophilic/nitrate conditions [166]. [n microcosms reCEIVING ;onditions. Each point is the average of triplicate microcosms less the

an initial oxygen concentration of 7 mg’l_and 150 mg C* average of duplicate killed controls [166].4— Benzene; —l— carbon
nitrate, extensive benzene transformation was observedioxide; —A— intermediates/cells.

Percent Total Benzene
co 8883833338
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Figure 10 Biodegradation of benzene, toluene, ethylbenzenenamgllene under microaerophilic, mixed microaerophilic/nitrate and denitrifying con-
ditions in microcosms containing aquifer material (redrawn from [65]).

The results of this study indicate that the critical or thres-
hold level of oxygen which regulates the mechanism of
biodegradation in the presence of nitrate may depend on

Table 6 Biodegradation of aromatic hydrocarbons under various combi-the substrate(s). Providing mixed oxygen/nitrate electron
nations of oxygen and nitrate in microcosms [166]

Nitrate (mg L)

Hydrocarbon degraded at an oxygen
concentration (mg t*) of:

0 05 1 15 2 7
10 T T T,N B, T,Em-X,N,P
50 T T TE TN TN BTENXN,P
150 T T TE TN TN BTENXNP
400 T T TE TN TN BTEMXNP

B = benzene, Etoluene, E= ethylbenzenem-X = m-xylene, N= naph-

thalene, P= phenanthrene.

acceptors enhanced biodegradation of the mixture of aro-
matic hydrocarbons when compared with anaerobic con-
ditions without repression of denitrification. The optimal
combination of oxygen and nitrate for biodegradation prob-
ably depends on the substrate(s) and microbial population
available.

Biotransformation of benzene in aquifer columns with
nitrate and microaerophilic levels of oxyger{ mgL™)
was also observed by Aniet al [7]. The level of oxygen
in the columns was insufficient to account for benzene
removal and therefore, nitrate probably acted as the ter-
minal electron acceptor in some part during its
biotransformation. Bacteria isolated from the column
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Table 7 Stoichiometry of aerobic biodegradation

Compound Amount Theoretical Initial Theoretical Observed
degraded oxygen oxygen nitrate amount of

required provided required nitrate
(mgL™) (mgL™) (mg L) (mg L)

Benzene 0.35 0.5 1.4

Toluene 1.8 2.9 5.4

Ethylbenzene 25 3.8 7.3

m-Xylene 2.25 3.5 6.6

Naphthalene 25 3.6 6.9

Phenanthrene 0.24 0.4 0.6

Totals 9.74 14.7 7.0 28.2 4-9

material could not be enriched on benzene and nitrate  denitrifiers capitalize on their ability to grow under aerobic
alone. Thus, either oxygen was required for biotransformand anaerobic conditions. Exploiting the unique ability of

ation of benzene, or benzene may have been cometabolized  these microorganisms may prove to be a fruitful technologi-
by toluene-degrading bacteria in the column. cal feature in a bioremediation scheme.

In a study of sediments from three separate contaminated The effect of nitrate and oxygen as dual electron
sites in continuous flow columns, Miller and Hutchins [108] acceptors on biodegradation of subsurface contaminants is
found that the presence of microaerophilic levels of oxygen  complex. Below some critical oxygen level (0.013-
(approx 0.8 mg %) did not enhance biotransformation of 1.5 mg Q L™), aerobic biodegradation is inhibited. The
BTEX in the presence of nitrate. In one case, oxygen minimum oxygen threshold which supports aerobic biodeg-
appeared to have a detrimental impact on the overall biodeadation of aromatic hydrocarbons ranges from approxi-
gradation which was achieved under denitrifying con- mately 1-1.5 pig® There is considerable variability
ditions. The oxygen concentration was probably below theamong the results of such studies suggesting that the critical
critical oxygen level required to induce aerobic respiration oxygen level varies with the microbial species and sub-
and oxygenase enzymes. Oxygen may have oxidizedtrate.
organic matter in the column allowing for biodegradation There is significant evidence demonstrating that oxygen
of the organic matter instead of biodegradation of the coninhibits denitrification by several possible mechanisms
taminants in the column. It is also possible that oxygen including: 1) competition for electrons; 2) blocking the syn-
inhibited denitrification, although other studies havethesis of denitrifying enzymes; and 3) inhibition of nitrate
observed denitrification at the oxygen levels present in the  transport to the site of nitrate reductase. Notwithstanding
column [69]. There was no change in the rate of nitriteoxygen’s inhibitory effect, there is also a great body of
production in the presence of oxygen in the columns used evidence demonstrating denitrification in the presence of
by Miller and Hutchins [108]. oxygen. Below some critical oxygen concentration (eg

In field studies, Hutchin®t al [69] demonstrated that 1 mg?1), denitrification does not appear to be inhibited.
the addition of nitrate to microaerophilic groundwater in The presence of oxygen initially may enhance the rate of
an aquifer contaminated with BTEX enhanced removal of  denitrification by increasing the size of the facultative
toluene, ethylbenzeney and p-xylene. The enhancement anaerobic population which may ultimately mediate denitri-
could not be entirely attributed to the residual oxygen (0.5—  fication once oxygen is depleted. The critical oxygen thres-
1 mg L'?) available in the subsurface, and some increase ifold above which denitrification is inhibited and aerobic
denitrification in the presence of the microaerophilic levels  respiration dominates probably varies over a range of con-
of oxygen was observed. centrations (0.08-7.7 mg Q™).

The complex mechanisms which regulate electron trans-
fer to oxygen or nitrate will control the critical oxygen con-
centration and associated transition range. The relevant
Bioremediation is an effective means of removal of manymechanisms and associated bacterial and substrate charac-
subsurface and groundwater contaminants. Continued teristics will determine whether any given concentration of
investigation of methods to optimiie situ bioremediation  oxygen will inhibit respiration or denitrification or whether
may Yield fast, efficient and economical means for removal it will allow for simultaneous use of oxygen and nitrate. In
of recalcitrant compounds such as benzene. Bioremediaticaddition to the microorganism’s own internal regulation of
using mixed electron acceptors may yield higher rates of  these processes, mass transfer (eg oxygen diffusion, moist-
biodegradation than systems where only one electronre, substrate concentration, and media pore space) may
acceptor is available. Many aromatic hydrocarbons degrade  play a role in determining whether oxygen and nitrate will
slowly under anaerobic conditions. Providing some level ofbe used simultaneously or sequentially during biodegrad-
oxygen may result in oxidation of the stable benzene ring  ation in the subsurface.
allowing for degradation of the resulting intermediates by Laboratory and field studies have established that there
anaerobic processes. Facultative anaerobic bacteria such as is some benefit to providing a mixture of nitrate and oxygen

Conclusions
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