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Abstract: The Great Salt Lake comprises two high salinity arms, the North at 34% salinity, and the
larger South at 16%. The biodegradation of gasoline range alkanes, cycloalkanes, aromatics, alkenes
and cycloalkenes was extensive in samples from both arms, although slower than in fresh- and
sea-water. Less volatile hydrocarbons in weathered crude oil were degraded less extensively, and
again more slowly than in sea or fresh-water. The substrates subject to degradation are substantially
more diverse than has previously been reported, and indicate that biodegradation will likely be
the eventual fate of any petroleum hydrocarbons that enter the lake and do not evaporate. The
biodegradation is, however, much slower than in other environments, and we discuss whether it
might be increased to meet anthropogenic pollution, perhaps by nutrient supplementation with
organic nitrogen.
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1. Introduction

Utah'’s Great Salt Lake is the largest saltwater lake in the western hemisphere, typically
varying in area from 3000 to 6000 km? [1]. Ttis quite shallow (average 4-6 m), and since
the completion of a railway causeway in 1959, has been effectively two lakes with very
different salinities. This distinction is readily seen from the air, since the North Arm is
routinely faintly purple due to archaeal Halobacteriaceae populations, while the South Arm
is greenish due to algal, principally Dunaliella, blooms [2]. A red form of Dunaliella may
also contribute to the color of the North Arm [3]. We measured the salinity of the North
Arm to be 34% solids in July 2016, while the Southern part was 16% solids. A new 50 m
opening in the causeway was installed in December 2016, and the enormous difference in
salinity is likely to gradually disappear; salinity before the causeway was built was about
22% [4]. Seawater, of course, is about 3% salinity.

Despite the lake’s proximity to Salt Lake City, with its plethora of oil driven transport,
the frequent train traffic across the causeway, a small recreational harbor with sail and
motor boats at the southern end of the lake, and limited oil seeps in the North Arm [5,6],
little work has been done on the potential fate of any hydrocarbons that might get into the
lake [7]. Ward and Brock [8] concluded that salinity severely inhibited the biodegradation
of hexadecane, even in samples from the highly saline North Arm where there are small
heavy oil seeps [5,6]. They could not enrich hydrocarbon-degrading consortia at salinities
above about 20%. Nevertheless, Sei and Fathepure [9] isolated an enrichment culture from
the North Arm that was able to grow on benzene and toluene, although not on xylenes, at
salinities approximating the North Arm.

We have investigated the ability of the indigenous microbiota in water from both
the northern and southern parts of the lake to degrade trace levels of a broad range of
hydrocarbons under close to natural aerobic conditions. We used lake water, with its
indigenous microbes and natural levels of nutrients [10], which are at least two orders
of magnitude lower than those used by Ward and Brock [8] and Sei and Fathepure [9].
We carried out two parallel sets of experiments, one with ~75 ppm unleaded gasoline
in small sealed vials that were analyzed for volatile hydrocarbons (C4 to ~Cj3), and the
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other with 2.5 ppm weathered crude oil in large open bottles that were analyzed for larger
hydrocarbons (Cy5 to ~C3s5). These mixtures span the potential pollutants that might enter
the lake, and allow potential co-metabolism such as that identified by Sei and Fathepure [9],
who reported that ethylbenzene biodegradation required the presence of benzene. We
emphasize that these experiments were designed to understand the background biodegra-
dation capabilities of the indigenous microbiota in the lake. Future experiments might
attempt to stimulate this process, perhaps by adding nutrients to oiled shorelines as has
proven effective at sea [11].

2. Materials and Methods

Water was collected from the Southern Arm of the Great Salt Lake at the marina at
Magna, UT (40.73 N, —112.21 W), and from the Northern Arm near the Spiral Jetty (41.44 N,
—112.67 W) in July 2016. Approximately 50 L were collected at each site into polyethylene
containers, and shipped overnight to ExxonMobil Biomedical Sciences, Inc., Annandale, NJ,
USA, where the experiments were conducted. The water was aerated gently for 1-2 days
before being decanted into the experimental vessels, and was subject to 16 h light: 8 h dark
days throughout at 21 °C, appropriate for summer conditions in the lake.

Replicate samples for volatile analytes were prepared with 10 mL of lake water in a
40 mL VOA vial, and ~0.75 pL of gasoline was added [12]. The sealed vials were incubated
with gentle horizontal rotation (5 rpm) until analyzed, in duplicate, by purge-and-trap
GC/MS at 7, 11, 28 and 90 days [12]. Individual hydrocarbons (Table 1) were identified
from known standards [13].

Samples for weathered crude oil experiments were carried out in 5 L Kimax bottles
with 4 L of water and ~10 uL of a European crude oil (initial API Gravity 32.7°) that had
been artificially weathered to have lost hydrocarbons <Ci3 by evaporation (20% weight
loss [14]). After addition of the oil, the bottles were transiently capped with a Teflon sheet
and shaken vigorously to disperse the oil. A stir bar was then added, the bottles loosely
capped, and stirring maintained at about 100 rpm, which generated a ~1 cm vortex at the
surface. Evaporation was replaced by the occasional addition of deionized water (~10%)
to maintain constant volumes. Immediately on assembly, and at 9, 16, 28, 39 and 60 days,
duplicate replicates were sacrificed by the addition of methylene chloride, and the oil
was extracted. After drying and concentrating to ~10 pL/mL, the oils were analyzed by
GC/MS [14]. The hydrocarbon concentrations were quite different in the two types of
experiments because of analytical detection limits; the gasoline was nominally present at
75 ppm by volume, although much was in the gas phase until the material dissolved in
the aqueous phase had been degraded. The weathered crude oil was initially present at
2.5 ppm, and was open to the air so that some material may have been lost by evaporation,
which is somewhat enhanced at high salinities [15].

In both cases, primary biodegradation was identified and quantified as the preferential
loss of individual hydrocarbons with respect to a potentially conserved molecule within
the hydrocarbon mixtures. We used 2,2,4-trimethylpentane (iso-octane) in the gasoline [12],
and hopane [14] in the crude oil. If either of these molecules disappeared in the incubations,
potentially by biodegradation, our estimates of biodegradation would be underestimates.
2,2 4-trimethylpentane (iso-octane) is one of the last molecules in gasoline to be degraded
in fresh and seawater, but it is eventually consumed (median half-life in freshwater and
seawater 8.4 days, [12]); we did not detect biodegradation in the experiments reported here,
even after 90 days.

Triplicate 10 mL water samples from both parts of the lake were dried at the beginning
of the experiment to ascertain the solids content. After initial drying at 60 °C, final drying
was achieved overnight at 110 °C.
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Table 1. The biodegradation of gasoline hydrocarbons in 90 days.

% Consumed in 90 Days
South Arm  North Arm

% Consumed in 90 Days
South Arm  North Arm

Aromatics Linear and iso-Alkanes
benzene 100 60 butane 35 25
toluene 100 81 pentane 100 22
ethylbenzene 100 83 hexane 100 31
p-xylene 100 97 heptane 100 43
m-xylene 100 90 octane 100 63
o-xylene 100 74 nonane 100 91
butyl benzene 100 97 decane 100 100
propylbenzene 100 87 undecane 100 100
isopropylbenzene 100 51 dodecane 100 100
1-ethyl-2-methylbenzene 68 63 2-methylbutane 9 5
1-ethyl-3-methylbenzene 100 89 2-methylpentane 40 14
1-ethyl-4-methylbenzene 100 97 3-methylpentane 37 11
1,2,3-trimethylbenzene 100 75 2-methylhexane 95 15
1,2,4-trimethylbenzene 100 91 3-methylhexane 79 13
1,3,5-trimethylbenzene 73 70 2-methylheptane 100 21
(1-methylpropyl) benzene 87 47 3-methylheptane 94 15
(2-methylpropyl) benzene 100 56 3-methyloctane 100 37
1,2-diethylbenzene 74 69 2-methylnonane 100 84
1,4-diethylbenzene 97 80 3-methylnonane 100 74
1-methyl-2-propylbenzene 70 69 4-methylnonane 100 62
1-methyl-3-propylbenzene 99 91 5-methylnonane 99 34
1-methyl-4-propylbenzene 100 97 2,2-dimethylpentane 6 14
1-methyl-2(1-methylethyl) 48 44 2,3-dimethylpentane 19 12
benzene
1-methyl-3(1-methylethyl) 77 66 2,3-dimethylpentane 14 9
benzene
Lmethyl-4(1-methylethy] 100 77 3,3-dimethylpentane 23 18
enzene
1-ethyl-3,5-dimethylbenzene 68 67 2,4-dimethylpentane 37 14
2-ethyl-1,3-dimethylbenzene 62 61 2,4-dimethylhexane 44 6
1,2-dimethyl-4-ethylbenzene 89 85 2,5 dimethylhexane 81 9
1,4-dimethyl-2-ethylbenzene 98 79 2,5-dimethylheptane 100 18
2,4-dimethyl-1-ethylbenzene 97 86 2,6-dimethylheptane 85 21
1,2,3 4-tetramethylbenzene 74 79 3,5-dimethylheptane 100 18
1,2,3,5-tetramethylbenzene 75 77 2,5-dimethyloctane 99 38
1,2,4,5-tetramethylbenzene 81 83 2,6-dimethyloctane 99 42
naphthalene 100 94 2,2,3-trimethylpentane 11 2
1-methylnaphthalene 97 77 2,3,3-trimethylpentane 9 1
2-methylnaphthalene 100 97 2,3,4-trimethylpentane 10 3
tetralin 77 76 Cyclic Alkanes
indan 97 96 methylcyclopentane 20 4
1-methylindan 93 92 cis1,3-dimethylcyclopentane 29 11
4-methylindan 99 99 trans1,3-dimethylcyclopentane 9 4
5-methylindan 91 96 cyclohexane 9 2
1,2,3 4-tetramethylbenzene 74 79 methylcyclohexane 17 0
1,2,3,5-tetramethylbenzene 75 77 ethylcyclohexane 76 9
1,2,4,5-tetramethylbenzene 81 83 1,1-dimethylcyclohexane 0 0
naphthalene 100 94 cis1,2-dimethylcyclohexane 11 2
1-methylnaphthalene 97 77 trans1,2-dimethylcyclohexane 6 0
2-methylnaphthalene 100 97 cis1,3-dimethylcyclohexane 7 0
tetralin 77 76 trans1,3-dimethylcyclohexane 11 0
indan 97 96 propylcyclohexane 100 34
1-methylindan 93 92 butylcyclohexane 100 49
4-methylindan 99 99 Linear and iso-Alkenes
5-methylindan 91 96 2-methyl-1-butene 10 12
2-methyl-2-butene 40 26
Cyclic Alkenes cis2-pentene 95 44
cyclopentene 52 22 trans2-pentene 84 33
1-methylcyclopentene 71 34 3-methyl-2-pentene 15 13
3-methylcyclopentene 16 9 cis2-hexene 69 25
4-methylcyclopentene 14 7 trans2-hexene 100 37
1-ethylcyclopentene 81 12 cis3-hexene 90 41
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3. Results
3.1. Salinity of the North and South Arm of the Great Salt Lake

As expected, water from the southern end of the lake was much more saline than
seawater—16% solids. Water from the North Arm was close to saturated, since large balls
of crystals could be seen in the shallow water where samples were collected—we measured
34% solids. Some crystals formed in the North Arm incubations during the oil incubations,
despite periodic replacement of evaporation with deionized water.

3.2. Gasoline Degradation

Figure 1A shows representative total ion chromatograms of the gasoline before and
after 90 days of incubation in water from the North and South Arms, while Figure 1B shows
that the apparent half-life of the gasoline was about 60 days in the South Arm (16% salinity),
and more than 100 days in the saturated conditions (34% solids) of the North Arm.

A 2,2 4-trimethyl |
pentane 1,2,4-trimethyl B
benzene
) 100 H South ® North
Initial
amount
%
North 0
90 days 40% loss 60
South
90 days | 65% loss 20 f
0 g :
1 _ J 0 days 100
0 minutes 146

Figure 1. Purge-and-trap total ion chromatograms of the initial gasoline, and of gasoline exposed
to water from the South and North Arms of the Great Salt Lake for 90 days of incubation (A). The
chromatograms are normalized to 2,2,4-trimethylpentane (iso-octane), and the lines in panel (B) are
to guide the eye.

Although biodegradation was by no means as rapid or as complete as that seen in
fresh and seawater, where the apparent half-life was 5 days under otherwise identical
experimental conditions [12], it was extensive. The losses of individual compounds after
90 days are listed in Table 1, and here we graphically present some of the data. Figure 2A
shows that the BTEX (benzene, toluene, ethylbenzene and the xylenes) were fully consumed
in the sample from the South Arm, and more than 50% consumed in the sample from the
North Arm, in 90 days. We note that Sei and Fathepure [9] saw no degradation of the xylenes
in their experiments with enrichment cultures that had been enriched for several transfers
with benzene as the only carbon source, but they are clearly lost in Figure 2A. Figure 2B
shows chromatograms of the Cs-benzenes in the same samples. Again, biodegradation
was extensive in both samples. Note that the most volatile compound in this group (iso-
propylbenzene) has been conserved in the North Arm incubation, indicating that the loss of
the other compounds cannot be ascribed to evaporation from a poorly sealed vial. Similarly,
the obvious isomer specificity of the losses indicates this must be biodegradation. Isomer
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specificity is further explored in Table 1, which we emphasize is a snapshot in time; we
confidently expect that biodegradation of compounds identified as having some loss in our

experiment would likely be complete in a longer period.

1,3,5-tri
A B methyl  1_ethyl-
2-methyl
xylenes 1-ethyl-
toluene \ — 4-methyl 1,2, 4-tri
m-
! 1-ethyl- / methyl
w2 3-methyl .
benzene ethyl- ; N 1 23,1 t?
benzene iso- methy

}

propyl

}

\I I | propyl
Initial \ _l

l | l !;qgodrat?s A l_u l. I

South
: 90 days

30 minutes 100 100 minutes 122

Figure 2. Biodegradation of BTEX (A) and the C3-benzenes (B) in gasoline in water from the South and
North Arms of the Great Salt Lake after 90 days of incubation. Panel (A) shows the chromatograms
of ions (m/z) 78 (benzene) and 91 (toluene and the others), while Panel (B) shows the chromatograms
for m/z =105.

Gasoline alkanes were also extensively degraded in water from both arms of the lake,
and again rather more extensively in the South Arm; Figure 3 shows an example of the
data, normalized to 2,2 4-trimethylpentane. Figure 4A shows the loss of n-alkanes, while 4B
shows that branched alkanes are degraded less effectively as branching increases. The loss
of trimethylpentanes in this figure is close to the resolution of the analysis, which is based
on the conservation of 2,2,4-trimethylpentane, but the data are consistent with earlier work
that the other trimethylpentanes were degraded slightly faster than the 2,2,4-isomer in
fresh- and sea-water [12]. Cyclic alkanes were degraded in both Arms of the Lake (Table 1),
although we saw no evidence for the degradation of 1,1-dimethylcyclohexane, which was
amongst the more recalcitrant hydrocarbons in our work with fresh- and sea-water [12]. It
is notable that this compound contains a tertiary carbon.

Alkenes are not significantly present in crude oils [16], but they are generated in the
refining of gasoline, and they are degraded in fresh- and sea-water [12]. Even the most
recalcitrant cyclic compounds, such as the methylcyclopentenes (Figure 5), were degraded
here, again showing pronounced isomer specificity (Table 1). Surprising complexities are
apparent; for example, cis2-pentene seems to be degraded more rapidly than the trans
isomer, while cis2-hexene is degraded subtly more slowly than its trans isomer.

3.3. Crude Oil Degradation

The biodegradation of crude oil in the sea has been extensively studied for many
years, and it is now clear that the surface area of the oil is a major determinant of the
rate of biodegradation. Providing the oil is dispersed as small droplets (<100 um), the
biodegradation has an apparent half-life of 10-20 days in the sea [14,17-19]. Biodegradation
was somewhat slower in water from the South Arm of the Great Salt Lake (apparent half-life
about 30 days) but much slower in the almost saturated North Arm, where only some 20%
had been lost in 66 days (Figure 6). Alkane degradation was significantly retarded in the
North Arm, and there was very little loss of the three and four ring polycyclic aromatic
hydrocarbons detectable by GC/MS in either part of the lake (Table 2). The loss of the
naphthalenes and fluorenes may include significant evaporation, but nevertheless there
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was greater loss from the lower salinity South Arm, giving some confidence that at least
part of the loss was biodegradation. Naphthalene biodegradation was clearly seen in the
sealed experiments with gasoline (Table 1).

2,2 4-trimethylpentane

7
2 |s 9 12 G
v 10 15 16
6 1 j No. | Identity
1 butane
17 2 | 2-methylbutane
o 3 | pentane
I n |t|a| 4 | 2-methylpentane
13 8 13 5 |hexane
6 |2 4-dimethylpentane
7 | 2-methylhexane
8 | 3-methylhexane
9 | heptane
10 | 2,5-dimethylhexane
11 | 2,4-dimethylhexane
12 | 2,3,4-trimethylpentane
NO rth 13 | 2,2,3-trimethylpentane
14 | 2-methylheptane
%0 days 15 | 3-methylheptane
16 | octane
17 | 2,6-dimethylheptane
South A |
90 days s A I
L J
15 . 80
minutes

Figure 3. Purge-and-trap selected ion monitoring (m/z = 43) chromatograms of C4 to Cg alkanes in
the initial gasoline, and of gasoline exposed to water from the South and North Arms of the Great
Salt Lake for 90 days of incubation. The chromatograms are normalized to 2,2 4-trimethylpentane
(iso-octane), shown in red, and the principal components are identified.

A ESouth  ENorth B HESouth  ENorth
100 100
0 [7)]
w w
2 60 Lo
ES R
20 20
nCs nCs nCs nCy nCy nCs 2- 3- 2,2,3-2,34-2,33-
methylC; 2,5-24- trimethylCs
e
dimethylCg

Figure 4. Biodegradation of the n-alkanes (A) and iso-octanes (B) in gasoline in water from the South
and North Arms of the Great Salt Lake after 90 days of incubation. Panel (B) shows the detected

isomers of octane.
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methylcyclopentenes

\ \/ \
Initial ﬁ A L

North
90 days ‘t ‘\"

South
90 days

—A M. . A

22 ’ 35
minutes

Figure 5. Purge-and-trap selected ion monitoring (1m/z = 67) chromatograms of cyclopentenes in
the initial gasoline, and of gasoline exposed to water from the South and North Arms of the Great
Salt Lake for 90 days of incubation. The chromatograms are normalized to 2,2 4-trimethylpentane

(iso-octane).

W South e North
100
amount
Initial % |
60

North 22% loss
66days
South 70% loss 20 |
66 days

L J 0 1 | L

z minutes 46 0 days 60

Figure 6. Total ion chromatograms of the initial crude oil, and of the oil exposed to water from the
South and North Arms of the Great Salt Lake for 66 days of incubation (A). The chromatograms are
normalized to hopane [14], and the lines in panel (B) are to guide the eye.

The Cn nomenclature indicates the number of pendant carbons on the aromatic
nucleus. For example, C2-fluorenes includes all the dimethyl- and ethyl-fluorenes.
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Table 2. The biodegradation of crude oil hydrocarbons in 66 days.

% Consumed in 66 Days
South Arm North Arm

% Consumed in 66 Days
South Arm North Arm

Aromatics Linear Alkanes
naphthalene 100 100 tetradecane 100 100
Cl-naphthalenes 100 100 pentadecane 100 86
C2-naphthalenes 100 90 hexadecane 100 86
C3-naphthalenes 100 70 heptadecane 100 85
C4-naphthalenes 100 50 octadecane 100 75
fluorene 100 25 nonadecane 100 66
1-methylfluorene 60 0 icosane 100 57
2/3-methylfluorene 80 0 henicosane 100 5
4-methylfluorene 80 0 docosane 99 5
9-methylfluorene 80 0 tricosane 95 2
C2-fluorenes 40 0 tetracosane 90 1
C3-fluorenes 25 0 pentacosane 86 2
phenanthrene 30 10 hexacosane 83 0
1-methylphenanthrene 15 7 heptacosane 81 0
2-methylphenanthrene 15 7 octacosane 80 0
3-methylphenanthrene 20 10 nonacosane 79 2
9-methylphenanthrene 20 12 triacontane 79 1
C2-phenanthrenes 0 0 hentriacontane 78 0
C3-phenanthrenes 0 0 dotriacontane 76 3
C4-phenanthrenes 0 0 tritriacontane 66 0
benz[a]anthracene 20 10 tetratriacontane 34 1
chrysene 10 0
1-methylchrysene 5 0 iso-Alkanes
2-methylchrysene 5 0 pristane 99 67
3-methylchrysene 0 0 phytane 95 63
4/6-methylchrysene 5 0
C2-chrysenes 0 0

4. Discussion

Oil spill responders have given considerable thought on to how to respond to signifi-
cant oil spills on inland lakes, and rely on microbes to remove residual hydrocarbons that
are not collected or burned [20]. Uncollected oils are potentially subject to biodegradation
and photooxidation, and these processes show very different preferences for hydrocarbon
removal [21]. Biodegradation prefers small and less alkylated hydrocarbons, with a prefer-
ence for n-alkanes, while photo-oxidation shows almost the opposite preferences, removing
larger and more alkylated aromatic hydrocarbons before smaller aromatic species, and
showing only minimal activity towards n-alkanes [22,23]. The losses seen here show no
evidence for photo-oxidation, but many of the specificities expected for biodegradation.
This is particularly evident for the larger aromatics, such as chrysene and phenanthrene,
which show minimal loss in samples that have lost most of their alkanes (Figure 6 and
Table 2). We thus attribute all the losses here to biodegradation, and discuss them in that
light. We note, however, that our laboratory studies were aimed at studying biodegradation,
and run at far lower light intensities than spilled oil might encounter on the surface of the
Great Salt Lake. It is very likely that photo-oxidation will contribute to the weathering of
spilled oils and fuels on the Lake.

Our results show that hydrocarbon biodegradation in Utah’s Great Salt Lake extends to
far more classes than previously reported [8,9] in both the South Arm at 16% salinity and the
North Arm at 34% salinity. Aromatics, alkanes, cycloalkanes, alkenes and cycloalkenes all
showed evidence of at least significant, if not complete, primary biodegradation in 90 days
(Table 1). Larger aromatics, such as phenanthrene and chrysene were more recalcitrant
(Table 2), but degradation is likely the eventual fate of most of the hydrocarbons emanating
from the seeps reported by Bortz [5] and Sinninghe Damsté et al. [6].
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We have recently reviewed hydrocarbon biodegradation in salinities significantly
above seawater [7]. Several genera of bacteria contain species that have been shown to de-
grade hydrocarbons at greater than 10% salinity (Achromobacter, Acinetobacter, Actinopolyspora,
Alcanivorax, Bacillus, Cellulomonas, Delftia, Dietzia, Exiguobacterium, Geobacillus, Gordonia,
Halomonas, Marinobacter, Mesorhizobium, Salinisphaera, Ochrobactrum, Pseudomonas, Rhodococ-
cus, Stenotrophomonas, Streptomyces and Thalassospira, see [7]) but few of these have been
formally identified in the Great Salt Lake. Haws [24] found Bacillus and Pseudomonas in
the North Arm, and noted that earlier studies had found Achromobacter. Almeida-Dalmet
and Baxter [25] found Halomonas in the North Arm, and Meuser et al. [2] found a Mari-
nobacter, a Rhodococcus and a Streptomyces in the South Arm. Similarly, Tazi et al. [26] found
16S rRINA sequences that clustered with environmental taxa known to degrade hydrocar-
bons: Shewanella, Halomonas, Idiomarina, Alcanivorax, Pseudomonas and Marinobacter. To our
knowledge, no single organism from the Great Salt Lake has yet been shown to grow on
hydrocarbons as sole carbon source.

The most abundant bacterial genus in the North Arm seems to be Salinibacter [25],
which has been associated with oil contamination of hypersaline waters from a pond in
France [27], but it is not yet clear whether the organism can degrade hydrocarbons [27].

Several genera of archaea contain species shown to degrade hydrocarbons at greater
than 20% salinity; Haloarcula, Halobacterium, Haloferax, Halorubrum, Halovivax and Natri-
alba [7,28], and members of all have been found in the North Arm [2,25,26,29,30].

Some fungi are also able to grow on hydrocarbons as sole carbon source, and many
more can degrade aromatic hydrocarbons [31]. Baxter and Zalar [30] have isolated members
of 11 Ascomycete genera from the North and South Arm of the Great Salt Lake, and several
of these (Acremonium, Alternaria, Aspergillus, Cladosporium and Penicillium) contain known
hydrocarbon degraders [31]. We note, however, that the importance of fungal degradation
of hydrocarbons in aquatic environments is not well understood.

As expected from the pioneering work of Ward and Brock [8], the biodegradation
reported here was much slower than in fresh- and salt-water [12,14], and even slower than
biodegradation in experiments with concentrated seawater at 16% salt [15]. Nevertheless,
the biodegradation in the Great Salt Lake follows a similar pattern to that seen in fresh-
and sea- water: increased branching of alkanes slows biodegradation, tertiary carbons
slow biodegradation, smaller aromatics are degraded preferentially to larger ones, and
biodegradation shows significant isomer specificity—even in the alkanes (compare the
four isomers of methylnonane in Table 1), but especially in the aromatics (Figure 2A,B
and Table 1). We have previously shown that different freshwater bacterial species show
specific preferences for the different isomers of the C3-benzenes [32], but that together they
completely consume them all, albeit with subtly different kinetics. The isomer specificity
means that a partially degraded product taken from the environment has a chemical com-
position quite different from the initial spill, posing potential complications for forensic
identification [33]. The biomarkers in crude oils, such as the hopanes, are more recalci-
trant than any of the hydrocarbons typically analyzed in gasoline, and provide a robust
fingerprint for identifying the source oil of a spill [34].

It is not clear why biodegradation in the Great Salt Lake is so slow. The concept of
bioremediation is that hydrocarbon-degrading microbes are ubiquitous although likely
at low concentrations in the absence of hydrocarbon foodstuffs [35]. The arrival of hy-
drocarbons from a seep or an anthropogenic source gives these organisms a preferred
substrate, and their number increases as they consume the substrate, and the substrate is
converted to biomass and CO, [35]. Quite likely the extreme salinity of the Lake exerts
many challenges to microbes that grow there, especially in the North Arm. The salinity we
measured in the North Arm (340 g/L) corresponds to 4.6 M NaCl, 0.2 M KCl and 0.5 M
MgSOy [36], with an ionic strength of 6.4 M. The sample from the marina in the South
Arm was approximately half this concentration (Seawater is 0.7 M). Such high salinities
significantly limit oxygen dissolution, such that oxygen saturation in the North Arm is
only around one third the level it is in seawater, while that in the South Arm is about



Water 2022, 14, 2661

10 of 12

References

one half [37]. The high salinities also affect hydrocarbon solubility. Most hydrocarbons
are only very poorly soluble in water and this is further decreased with increasing ionic
strength [38]. Perhaps counterintuitively, the decreased solubility at high salinity causes
increased volatility due to Henry’s Law, and volatile loss of hydrocarbons from our open
system was likely a small contributor to total hydrocarbon loss in the open experiments [15].
Microbes degrading gasoline hydrocarbons in our sealed vials (which contained more than
enough oxygen for the complete mineralization of the added gasoline [12]) may thus have
been hindered by the low solubility of both oxygen and hydrocarbons. Nevertheless, this
seems an unlikely sole explanation of the slow biodegradation—for example the Halovivax
and Haloarcula isolated by Kebbouche-Gana et al. [28] grew on diesel as a sole carbon source
with a doubling time of much less than 1 day in a medium of similar ionic strength (4.2 M),
although with casamino acids in abundance as a potential nitrogen source (1 g/L).

Hydrocarbons are energy-rich substrates, but they lack the other elements required
for microbial growth, which must be provided by the environment. The Great Salt Lake is
severely limited in both nitrate and ammonium. Post [39] reported from his studies of the
North Arm from 1975-1977 that “ammonia varied considerably being undetectable about
half the time. Nitrates and nitrites were not detected. Organic nitrogen was plentiful aver-
aging about 8 mg L~! N (0.6 mM) over several years and was fairly constant”; “phosphate
was plentiful”. Nitrate (summer 0.7 uM) and ammonium (summer 9 uM) were detectable
in the Southern Arm [10], but Marcarelli et al. [40] found that algal growth in the area was
nitrogen limited, and that cyanobacterial nitrogen fixation was inhibited at salinities above
7%. Thus inorganic nitrogen limitation may be one reason for the slow biodegradation seen
here, when compared to freshwater and marine environments [12,14,17-19]. Nevertheless,
most halophilic Archaea, the principal organisms in the North Arm [25,26,29,30], are said
to grow best on organic nitrogen, and all the recommended ATCC media use casamino
acids, yeast extract, tryptone, casein or glutamate as the recommended nitrogen source [41].
It is noteworthy that Corsellis et al. [27] found that organic nitrogen, in their case casamino
acids, substantially increased the growth of the bacterium Salinibacter at 30.8% salinity.

Perhaps some other element is limiting growth, although this seems unlikely given
the diverse elements in the brine [36]. Perhaps there are inhibitory compounds, but again
this seems unlikely given the reasonable primary productivity associated with the lake;
213gC m~2d~![10] which is very similar to that measured in Lake Erie [42].

Understanding whether there are additives, perhaps organic nitrogen, that could
stimulate hydrocarbon biodegradation under high salinity conditions would be a valuable
contribution to oil spill response should the need ever arise.
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