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ABSTRACT
Filamentous fungi were isolated from jet fuel-contaminated soils subjected to small, repeated
spills. The fungi were tested for their ability to grow in 1, 2, and 5% jet fuel (JP-4) and the
same concentrations supplemented with 1% glucese. Growth (reported as dry weight) in fuel
and fuel and glucose mixtures were compared to growth in 1% glucose. Significantly more
growth by all isolates occurred in fuel and glucose mixtures than glucose alone. A single strain
of Penicillium produced the best growth under all conditions and was used in experiments
analyzing hydrocarbon degradation using gas ch'fomatography/mass spectrometry (GC/MS).
Penicillium was grown in 2 and 3% fuel alone and with supplemental glucose (1%) and the non-
polar extracts examined to assess hydrocarbon dégradation at 7 and 14 days. The addition of
glucose to the culture medium signifi'cant‘ly accelerated fuel metabolism within 7 days. No
detectable jet fuel hydrocarbons were present iv‘n.extracts from cultures harvested at 14 days
with or without supplemental glucose. Wé suggest the addition 6f glucose may enhance the
growth of filamentous fungi in contaminated soils as well as accelerate bioremediation of fuel

hydrocarbons and should be considered as an addition to other bioremediation treatments.



INTRODUCTION
The United States Air Force, other DoD agencies, and commercial industries store large quantities of
jet fuel and other petroleum products. Eveh in circumstances wh¢re the processing, use, and storage
of these products are highly regulated and closely monitored, hydrocarbon contamination of soil and,
ground-water is a potential problem. Bioreﬁediation is.a promising and cost effective aiternative to
costly physical removal. As such, the search for optimum conditions which increase the rate and

quantity of hydrocarbon removal from contaminated sites is continuous.

Many microorganisms have been identified which are able to metabolize petroleum hydrocarbons (2)
and recent emphasis has been placed on understanding the conditions which enhance bioremediation
irrespective of the microorganisms involve(i. Numerous workers have investigaied the effects of
temperature, nutrient content, oxygen conqentratiqn, mgist_u;e and pH, singularly or in combination
(5,9, 10, 12, 13, 17). Hinchee and Arthur (10) found‘ thqt forced aeration, poupled with the addition_
of nutrients and moisture, stimulates hydrpqa;b;)n-degrading microorggnisrﬁs wh:ﬂ¢ Song et.al. ( 17).
reported that maximal bioremediation of many petroleum prodﬁcté occurs at 270 C In studying lhe
effect of pH, Casarini et al. (5) demonétra_te_d laﬁ@farrﬁing systéms with pH control (pH 7 0) a_r"éArnore
effective in the biodegradation of oily s'luéges:tﬁqn Nsy_sAte;r:ns without pH control.‘ F ew Studies, n S
however, have addressed those factors that e_n_halfc':c% the growth and ass;milation of hydrocérbons by
filamentous fungi although the ability of theée organisms to degrade petroleum products is well |
documented (6, 11, 14, 19). Filamentous fuﬁgi ére §trong candidates for bioreniediation since iheir
capacity to degrade petroleum hydroca_rbons has been shown to be as high as hydrocarbon-degrading
bacteria (15). In this study, we have investigated the effect of gluposg' on hydro;:arboﬁ assimilaﬁon by

filamentous fungi isolated from a contaminated soil subjected to repeated jet fuel spills.



MATERIALS AND METHODS
Isolation of Soil Fungi
Soil samples were aseptically collected fromv the United States Air Force Academy fuel pit‘ area and
stored at 5°C. Jet fuel (grade JP-4) used in all experiments was collected in sterile glass jars from
the airfield fuel storage tank and stored at 5‘°C. Fungi were isolated frqm soil grains ‘place~d on
Bushnell Haas (BH) medium (4)(per liter: '0.0Zg:CaC}z; 0.2g MgSO4; 1.0g KHyPOy; l.Og.KzHPO;,;
1.0g NH4NO3; 0.1ml saturated solution FeCl3; vsoiidiﬁéd with Bacto agar (15.0g) and containing: 1%
fuel as sole carbon source (v/v)). Isolates of vindividual fungi weré grown in pure culturé.
Identification of isolates to genus was accofnplished using light iﬁicrpscopy follo@ing keys of Bafnet‘(
and Hunter (3) and von Arx (20). Isolate; were majntained on modiﬁed_ BH slants augmented with

1% glucose (w/v), grown at 259 C for 72h and stored at 5°C.

Inoculum Preparation

The fungal inoculum was prepared by transferring small pieces of mycelium from stock cultqreé to
potato dextrose agar and growing for 72h at room temperature (24°C). One square centimeter of
medium that was heavily overgrown w_ith my'ce'l_ia\was t;ansferrgd to 125 ml of nutrien_t broth ip”a 250
ml Erlenmeyer flask and incubated at room'tcmp_}erétu_.r‘eb ona Thermolyﬁe rqtag}; shake{ at‘l‘l25 pm
for 72h. The nutrient broth was decanted‘ ana diséardéd and the n}ycelia- were trans.fgr(ed_ té aibst_crile
Monel metal blender. Thirty milliliter.s; §f §te_ﬁie ci‘eionizedbw_ater Was addcd to the blender aﬂd thLe
mixture macerated for one minute, then transferred to a sterile 250 ml Erlenmeyer flask. Thedry -
weight of each inoculum was estimated by filtering ITO‘ml aliquots (three replicates) \thlgou‘g‘h a
Millipore filter apparatus and Whatman glaés m_icrqﬁﬁre ﬁltgrs )(.1.5um feteﬁtion) under ;/acuﬁm.
Filter papers were dried for 72h at 80° C and then weighed using a Mettler analytical balance to

obtain mean inoculum dry weight.



Growth of Fungi with JP-4 and Dry Weight Analysis | ‘ ‘ '
Growth flasks were prepared by placing BH medi’um (with 1% glucose (w/v) if required) inf’_iZS:ml'»
Erlenmeyer flasks and autoclaving at 121 'pSi for 20 minhtés. Following sterilizati&n, P-4 fuel was
added by coldfilter sterilization using a 20 :ml plastic syringe and a‘'Vanex 0.45um hydrophili_c: nylon
membrane filter unit. Culture conditions were as follows(w/v): 1% glucose; 1% fuel; 1% fugl; 1%
glucose; 2% fuel; 2% fuel, 1% glucose; 5% fuel; 5% fuel, 1% glucose in 50 mil BH medium PH 6.7).
One ml inoculum aliquots were aseptically t‘fzihéféire’d to-experimental growth flasks: 'Ino‘cula’ied
flasks were prepared in triplicate for each of the seven culture conditions and placed on a Thermolyne

rotary shaker and shaken at 125 rpm for 15 days.

At the conclusion of the incubation peried, fungi were harvested by filtering the contents of each flask
using a Millipore filter apparatus as described for inoculum preparation. Each flask was rinsed with
10 ml deionized water to remove any residual mycelia from the flask and then filtered. Filter papers

were dried and weighed as described for dry weight inoculum preparation. |

Extraction of JP-4 Hydrocarbons

Experimental and control flasks were prépared and inciqbatexd as d(;#ﬁbgd above witvh‘.ihe_‘lel_.qwbing‘
exceptions. All experiments were performed usilig_ oply the Penic;‘.({ium isolate. All gia_SS‘{VQIQ used
was acid washed (1% HC), rinsed in deienize_d water and dried prigr to use. Culture condi'tiqns‘wergeb
as follows: 1% glucose; 2% fuel; 2% fuel, 1% glucose; 3% fuel; 3% fuel, 1% glucose. Control flasks

contained identical culture media but were not inoculated.

Flasks were prepared and inoculated as described above, then harvested at 7 or 14d using the
following procedure. To maximize detection of fuel hydrdparbdns, the culture medium from the three
replicate flasks for each growth condition was combinc_:d by filtering through a Millipore filter aﬁa‘ the

filtrate collected in a 1000 ml Erlenmeyer flask. Two milliliters of dichloromethane (HPLC-GC/MS

R




grade) were added to each culture flask and the flask agitated to remove any remaining fuel.. The
residual dichloromethane and fuel mixture was also filtered and the filtrate collected. . A final wash of
the Millipore glassware and mycelia was performed by rinsing with 2 ml of dichloromethang. - The
filtrate was poured into a 250 ml glass separatory funnel ‘followed by a final addition of 2 ml
dichloromethane and shaken for approximately 5 minutes. ‘ After separation, both the non-polarand
polar phases were collected in small glass vials for gas chromatography/mass spectroscopy and

glucose assay, respectively.

Analysis of JP-4 Hydrocarbons

The non-polar samples were analyzed on a Hewlett Packard GC/MS (model 5985B) with a 3:"0m glass
capillary column (DB-1, J&W Scientific, Inc.y using helium as the carrier gas at a flow rate of 3 mi
min~l. Samples (0.1u/) were injected at a port ,temper,ature of 2_50°C ‘and constant colurnnu |
temperature of 50°C for 10 minutes followe_d hy an increase to 250°C at a rate of“ 2°C min~!. The

polar phase was tested for the presence of glucose using Boehringer Mannheim diagnostic strips.

. RESULTS
Compared to other isolates, Penicillium sp. produced the most biomass when jet fuel was the sole
carbon source or when supplemented with glucose (Table D. Although there is no signiﬁcant
difference between mean dry weights of Pemczllzum grown in dlfferent concentrations of jet fuel (1 2,
or 5%) with 1% glucose, the dry we1ghts obtained in these cultures are significantly greater than the
mean biomass produced when this isolate is grown in 1% glucose alone (»<0.05, two-way,ANO_YA
test (18)). Fusarium (isolate 31) also showed signiﬁcantly greater growth. in fuel_and glucose L
mixtures than obtained in 1% glucose alone l-lowever it can be seen that growth of thrs 1solate is
inhibited in the treatment containing 5% fuel, l% glucose w1th respect to other fuel treatments 1% &
2% fuel) with 1% glucose. Results shown for ’*usarzum (1solate 3L)and 7 rzchoderma are stmllar |
growth in 1% fuel, 1% glucose and 2% ﬁjel l% glucose was s1gn1ﬁcantly greater than 1% glucose

alone. However, mean dry weight produced in 5% fuel, l% glucose is not 51gniﬁcantly different from




1% glucose, again suggesting growth inhibition at higher fuel concentrations. Of particular interest
is the fact that more biomass is produced in i% fuel, 1% glucose (meérn = 141. 9'. mg) and 2% ‘fuel | 1%
glucose (mean = 143.1 mg) than in 1% glucose alone (mean =118.7 mg) for all four 1<olatea (p <
0.05, df = 168). The dry weights obtarned for each 1solate when grown in treatments contamrng only
fuel were not significantly different from each othe’r"wrth one exception: Penicillium produced more
biomass when grown in 1% and 2% fuiel ﬂran whéﬁ’ gro‘xrn in 5% fuel indicating growth inlri'bition at

the higher fuel concentration.

Gas chromatograms of non-polar extracts frorn enperimental (inoculated) and control (uninoculated)
culture flasks containing 2% fuel and 2% fueL l% glucoée harvested at 7 and 14d are shown & rgs 1
and 2). Results obtained from cultures containing 3% fuel and 3% fuel, 1% glucose were similar to

those shown and are not illustrated. A chromatogram of untreated JP-4 fuel is included (Fig. 1A) for

comparison.

There were no significant losses of fuel hy‘drocqrbons in COntrol c’ultu'resv harvested at 7dA compbared to
uninoculated fuel (Fig. 1). Percent standérdqreaswfor predominant peaks (3’9_— 69 mins retention: time
(RT)) were calculated for all chromatog’rarns énd_ u_sed,;in' the following co‘rnparisons. Remo\'_/?n of .fue!
hydrocarbons can be seen in 7d cultures contﬁining Penicillium but significantly greater quantities are
lost in inoculated cultures with glucose added (Fig. 1D and Fig. 1E).. No_ specific hydrocarbon.
components appear to be selectively degra‘ded Since the relative concentration of hydrocarbon' B
components remains similar in all condition_s._. Analycis of non-polar fractions fr'om treatmenrd ;
containing Penicillium grown in 1% glucose alone show no detectable release of hydrocarbons into
the medium by the organism (data not shown) _su_ggesting that any change§ in hydrocarbon

concentrations are due to the removal of hydrocarbons (by degradation or evaporation), not

hydrocarbon production by the fungus.




Many of the lower boiling hydrocarbons (Rl < 35 rnius) were volatilized m vthe corltrol.culfures
harvested at 14d but the relative concentratlons of re51dual hydrocarbons remamed smular (F ig. 2)
Most importantly, no hydrocarbons are detectable by GL/MS in the 2% /Flgs 2C arrd ZD)and %%
(data not shown) fuel cultures contammg Pemczllzum whether glucose is present or not "
In experiments harvested at 7 and l4d, glucose was detected in the aqueous phase usmg Boehrmger |
Manheim diagnostic strips (data not shown). The greatest quant1ty of glucose metabolized was in
cultures containing 1% glucose and Pemcrlltum all other moculated and control treatments showed
that most of the original glucose remained in the aqueous phase. Thts indicates the grth of
Penicillium in treatments containing varymg fuel concentratlons and glucose is not 11m1ted by the

quantity of glucose present. Further, it suggests preferentral use of fizel hydrocarbons by the fungus

- ‘DtscuSsr(')N' :
The three genera of fungi isolated in tlus study have l)een pr'_ev:ious_ly‘ reported to‘poss_ess_hvdrocarbou
degrading abilities (6, 11, 14). Hydrocarhoh‘-'degradir_rg ’str‘airt’s ot“Penicillium spp:. have beezt found fo
be abundant in oil contaminated soils (6 ll 14) Fusarium ‘and 7 rzchoderma spp have also Been
isolated in similar areas but less frequently (l 1). The growth results reported here (Table 1) for
cultures containing 1, 2, and 5% jet fuel are similar to those values reported previously 19) for
filamentous fungi grown in Nos. 2 and 4 fuel oils. However in thls study, signifi cantly greater .

growth was obtained when glucose was added to the culture medmm

The addition of jet fuel to soils has been found:to stim_ulate .funga__l gromh (16) Biorentedi_ation_ o
treatment (tilling, liming and fertilization) has also been shown to enharice the growth of fungi (1’6) '
and accelerate the loss of jet fuel from s01ls (17 21) This study shows the growth of fungr is also
stimulated by the addition of glucose in med1a contammg Jet fuel (Table l) Al] fungl tested produced
more biomass in cultures containing l% fuel l% glucose and 2% fuel 1% glucose than 1% glucose
alone although growth inhibition occurs at htgher fuel concentratmns 1r1 some strams Thxs suggests

that the growth of fungi in hydrocarbon contammated so1ls may be lrmlte‘d by the absence of glucose



(or other easily metabolized carbon sources) and that suppiemental glucose should be conside_red_ in
conjunction with other bioremediation tréatménfs ;s‘iich as pH control, aeration, zind fertilization.
Dean-Ross (7) and Dean-Ross et al., (8) found thatkevapora;tion was primarily responsible fqr
removing the low molecular weight hydroqarbpns of jet fuel from soils within 5 days. Highger S
molecular weight components were shown to be iess volatile and more likely to be removed by |
biodegradation (7). Similar evaporative los; of lpy\/er boiling hydrocarbons is reported here; but it can
be seen that it occurs later, between 7 and ,1'4(‘1 (F 1gs l,v _a"nd 2). Biédégrzidatioh, contribhteé ‘, o
significantly to the removal of the remaihing -high,bbili‘ng hydrocaiborisﬂ_ RT > 3$’mins) as the
quantity of these components is greatly reduced '_in.7d and no‘detec_tzllb_le hydiocarbons are_,p:rese.ni at
14d (Figs. 1 and 2). Uninoculated controls sh_oiv persistence of these same high boiling components

(Fig. 2).

The isolate of Penicillium has been shown_v to be capabie of reinovi_ng all JP-4 hydrbcarbon_sin»the
culture conditions described (Fig. 2C and 2D). This iesult diffiers fiom that reported previously (1)
which described biodegradation of JP-4_hy an }in‘ sity r_nicrqbial coinm_t_inity to be compdi‘ind_v;spe‘ciﬁc.
In cultures containing fuel supplementgd iNith .1% glucose,‘ Per‘ticilliizj;:hv degrades a mgmﬁcantly
greater quantity of hydrocarbons in 7d cqi_h_p’a.red to cultures that i:oht_airi only fl‘1€1;. This s'hoyvs_k thai_ .
glucose increased the rate of hydrocarbhn rri?t“abc‘)li'sm (F ig. 1). After i4d,I nonfpoiar ‘c.axtra.bt“s cohtain ;
no detectable hydrocarbons regardless of th‘e'v p;e;éhcé of ghico;e m the medium We _h;l\_vci;.c,(ghsidered
the fact that much more biomass is prodiiéjed by thé‘fungu's when éiowh irii;uelv isup;ilerrieiitﬂegri i%{i_th N
glucose than fuel alone (Table 1) but 1n eithg:r ciohiiitii)n, compleie degra(_iat_iori (Sf hydr(‘)cai_'himsv “ 1“4:
occurs (Figs. 2C and 2D). We suggest thia addition of glucose may be liseful ih ini:reasing fungal
growth and the rate of hydrocarbon degradation in fuel contammated soils. In addition, growth
studies using radiocarbon labeled jet fuel may elucidate the metabolic fate of such mtruswe |

hydrocarbons in filamentous fungi.
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FIGURE LEGENDS = ;. .,
FIG. 1. Untreated fuel (A) and non-polar-extracts from inocﬁlate_d flasks containing Penicillium or
from uninoculated control flasks harvested at 7 ‘da)}s as analyzed by GC/MS. Culture mndhion"s: (B}
2% fuel (uninoculated); (C) 2% fuel, 1% glucose (uninoculated); (D) 2% fuel (inoculated); (E) 2%
fuel, 1% glucose (inoculated). Note: The GC column was replaced after run (C) with an identical
column (DB-1, J & W Scientific) due to a septum bleed identified by mass spec analysis. _Al;
equipment parameters were identical (see text); retention times shift in subsequent runs but ail

predominant peaks were matched to previous runs by mass spec.

FIG. 2. Non-polar extracts from inoéul_ated flasks or uninoculated control flasks harvested at 14 days
as analyzed by GC/MS. Culture conditions: {(A) 2% fuel (uninoculated); (B) 2% fuel, 1% glucose

(uninoculated); (C) 2% fuel (inoculated)‘;. (D) 2% fuel, 1% glucose (inoculated)‘_ L

12



£l

(500 > d) asoony 941 ‘[oNJ 9%, WO JUSISPIP APULdYIUSIS 4

(50°0 > d) 9s00n|3 %, WOy JUSIIPIP APUROYIUSTIS 4

WOPISIJ JO $93139p,

(500 > d 1591 VAQONYV £eM-0M}) SUOJR [oNJ YIIM SJUSUIIRDI} WO JUSISPTP APUedyTuSIs a1 pappe 9soon|3 I Ssjusunean) [y

(cy=3p)

0TFLE Yy30Tl CeET6Il L3 8L F9P61 S6FLI61 LO0TT6L8T LTTF €981 (X¢) “ds wnipiouag
(zv=Ip)

IIF¥'E TTF0¢ 61TV 8LEFTSO9T  BSEFLOLL  LE6TFLILI 8615 S8Y1 (17) “ds vuiapoyor]
(¢v=Ip)

6171°C 99788 Yy=1°¢ LYELF 6 LS61FTI0OL L E€TFTI01 8'¢CTFee8 (tg) “ds wnrvsng
(95=Ip)

6LTSIT STIFLE €6F 011 +L'81F07T6 LETT880T  L00IF07T01 LTIF698 (T1€) "ds wnisng
asoony3 0,1 asoon(3 94,1 as0on]8 ¢4 1 G Jp)

PN %S P %T Py %1 [oNJ %6 1PNy %7 PNy %1 9500018 %1 ("oND a7e[0sI sardadg

as = ysep/(Sw) ySrom L1p uesy

BIPOW 9SOON[S/[o1y Pue. [oN] Ul UMOIS [I0S POIBUNUEBIUOD [9N WOIJ PaJe[osI 13uny Jo sanjea WSom A1q ‘| F19V.L



Intensity

1.5e+007
] 44,95 58.94 A
1.0e+007 - 36,96 4
7i,38
S5e+006
27,98 ‘ 7“-1
s 18.7 A
0e+000 ; == ; b . ; ; =
10 20 30 40 50 60 70 80 90
Time
Intensity -
1.5e+007-
44,96 58.98 "B :
37,01
1.0e+007 4
€ 71,44
5e+006 ) 77.14 o
28,01 n b 82.59 .
) 0e+000 18,73 b . , . ; ey
10 20 30 40 50 60 70 80 90
. Time ’
Intensity
“1.5e+007
45]09 59,06 C
1.0e+007 ’ 71,52
5e+006 . 77,18
' 28,02 I 82,63
0e+000-+ 18‘?9 = Y T Y T . J. 5
0 20 30 40 50 60 70 80 S0
Time :
Intensity
1.0e4+007
47,65
D
61,84
5e+006
30.87 68,37
74,54
21,33 80,37
0e+000—f= - : ; ; s —_— ; =
10 20 30 40 50 60 70 80 - 90
Time -
Intensity -
1500000
47,58 _E
1000000 61,81
39,85 _
) 500000 2o.8 ‘ 74151
) 1k s 1 80,36
o T T T 1 T T L] .
10 20 30 40 50 60 70 80 90
N Time



Intensity’
1.5e+007

1.0e+007 4

5e+006 1

Oe+000 . ; T T
10 20 30 40

Intensity
1.5e+007

1.0e+007 4

5e+006 1

Oe+000 7 T
10 20 30

Intensity
210000

160000 1

Intensity
220000 |
200000
180000 T T T T T T L v i
. 10 20 30 40 50 60 70 80 90
Time :




