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The fate of MC-labeled 2,4,6-trinitrotoluene (TINT) in an activated-sludge
system was investigated. No [“C]TNT could be detected in the contents of an
aerated reactor after 3 to 5 days of incubation. No significant *CQ. was formed,
and the radicactivity was about equally divided between the floc and the super-
natant. The radioactive carbon present in the microflora was mainly associated
with the lipid and protein components, but the characteristic constituents of
these compounds (e.g., fatty acids and amino acids) were not radioactive. The
major part of the "“C present in the lipid and protein fractions was found in
precipitates that formed in both fractions. The solubility properties and infrared
spectra of these precipitates suggested that they are macromolecular structures
of the polyamide type formed by the reaction of TNT biotransformation products
with lipids, fatty acids, and protein constituents of the microbial flora. This
hypothesis is further supported by the correspondence of the infrared spectrum
of the lipid precipitate with that of a model compound synthesized from TNT
transformation products and lipid precursors. The resistance of these macromol-
ecules to further biodegradation was paralleled by the reported resistance to

microbial attack of polyamides containing similar linkages.

2,4,6-Trinitrotoluene {TNT} and related nftro
aromatic compounds are difficuit, if not impos-
sible, to degrade completely (11, 23). The ability
of biclogical systems to effect the disappearance
of TNT has been investigated by numerous re-
searchers. The initial reaction between a biolog-
ical system and TNT is the stepwise reduction
of the nitro groups to yield amino and hydrox-
ylamino transformation products, which may
then undergo additional reactions yielding azoxy
compounds (2, 3, 6, 20). These reactions also
occurred in vitro with homogenates of beef heart
{22) or with cell-free extracts of Escherichia coli
(7).

Microbiological systems have been evaluated
for their potential value in eliminating TNT
present in wastewaters from munitions-manu-
facturing facilities. Osmon and Klausmeier (13)
found that inocula from a variety of sources were
capable of eliminating TN'T from a mineral salts
medium supplemented with 1% yeast extract.
Won et al. (23) observed that added organic
nutrients stimulated the disappearance of TNT
and its metabolites in cultures of Pseudomonas.
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search and Development Command.
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However, Klausmeier et al, (7} reported that
TNT at concentrations in excess of 50 mg/liter,
in an organically rich medium, was inhibitory to
gram-positive bacteria, actinomycetes, yeasts,
and fungi. McCormick et al. (11) reported the
products of stepwise reduction of TNT and other
nitro aromatic compounds to transformed, but
not degraded, aminc aromatic compounds.
Azoxy compounds, formed via coupling reac-
tions between apparent intermediates, were also
detected.

None of these studies has offered any evidence
to indicate that the TINT aromatic nucleus is
cleaved and ultimately degraded. To aid in as-
sessing the biodegradability of TINT, the evolu-
tion of *CO; from a system containing [“C]TNT
and sewage floc was monitored. Whereas only a
trace of "C0Q. was observed, approximately one-
half of the added radioactivity became bound to
the floc. The present study was conducted to
determine the metabolic fate of the labeled
TNT, ie., whether significant biodegradation or
biotransformation occurred, and how the activ-
ity became incorporated into the floc.

" MATERIALS AND METHODS

Production of *C-labeled sewage sludge floc.
Two different sludges were used in this study. Quali-
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tatlvely, snmlar results were obtained with the two
ludges. Activated-sludge sample (experiment I} was
supplied- by. L. Kaplan and J. Hoffsommer (Naval
Surfice Weapons Center, Silver Spring, Md.). It was
produced in a bench-scale reactor containing sewage
sladge, corn steep liguor, and 100 pCi of uniformly

system was incubated aerchically for 3 days at room
mperature The second sample {experiment I} was
prépared. in our laboratory. Modifications were made
by substituting sweet dairy whey for corn steep liquor
by, adding 200 uCi of ring-labeled [“C]TNT to the
teaction. The system was inoculated with activated
dludge obtained from a domestic sewage treatment

bl t.and mcubated for & days at room temperature.

m Fig. 1. The lipid extraction was accomplished
by heating. the residue from the cold 0.6 M (10%)

hyl ‘ether: (1:1) at 50°C for 20 min. Protein was
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Chemlcal ‘extrac¢tion. Theé labeled sludge (ca. 10-
g, w' weight) was subjected to 2 modified Sutherland
#ikinson- sequential extraction procedure (19)-

trichloroacetic acid extract in the presence of ethanol-
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' extracted from the hot 0.3 M trichloroacetic acid ex.”

tract residue by treatment with 10 N NaOH at 4°C for -
18 h. All centrifugations were done in a Sorvall RC-2B
centrifuge at 10,000 X g for 10 min at 4°C."

‘Lipid analysis. The lipid fraction {(S4) was taken
to dryness in a rotary vacuwin evaporator and ex-
tracted with two 10-ml portions of acetone (Fig. 2}.
The supernatant contained the neutral Hpids (S4a).
The residue was extracted with chloroform-methanol
(1:1) to provide a supernatant solution containing most

* of the phosphatides {84b}. Thin-layer chromatogra-

phy (TLC) of the neutral lipid fraction was conducted
on either activated {105°C for 30 min} or unactivated
silica gel sheets (Eastman Chromagram, silica gel with-
out fluorescent indicator; Eastman Kodak, Rochester,

" N.Y.}. Activated sheets were developed with hexane-

ether-acetic acid (90:15:1); unactivated sheets were
developed in- chloroform-methanol-water (65:20:2),
Visualization was accomplished with 2,7-dichloroflu-
orescein (Applied Sciences, State College, Pa.}). Fatty

- acid methyl esters (FAME) were produced by transes-

terification in BF;-methanol (Applied Sciences), ac-
cording to the method of Morrison and Smith (12). -
Gas chromatography (GC) of the FAME was con-
ducted on an F-& M model 720 gas chromatograph. A
stainless-steel column {6 mm OD by 180 em), packed
with. acid-washed, silanized 60/80-mesh Chromasorb
G coated with 5% DEGS {diethyleneglycol succinate,
Hewlett-Packard), was used. The oven was pro-
grammed from 140 to 210°C at 10°C/min and held at
210°C for 10 min. The carrier (helium) flow rate was

" 7% ml/min. The injection port was held at 250°C; the

detector port was held at 230°C. The FAME were
collected in a glass U-tube immersed in an acetone-
dryice bath, and the amount of radioactivity was

" detgrmined, The FAME standards were obtained from
. Apphed Sciences.

Protein analysﬂs The protein fraction (S6) was
neutralized with- 6 N HCl and dialyzed against 25
volumes of 0.01 M NILHCO, at 4°C for 24 h. The

-protein was precipitated by the addition of trichloro-

acetic acid to a final corncentration of 0.3 M at 0°C.
The suspension was centrifuged, and the pellet was
washed twice with ice-cold 0.3 M trichloroacetic acid,
dissolved in 5 ml of 0.01 N NaOH, and dialyzed in 500
volumes. of 0.01 M NH;HCO; at 4°C for 24 h. The

. dialyzed protein was shell frozen and lyophilized to

remove all traces of amimomia. Protein content was
determined by the method of Lowry et al. (9}, using
hovine serum albumin as standard. Amino acid anal-
yses were conducted in a Beckman amino acid ana-
lyzer after acid hiydrolysis with p-toluenesulfonic acid -
(8). TLC of the amino acids was conducted on unac-
tivated silica gel sheets. The developing solvent was

- n-butanol-acetic acid-water (4:1:1). The chromato-

grams were visualized with ninhydrin.

Carbohydrate analysis. Carbohydrates were
evaluated by TLC and liquid chromatography (Waters
Associates ALC-100) by the method of Palmer (14).
The thin-layer chromatograms were visualized with
alkaline silver oxide. Total carbohydrate was deter-
mined by theanthrone method (5).

Nuecleic acid analysis. Deoxyribonucleic acid
(DNA} and ribonucleic acid (RNA) content were de-
termined by the diphenylamine and orcinol methods,
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respectively (5). Salmon sperm DNA (Calbiochem, A
grade) was used for the DNA standard. RNA wag
obtained from Schwartz Bioresearch.

Determination of radioactivity. Levels of radlo-
activity were determined by placing samples in 10 mi
of Aquasol scintillation cocktaill (New England Nu-

clear Corp., Boston, Mass.}. Counting was conducted -

in a Beckman LS-233 liquid scintillation system,
equipped with external standardization.

IR analysis. A model 521 Perkin-Elmer infrared
(IR) spectrophotometer was used to obtain spectra of
isolated materials, using KBr pellets. Interpretation
was made by reference to Dyer (4) and Pasta and
Johnson (15).

Synthesis of simulated lipid residue. Glycerol
(10 mmeol) and 2,4-diaminotoluene (5 mmol) were dis-
solved in 25 ml of a solution of chioroform and pyridine
(1:1). Sebacyl chioride (10 mmol} and paimitoyl,chlo-
ride (20 mmol) were dissolved in 25 ml of chloreform,
and the solution was added slowly to the pyridine
solution with swirling and cocling. An exothermic re-
action took place that gave a homogeneous solution.
After standing for 64 h, the reaction mixture was
poured into water. An emulsion formed that separated
into three layers when centrifuged. The middle semi-
solid layer was separated, thoroughly mixed with chlo-
roform, and recentrifuged. This procedure was re-
peated until the middle layer remained constant in
volume. The waxy middle layer was collected by fil-
tration, washed with methanol, and dried under re-
duced pressure for 24 h, vielding 1.4 g of a grayish
powder.

RESULTS

Less then 0.5% of the radiocactivity added to
the system was present in the metabolically
produced *CO; from either experiment (3 day
or 5 day). The distribution of radioactivity in
the cellular fractions obtained from the extrac-
tion procedure is indicated in Table 1. Most of
the radioactivity was associated with the lipid
fraction, with a smaller amount found in the
protein fract}on

The lipid fraction (54) was fractmnated fur-~

ther as shown in Fig. 2. The acetone-soluble,
neutral lipid fraction (S4a) was chromato-
graphed on silica (TLC) and developed with the

" peliar

Residue ; - '
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Hot 5% TCA_ sriNucleie amd_(
10 N NaQH. . [Protein. (56).:
None. . Resndu

" Incubated for 3 days
? Incubated for'5 days. :
“The floc pelet was obtained. by centrifugatmn of
the reactor contents. The balance of the rachoactwlty
was present-in the supernatant (S1)50:0 :
a TCA, Tnchloroacetlc acui-'--

hexa_ne-ether—acetlc amd ven system (Fig

3A). The aren corresporiding t6° ‘the triglycerides
(B; = 0.63) contained negligible'1evels of radio-
activity, whereas more thian 95% of the' apphed
"C remained at the origin. “This Fadiodctive ma-
terial at the origin wag‘eluted from the chifomat-
ogram and rechromatographed in’ ¢hloroform-

methanol-water (Fig:“3B)." Under these condi-
tions almost 95% of thé applied radioactivity was
localized in‘an‘area‘at Ry = 0.75. " This‘area also
reacted with' dichlordflzcrescein Teagent to' give
a visible color.” A portion of theé material from
this area of a’ chromatogram was eluted and
converted to the FAME; which were separated
and coflected by GC: The fatty acid esters, con-
sisting principally of palmitate, oleate; dnd pal-
mitoleate; contained practically o "*C. The bulk
of the radioactivity’ remamed near the head of
the GC column and was not eluted under the
conditions used:” : :

The” phosphatlde fractlon' (Flg 2, 84b);’ ana-
lyzed in the same way, gave résults’ vet_'y similar
to those obtained from the lipid-fraction; ie.,
virtually “no ‘radidactivity ‘was found in the
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' 'tker-acettc acid. Chromatogram B was de-
in chloroform-methanol- water Cro.ss

itied on the colurnn,
portion of the protein fraction (S6) was

eljé was no correlation between ninhydrin-
ive areas and radicactive areas of the chro-
atogram. The identities and relative amount
i& amino acids were confirmed by amino
analysis of the protein hydrolysate. The
tlative results of the analyses demonstrated
hat the amino acids did not contain “C.

: carbohydrate fraction (S3) was separated
to:several components by TLC. None of the
ands gave a typical carbohydrate reaction when
h_e chromatogram was visualized with alkaline
ilver oxide.

“he nuclei¢ acid fraction (S5) was subjected
o hydrolysis followed by TLC analysis. Ribose
d deoxyribose were present, but no radioactiv-
¥.was associated with areas of the chromato-
am containing these pentoses.

The various fractions were stored at 10°C in
: dark after analysis. Under these conditions,
mali amounts of a dark-brown precipitate
rmed in each fraction. The precipitate that
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separated from the lipid fraction (54) was iso-
lated {("*C-lipid ppt.} and found to contain more
than 90% of the "*C present in the fraction. Most
of the radioactivity in the protein fraction (S6)
was contazined in a precipitate that similarly
separated out from that fraction (*C-protein
ppt.).

The IR spectrum of the “C-lipid ppt. ex-
hibited absorption bands at 1,650 and 1,530 ¢cm ™’
(Fig. 4a). These bands are characteristic of sec-
ondary amides. Peaks representing ester car-
bonyl (1,725 cm™'} and aliphatic hydrocarbon
{2,910 and 2,850 cm ') groups were also present,
a finding not unexpected in a substance possess-
ing lipoidal character.

The same bands were observed in the IR
spectrum of the “C-protein ppt. (Fig. 4b). How-
ever, in this case, the amide band was far
stronger than the ester band, as would he ex-
pected for a substance containing peptide Iink-
ages.

A model compound was synthesized that in-
corporated moieties of the types suggested by
the chemical and spectroscopic evidence (i.e.,
glycerol, mono- and dibasic fatty acids, and ar-
omatic amines). Since the reaction mixture con-
tained mono-, di-, and trifunctional components,
the reaction took place in a random fashion with
the formation of oligomers, high-molecular-
weight polymers, and cross-linked fractions. The
IR spectrum of the insoluble portion of this
product (Fig. 4c) was similar to the spectra of
the biologically derived precipitates obtained
from the floc. All three spectra possessed bands
characteristic of amide, ester, and aliphatic hy-
drocarbon groups.

'DISCUSSION

The finding that an activated-sludge system
acting on ["*CJTNT for 3 to 5 days produced
only very low levels of "CO, suggests that the
aromatic ring was not cleaved. In addition, the
radioactivity present in the lipid fraction derived
from the biomass was not incorporated into in-
dividual triglycerides or phosphatides. The 'C
present in these fractions remained on the col-
umn after GC, a property consistent with the
behavior of a polymeric material. Likewise, the -
radioactivity present in the protein fraction was
not incorporated into individual amino acids.
When the carbohydrate was analyzed by TLC, -
an atypical carbohydrate reaction was observed

after the plates were treated with alkaline silver .

oxide reagent. One could speculate that the low ~
levels of radioactivity found in the carbohydrate
fraction were due to conjugates formed between
{"CIFNT transformation products and carbo--
hydrates, but no studies were carried out to . :
elucidate this point. :
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During storage of the lipid and protein frac-
tions, small amounts of insoluble materials
formed that contained the bulk of the radioac-
fivity present in these fractions. The IR spectra
of these precipitated materials indicated that
they contained aliphatic, ester, and amide
groups in varying proportions. The presence of
amide linkages in the lipid-derived precipitate
was unexpected, as was the finding of ester link-
ages in the precipitate from the protein fraction.
The properties and spectra of these precipitates
suggested that they were cross-linked polymers
formed primarily by the reaction between the
constituents of a particular cellular fraction and
the bictransformation products of TNT.

The evidence suggests that the radioactive
residue that precipitated from the lipid fraction
was the result of a reaction between fatty acids,
glycerides, and TNT bioreduction products.
Likewise, the “C-containing precipitate ob-
tained from the protein fraction probably was
formed by reaction of TNT bioconversion prod-
ucts with carboxylate groups in the protein frac-
tion. The similarity in spectral and solubility
properties between the synthesized model com-
pound and the biologically mediated [“'CJTNT-

hpld preupltate leads‘usto conclude that aro-
matic amines arising from the blotransformation'
of TNT may undergo-eondensation. Teactions
with the carboxy}ate groups’ of: Gellular ‘cotnpo-
nents, thus Teading to the: formatlon of polyam-
ides. Couplmg reactions. 1ave: ‘beén. reported in
which phenolic atid: naphthohc intermediates of -
pesticides and indiistrial poﬂutants were polym—-
erized to dlmers, trlmer itd--
mers hy phenol oxidase from the fungus hazoc-
tonia praticola (18), The: réaction of reduced
biotransformation products. from TNT and 24- -
dinitrotoluene to. form' glictiroride: ahd amide
linkages has been reported (2,10} _ SN
Although a-major factor in the remstance of
TNT to cledvage of the arorhatic ring appears to
be the resistance of the highly substituted mol-
ecule to enzymatic¢ hyd.roxylatlon, it can be pos--
tulated that one reason for the fatlure. of TNT
biotransformation products to be further biode-
graded is the formation of polyamides that are’
resistant to microbial action. Resistance of these -
polymers to further microbial transformation -
would not be surprising. based on. the: recalci- -
trance of some alkyl and: aryl polyam:edes to.
microbial degradatlon (16 21} Sl
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'Génerally, when considering pollution abate-
ment processes, one is accustomed to think of
the final product or products as simpler com-
aunds rather than as products of a more com-
o mature. Our findings support other reports
{1 10; 18) suggesting that polymer formation
ay be a more common occurrence in the bio-
transformation reactions of aromatic compounds
thaii otherwise suspected. In any investigation
ofithe. fate of organic compounds subjected to
ological treatment processes, the possibility of
polymer formation should be considered. This is
»f particular concern when the polymers formed
may. be persistent in the environment and of
rinknown impact on ecosystems.
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