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Preface

The studies reported herein were conducted by the Environmental Labora-

(EL) of the U. S Army Engineer Waterways Experiment Station (WES
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ect No. AH68-BR-001, Dr

IRRP Coordinator at the Directorate of Research and Development, Headquarters,

U.S. Army Corps of Engineers (HQUSACE). Dr. Bob York of the U.S. Army Envi-
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ronmental Center and Mr, Jim Baliff of the Environmental Restoration Divic
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ton and Ms. Cynthia B. Price of the Ecosystem Processes an
(EPEB), Environmental Processes and Effects Division (EPED),
Mr. Glenn B. Myrick, student contractor. Technical advice was given by
the Environmental Eug; ieeri
Dr. Patricia Unkefer of the Department of Energy Los Alamos National Labora-

tory, Los Alamos, NM. Analytical chemistry was provided by Ms. Karen Myers of

conducted by the Analytical Chemistry Laboratory of the Missouri River Divi-

sion Laboratories and by Arthur D. Little, Inc., Cambridge, MA.
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conduectad undar t+
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Price, Acting Chief, EPEB, and under the general supervision of Mr. Donald L.

Robey, Chief, EPED, and Dr. John Harrison, Director, EL.

Dr. Robert W. Whalin. Commander was COL Leonard G. Hassell, E

This report should be cited as follows:

Gunnison, Do gias, Pennington, Judith C., Price, Cynthia B., and Myrick,
Glenn B. 1993. *Screening Test and Isolation Procedure for TNT-
Degrading Microorganisms," Technical Report IRRP-93-2, U.S. Army Engi-
neer Waterways Experiment Station, Vicksburg, MS.
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2-amino-4,6-dinitrotoluene
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PART I: INTRODUCTION

Background and Rationale
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upon contaminants--transformation or mineralization. Transformation is the

modification of the molecular structure of the contaminant to yield other

organic compounds. If transformation products are determined to be environ-
mentally and toxicologic f stable, bioremediation by transformation

ic

is sufficient. Mineraliza ion of the contaminant to yield

innocuous inorganic constituents. These include carbon dioxide or methane

various forms of inorganic nitrogen, and water. Complete mineralization to

products already known to be safe eliminates the need for additional testing.
While mineralization is desirable for bioremediation of 2,4,6-
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athways were reported. However, evidence for TNT mineralization under
1

terature. Earlier
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suitable conditions has been documented in the recent
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through the readily degradable intermediates phloroglucine and pyrogallol

(Selivanovskaya, Akhmetova, and Naumova 1986; Naumova, Selivanovskaya, and

Chovenneva 1088 Naumova Selivancvskava and Mingatina 10883 Reasearch by
UI.IC.LCPLI.CVG. 700, iNauiunvva , vtilvailvvonaya, allu LLLLI&G\—LLIG 1700 . NAToTalLull v
Chinese scientists revealed microbial production of reductase and dehydro-
genase active on TNT (Li, Yang, and Yang 1987) Recent work has suggested
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which are subsequently degraded to yi (s

ie
by Higson 1992 and Golovleva et al. 19
so d

mineralization, although pathways have not been delineated. For example,
Fernando, Bumpus, and Aust (1990) found extensive biodegradation of TNT over a

90-day period mediated by the white rot fung

These investigators found mineralization of

added ra

18.4 to 19.6 percent of initially
labeled TNT in soil and liquid cultures, respectively. Spanggord
itial

dio
et al. (1992) reported the initia plete

steps in a pathway for co
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biodegradation of 2,4-dinitrotoluene (DNT) by a Pseudomonas, which used DNT as

If complete microbial mineralization of TNT is possible, utilization of

this process for the treatment of TNT-contaminated soils will be beneficial
Biological treatment will be most e y conducted, if microbial populations

ry

il or sediment can be stimulated to
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naturally present in TNT-contaminated so

mineralize TNT. Screening of TNT-contaminated soils for microbial populations

developed. These include cost-e
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soil proposed for biological treat
and environmental conditions required by effective microorganisms to increase
the rate and extent of their mineralization activities within the soil treat-

ment system,; and (c) quickly isolate and characterize microorganisms or micro-
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bial consortia to determine specific roles of nutrients, cometabo
environmental conditions in regulating pathways for mineralization and by-

product release under various biotreatment scenarios.

Objectives

method to screen soils and sediments for the presence of microorganisms able
to mineralize TNT, and to verify mineralization activity in soil and isolate
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PART II: METHODS AND MATERIALS

Screening Procedure
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known history of exposure to TINT contamination. Soils requiring biological

treatment for TNT removal generally have been contaminated for many years.

Scils with a long history of TNT contamination are likely to have microbial
populations adapted to the utilization of this compound. Sources of the soils
used in this work are listed in Table 1.

Soil collection and handling

s were obtained from areas around munitions plants nav1ng a known

oo

exposure to TNT contamination. Upon collection, soils were sieved

before placement into 5- to 55-gal (19- to 208-f) containers for shipment to

the U.S. Army Engineer Waterways Experiment Station (WES). In some cases,

sieving was not performed until soils were received at WES. Upon arrival at
o andtlo wrnvrvon mbmmammn A b L. O 2V ain A Camel Ao € annl 2~2T crmen A_-1"_-4
WLOo, SULLS wWEilte SLuLcu du <4 ¥ IIL1L1L uUSgEu. odliples L edlClil S0O01Ll1L weilce [dlyaeu

to determine particle size, organic matter content, and TNT and selected deg-

radation products. Dry weight was assessed by determining weight loss from
10 g of soil after drying for 12 hr at 105 °C.
Soil priming

Certain aspects of the molecular structure of TNT may preclude microbial
attack. Alternatively, the TNT molecule may be readily mineralized once ini-
tial transformations have been made to the molecular structure. To provide a
variety of nities to stimulate microbial attack on TNT, soils

ants for TINT utilization. Priming substrates were selected based on their

example, Hallas and Alexander 1983).
Soils were primed to stimulate TNT degradational activity for the

screening test using the procedure described below. The procedure was

2T

etec TNT, rather than a quantitative
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technique designed to provide reproducible degradation rates. Therefore, only

one replicate was prepared for each treatment. Thirty grams (dry weight) of
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0il was placed into each of 16 sterile 125-ml Erlenmeyer flasks. To each
TNT

.

Pairs of flasks received 0.5 g of one of the following treatments,

termed "priming substrates": (a) sodium acetate, (b) sodium succinate,

A Ainitraanilina (AY Aini+rranhannl fa) Ainitra-nenvracnl (FY +nliiana

\\,} ulillrLivaliirirince, \wy U.I.IIL w4 VPI‘CI.I.V.L ’ \<) u.l.ll‘. CivTUTLLTOVA,, \+)/ LuULuTiLic,

(g) sawdust, or (h) no substrate. Soils in each flask were mixed to incorpo-

rate amendments. One flask of each pair was plugged with sterile foam or

cotton and incubated at 30 °C under static conditions. To provide an aerocbhic
aqueous environment, the other flask of each pair received 30 ml of sterile

distilled water and was incubated on a gyrorotary shaker at 30 °C and 150 rpm.

Soil screening

Primed soils from each flask were screened for TNT degradation activity

by inoculation onto crystalline lawns of TNT prepared as follows. Underlays

of 15 ml of sterile basal salts medium (Table 2) containing 20 g/¢ agar,

1 n ~ 70 PR Ay d=as o A A= aan A TN — 10 P og PP, IS AnA At se st ssrn PPy _ SR ~ =

1L.U g/t yea extracie, 4d4na Ly g/t 0O1iL sodliul acetdaite, sSodal succlinacte, oOr

glucose (termed "cometabolites") were poured into petri dishes and allowed to
cte

solidify. Cometabolites were selected based on a known or suspec

o SP PR = MAIT A dndd e A crnliztdme AL 9 o AF Lo Adeendnd MAT Dot nan
LU SUppurLUL 1NNl uUceglaluallivll. £4 SOULULILVLIL VL £ ¥ UL llyuldilcUu 1iNi1 (LaStldll
Organic Chemicals, Rochester, NY) dissolved in 10 ml of reagent grade acetone

was prepared; 3.0 ml of this was spread evenly over the surface of each under-

Tavwv (a+ t+thiac scaoncantratian
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contacted, providing sterilization of the TNT). The acetone was permitted to
s

evaporate to dryness, leaving a sterile layer of TNT crystals deposited evenly

S 1
csurface of the undarl
surrace or daers

over t
oVvel ¢ <ae ukin

3 days to ensure complete removal of acetone fumes and to detect growth of any
contaminating microorganisms. Plates were then inoculated by placing a clump
As indicated in Table 3, so

il
succinate were placed onto crystall

ine lawns containing sodium acetate or
sodium succinate, respectively, in their underlays. Soils containing no prim-

ing substrate, toluene, dinitroaniline, dinitrophenol, or dinitro-o-cresol
were placed onto separate lawns containing one of each of the three cometabo-
lites in their underlays! Soils primed with sawdust were placed only onto

< .

4 weeks incubation at

ys. After 2 t
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presence or absence of growth, color prod-
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the soil clump. Plates were also examined for the release of colored

metabolites into the agar.

Isolation—and Development of Native TNT-Degrading’Sgecies

Because of time constraints, soils from the Hastings East Industrial
Park (HEIP) site were not initially processed in the full screening test, but
were screened using succinate and acetate as both priming substrates and come-
tabolites. The HEIP soils were selected for isolation and development of
native TNT-degrading species for the following reasons. HEIP soils had the
highest levels of TNT contamination of any of the soils received at the time
this portion of the investigation was initiated (reaching levels of approxi-
mately 9,330 mg/kg) (Table 4). Also, the HEIP sites were selected because
they remained moist most of the time. The combination of high TNT levels,
moisture, and prolonged history of exposure to TNT contamination made these
soils likely hosts for microorganisms adapted to TNT degradation, and some of
the HEIP soils were found to contain microorganisms that were especially vig-
orous in transforming TNT.

Determination of activity in HEIP soils was conducted in a series of
steps, starting with an examination of TNT removal and by-product accumulation
in slurries of the soil. Mineralization was then verified by determining
release of %CO, from slurries spiked with 1C-labeled TNT. From here, the
study moved to liquids containing mixed cultures of isolates obtained from
these soils for confirmation of product removal.

INT removal in slurries

To each of ten 500-ml Erlenmeyer flasks was added the equivalent of 75 g
dry weight of HEIP TS-Flem-2 soil (Table 4). The following treatments were
added to paired sets of flasks:

Treatment 1: 10 g of (NH,)3PO, + 1.0 g of sodium succinate
Treatment 2: 10 g of (NH,);P0, + 1.0 g of sodium acetate
Treatment 3: 1.0 g of sodium succinate

Treatment 4: 1.0 g of sodium acetate

Treatment 5: 10 g of (NH,)3;P0, + 4 g of HgCl,

[Note that HgCl, was used at a strength of 1.6 percent (wt/vol). This concen-
tration removes most, but not necessarily all, biological activity from the
soil. Higher levels of HgCl, might remove all activity, but these concentra-

tions tend to interfere with chemical determinations. Other means of



soil organic matter and/or destroy TNT and were unacceptable. ]
Each flask then received sufficient deionized distilled water to bring
the volume to 250 ml (i.e., a 30 percent (wt/vol) slurry). This gave final
1.

percent.

mix flask contents, 50 ml of

2]
o8
[
=2
&%
=]
03]
ct
(o}
ct
=8
[}
[a]
[}
®
=3
'—I
~ &

were incubated in a G-25 shaker at 25 °C and 150 rpm. At l-week intervals,
flasks were recharged with the cometabolite, if present, using aseptic tech-
niques. At 30 days, flasks were removed from the shaker, and 50-ml samples

were removed and frozen until shipped for analysis.

Confirmation of TNT mineralization

Mineralization was confirmed by adding radiolabeled TNT to soil slurries

and following the emission of radiolabeled C0,. Mineralization of TNT in

slurries of soil from the Hastings site was determined using a modification of
1

i

the procedure of Dobbins and Pfaender (1988). Slurries containin
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were spiked with 10 ug [ring-U-1“C] TNT. urries were prepared in trip

cate and incubated at room temperature on a gyrorotary shaker at 150 rpm.
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containing the slurries were vented through traps containing 20- to 50-mesh
)

XAD-4 Amberlite resin (Mallinkrodt To ensure that carbon dioxide was not
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in series. Vials containing the slurries were shaken for 24 hr, at

traps
which time the cometabolite was added to a final concentration of 20 g/f.
Cultures were sacrificed at 1, 2, and 4 weeks fcllowing addition of cometabeo-
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ments, Inc., Downers Grove, IL) and counted for 10 min on a Packard 2500 TR

Liquid Scintillation Analyzer.




on
ual radiation in the soil phase was established by burning 0.2-g samples of

T o ~
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trapping the CO, released in a mixture of 10 ml Permafluor plus 10 ml Carbo-

Sorb (Packard Instruments, Inc.

mined 'Fn'l'lnhr‘n(r
mined rg..owing
S

. Radiation in the XAD resin traps was deter-
h

roa -m]l ortiong of
i o -ia CiviOnisS COL

P
these were subsequently concentrated to 1 ml and counted in scintillation

cocktail.

TNT-degrading isolates were obtained by enrichment culture conducted
with soils from several different locations within the HEIP site. Thirty-gram

si
samples of soil from selected positive screening tests were placed into

p

e (either sodium

acetate or sodium succinate) and 5.0 ml of distilled water. Flasks were

plugged and incubated at 25 °C under static conditions.
Afenew 1 A L wrnnlen AF femnhoas S A cmamnTlace ~f 2hna amatat--n A izt e
AaAlLlLel 4 11U & WCCADS VUL 1l1liCuuvuallvy l., 3 PLEB UL Lile aCtcialLce- UL ubbLllch‘
primed soil from each flask were diluted in sterile tap water and plated onto
basal salts medium (Tab 2) solidified with 15 g/f agar and containing
10N wmae /0 TNT B o/0 ~xwrooncat avivant and Fha AaamatrahAalI+sn o+ o AAnAanmtFrat-iAan
FRVAV) ms/l. ALV L y VeJd 5/6 cao . CALLQ\‘L, ali\a “ilc Lyl Lavu Ll LT a. a LullLcTliLiauvlivll

of 20 g/f. Plates were incubated at 25 °C for several days. Representative

colonies were picked from each plate and transferred to liquid culture media

incubated for 10 days at 25 °C on a gyrorotary shaker at 150 rpm.
Initial effectiveness of cultures in TNT destruction was evaluated by

examining culture supernatants for loss of TNT and appearance of known TNT

transformation by-products (2,4- and 2,6-dinitrotoluenes; 2-amino-4,6-
4

compounds were plated onto the same so0lid medium as used for the initial iso-

. Isolates obtained in this manner were identified using the BIOLOG

tabolic characterization of bacteria. The results of these tests are subse-

quently entered into a computer program. The program provides an identifica-
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tion of the organism based on a statistical comparison to an existing database

for environmental isolates.

Evaluation of TNT removal and
by-product formation in liquid culture
Several cultures from the HEIP site exhibiting loss of TNT were studied

to determine maximum removal of TINT and TINT transformation by-product forma-
tion over a 10-day incubation period. Ten milliliters of each liquid culture
was transferred to 500-ml Erlenmeyer flasks containing 250 ml of fresh liquid
culture medium, as described above. Following 5 days of incubation at 25 °C
and 150 rpm on a gyrorotary shaker, each culture was aseptically recharged
with 1 percent fresh cometabolite and incubated for an additional 5 days. At
10 days, cultures were frozen until analyzed for TNT and TNT degradation prod-
ucts by HPLC.

Growth on TNT Versus Cometabolic Destruction

Cultural evaluation

To determine whether microorganisms living in soils from the Hastings
site had the ability to utilize TNT as the sole source of carbon and energy,
individual isolates growing on BSM containing TINT and yeast extract with
sodium acetate as the cometabolite were cultured on the following media:

a. BSM salts with agar and 100 mg/f TNT, but no acetate or yeast
extract,

b. BSM salts with agar and 100 mg/f TNT plus acetate, but no yeast

extract.
c. BSM salts with agar and 100 mg/f TNT plus yeast extract, but no
acetate (0 percent).
d. BSM salts with agar and 100 mg/f TNT and yeast extract, plus
1 g/¢ acetate (0.1 percent).
e. BSM salts with agar and 100 mg/f TNT and yeast extract, plus
5 g/f acetate (0.5 percent).
f£. BSM salts with agar and 100 mg/f TNT and yeast extract, plus

10 g/¢ acetate (1.0 percent).

Evaluation of mineralization
by individual microbial isolates

Mineralization by individual microbial isolates was determined by inocu-
lation and growth of microorganisms in 25 ml of liquid BSM containing 10 ug

U-ring '*C-radiolabeled TNT. The microorganisms and consortia used were

11



selected from those isolates from the HEIP site giving the best removal of TNT

as
tia and radiolabeled TNT were placed together with 0.5 g/f yeast extract and
20 g/t of the appropriate cometabolite in a 50-ml Erlenmeyer flask containing

Flasks were incubated at room temperature on a gyrorotary shaker at
150 rpm. Individual flasks were attached to a metered air supply containing a
KOH scrubber to remove carbon dioxide. Air was introduced to the flasks

AN was 1ntroduced Lile L 1

through a syringe needle that reached into the top one third of the flask.

Air exited the flask through a second syringe needle attached to a 1l-ml plas-
tic syringe packed with Fluorosil 60/80 mesh and three 15-ml scintillation
bottlies, each containiﬁg 10 ml of 1N KOH. KOH traps were changed and moni-

tored every 3 days for the appearance of “C0,. Fluorosil traps were

extracted with three 10-ml portions of acetonitrile, and 1 ml of the extract

7
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was counted

Chemical Analysis

Soils were analyzed for particle size composition using the method of

Patrick (1958). Total organic carbon content in soil samples was determined

.
i
1965) Soil moisture content was determined

bhv drv combuct
comou, 27.

ion (Allicon
oy CIYy STien § 18¢C

iaaa ai

metrically following oven-drying for 12 hr at 105 °
The presence of TNT and its degradation products was dete
J.S. Environmental Protection A 30.

) SW 846, Method 8

requires extraction with acetonitrile and analysis by HPLC. In ALG, analyses
were performed on a Waters High Pressure Liquid Chromatograph having a 600 MS

tem, a 700 Satellite WIST Injector, and

=2Ledl;, a4 /UY o2atelliilE 424 LIiljeCtLlOLl

System Controller/Solvent Delive_ry

. e

991 MS Photodiode Array Detector. Separation was accomplished using a

[

Supelco LC-18 25-cm by 4.6-mm column having a pore size of 5 um eluted with

1:1 methanol water at a flow rate of 1.2 ml/min. Analytes were confirmed

1 I S, T
Dy 4.0-mm COlL Il.

B

using a Supelco LC-CN 25-c¢

TNT and TNT by-product analyses were also conducted at the U.S. Army
Engineer Division, Missouri River, laboratories in Omaha, NE, and by Arthur D.
ic., Cambridge, MA, also using EPA SW 846, Met

SARM analytical reference materials were used for quantification of the explo-

sives and TNT degradation by-products. Detection limits for all analytical
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laboratories are included
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PART III: RESULTS AND DISCUSSION

Soil Characteristics

as well as an average for all of the HEIP soils are presented in Table 5.

Most of the soils contained predominantly sand (Iowa Army Ammunition Plant
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McAlester AAP and Radford AAP). The remaining soils were predominantly
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1t. Caddo Lake sediment contained one-third clay, the highest clay content

si
of the soils used in this

tudy

n

T in soils ranged in concentration from <0.93 mg/kg (Caddo Lake) to
several thousand milligrams per kilogram (HEIP) (Table 6). McAlester, Sub
Base Bangor, and Lone Star soils contained detectable levels of 4-amino-2,6-

contained detectable levels of 2,4-din
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trinitro-1,3,5-tetrazocine (HMX

y P soil. Louisiana, McAlester, Sub Base Bangor,
and HEIP soils all contained detectable levels of trinitrobenzene (TNB).
b and Tetryl were found in t
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the clump of soil being tested, the test does not provide quantitation of the
amount of TNT removed or the by-products produced. Results for positive
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others turned bright yellow to orange (Figures 1b and 1lc), indicating possible

accumulations of either 2-amino-4,6-dinitrotoluene, dinitrophenols, or
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catechols.* Some plates turned red to maroon, suggesting photolytic, chemi-

£ MAIT e 2 1. A2 el L and doem 4
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with each method. Thus, 55 of 108 positive results were obtained with shak-
ing, while 53 of 108 positives were obtained under static conditions. Posi-

tive recoveries were en slightly higher at 1 week of incubation than at

different soils from

oft
week 4. However, the positive results obtained at 4 weeks often occurred in
those at week 1,

Even when a priming substrate was lacking, positive results were
obtained for Caddo Lake, Lone Star, Louisiana, McAlester, Radford, and Sub
Base Bangor soils (Table 7, Sheet 1). Positive results were also often

i i esol, dinitrop
were used as priming substrates (Sheets 2-5). Some, but generally less fre-

quent, positive results were obtained when sawdust, sodium acetate, and sodium

succinate were used as priming substrates (Sheets 6-8). In the cases of
sodium acetate and sodium succinate, the same compounds served as both priming
substrate and cometabolite.

Red and dark red color production in the scr test occurred primar-

. Iowa and Lone Star soils pro-
duced color changes much less frequently than the preceding soils. Although
the reason tor this 1s not apparent ftrom the data, the possibi ity exists that

Caddo Lake and McAlester soils produced the highest numbers of positive
results in the screening test, followed by Radford and Louisiana soils

and Sub

(Table 8). Somewhat fewer positives were obtained with Lone Star

m

Bangor soils, while the Iowa soil produced only one positive result. The

number of positives was anticipated to be related to the amount of TNT con-

ct

amination present in the soil. However, this was not the case. Caddo Lake

sediment contained no TNT or TNT degradatiom products, but yielded t

* Personal Communication, 1992, R. J. Spanggord, SRI International, Menlo
Park, CA.
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number of plates that were positive for TNT activity. However, the dis
tion and levels of TNT contamination to which this sediment was exposed in the
past are unknown. For example, Caddo Lake sediment was taken in an area imme-
diately downstream of Longhorn Army Ammunition (AAP) plant. While the sedi-

ments do not show detectable levels of TNT, the area has a long history of

potential exposu

property. Therefore, the microbial population in the sediment may retain TNT
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activity developed in past exposure. Radford soil contained the next lowest
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McAlester, and HEIP soils, all of which contained high levels of TNT and mod-

TNT
1INL,

erate levels of other explosives, produced positive results in the screening

test.
When results of the screening test were compared with the priming sub-
strate used, the numbers of positives obtained (greatest to smallest) were

toluene > dinitroaniline = dinitro-o-cresol = none > dinitrophenol >> succi-

nate > acetate = sawdust (Table 8). Results for priming substrates used in

the screening test were interpreted according to molecular structures (see

Figure 2). Structures similar to TNT and some of its proposed degradation
CH, Ci,
O:N | A\~ NO: A
\J )
Y A%
NO,
TNT TOLUENE
NH, OH

NO, NO,
2,4-DiNiTROANILINE 4,6-DINITRO-O-CRESOL

2,4-DINITROPHENOL

Figure 2. Structure of TNT and compounds
used as priming substrates for TNT degra-
dation in the screening protocol
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substrate producing the highest numbers of positives in the screening test,
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it molecule for TNT, while the highly successful priming

o

resence of ¢

e dinit e
and the lack of a methyl and one nitro group. Dinitro-o-cresol, also highly
p

roducing positive results, is similar to the catechols; the

t
The fact that unprimed soils were as effective in eliciting activity as

imad with dinitra-o-
imeG Wit Ginicroé-=o

be required for some of these soils to exhibit positive results. In

n
addition, TNT was added to all the soils treatments.

been sufficient to stimulate or support continued activity. Alternatively, a
residual level of TNT contamination may be required to obtain positive results
with some unprimed soils However., this was not supnorted bv the data.

-

Unprimed soils exhibiting positive screening test results contained TNT con-
centrations varying from O to 18,400 mg/kg.

Much of the current literature suggests that microorganisms effective in
AT o 1 -
1N1 removdili may
cometabolism was examined by Horvath (1972) and refers to a microbially medi-

ated alteration in the chemical structure of a contaminant molecule so that
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u
le microorganism with energy or nutrients. However, once certain

responsib
changes have been made in the original structure of the contaminant, other
microorganisms may then be able to degrade the modified compound, cbtaining

the responsible microbe with energy or nutrients, another compound, the come-
tabolite, must provide the energy for growth. The use of cometabolites as

substrates to support growth of microorganisms active in TNT removal may be
necessary, based on the results of ongoing investigations in the area. For
this reason, b

same or other compounds, as described above. The success of the cometabolites

used in the screening test followed the order sodium succinate > glucose >

19



Isolation and Development of Native

TNT-Degrading Microorganisms

TNT removal in slurries

Table 9 presents the data obtained from the study of TNT removal by

P
=}

ETP <o
Lail SO

'.d-

H 1 under bioslurry treatment conditions

Note that for this study, total DNT was analyzed in water only, while the 2,4-
DNT and 2,6-DNT isomers were separated in sediment. Table 9 presents this

information as total DNT. regardless of the manner of determination. The

2-amino-d,6-dinitrotoluene and 4-amino-Z,6-dinitrotoluene data are presented

45.5 mg/f and the soil level from 12,000 to 4,650 mg/kg in 4 weeks. Accumula-
tions of 2A+4A occurred in the aqueous but not in the soil phase. Succinate
treatment decreased the aqueous phase TNT level from 154 to 50.2 /¢ and the

,425 mg/kg in 4 weeks. Accumulations of 2A+4A and
the aqueous phase were nearly identical to those

obtained in the acetate treatment. In like manner, these were not detected in

[
=]

the soil phase. An apparent 25-percent decrease in the soi
12,400 to 9,330 mg/kg also occurred in the mercuric chloride treated slurry.
However, the aqueous phase concentration increased from 53.7 to 106 mg/f, and
no DNT or 2A+4A accumulated in the aqueous or soil phases. This suggests t
the decrease observed in the mercuric chloride soil was a result of the heter-
ogenous distribution of TNT in the soil, rather than a decrease due to
biotra
Neither of the treatments containing cometabolite and ammonium phosphate

showed evidence of TNT biotransformation. The concentration of ammonium used

in this study may have been high enough to prevent or inhibit microbial
activity
Confirmation of TNT mineralization

Figure 3 depicts cumulative mineralization occurring over a 4-week incu-

’—4

bation of the Hastings soil proposed for treatment (TS-Flem-2) in a slurry

containing 10 pg [U-ring 4C] TNT/f, plus a single charge of acetate added at
+ ctart of the gtudv e indica d bhv Fiocure 3 annroximatelyvy 15 nercent of
the start of the study. As indicated by Figure 3, approximately 15 percent of

the added *%C label appeared as *C0,. That this was CO, and not an organic

c
14c-labeled by-product is substantiated by the following indirect evidence.

20



N
o

N\
N

C02-C, UG
o
54

Q

1 1 I 1 L

510,5202520«;4345

SAMPLE TIME, WEEKS

Figure 3. Cumulative _inerali
zation (over a 4-week period)
of radiolabeled TNT in HEIP

soil maintained under slurry

treatment conditions
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he XAD resin traps attached to the
incubation vessels. Addition of phosphoric acid to the soil slurry strongly

pushes the equation CO, + H,0 -> H,CO; -> H* + HCO§ -> 2H* + CO03 to the left,

AAAAA =2 Aammans oF
pLUlllUL.LllB esCape oL

a trap containing KOH pulls the equation in the opposite direction and, by

removing CO, from the atmosphere in the vessel headspace, creates a concentra-
tion g

ass balance computation was performed to determine the ability to

m
account for all of the radiolabeled carbon added. Radiolabeled material pres-
h

nenuce nhaca of +
A1 040 ¥4 oT U .

c determined
pna S getermined

by direct count of an aliquot of the water. Radiolabeled material remaining
in the soil phase was recovered by burn

in
14c0,. The distribution of the carbon-14 la

he distribution of t r bel was as follows:
Component Percent
CO, trap 15.0
XAD trap <00.1
Aqueous phase 66.6
Soil phase 16.6
Total 98.2

H
|
=
=

The amount o " mineralized may have been limited in the test system
used in this study. Additional amounts of TNT may be needed to support more

Also. except for the small
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KOH backup traps, the system was closed to the atmosphere and to entry of

= B
N

oxygen. Therefore, mineralization may have been oxygen-limited. In addition,

additional acetate was not added during the

course of incubation. Thus, there was also a potential for mineralization to
te

become cometabolite-limi

rt
=
0]

he nature of the radiolabeled compou soil and
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maTm 1

solution phases at the end of the assay was not determined. TNT has a high
affinity for soil, and for this reason, TNT may not have been the principal

radiolabeled compound remaining in this phase at the end of incubation. If

TNT was the principal remaining compound, the ability to retain INT in the
solution phase may reflect the high dilution of the soil in this particular
slurry (1 part soil to 22 parts water). This might be expected, based on the
fact that rapid desorption has been reported for TNT bound to ils after a

short exposure period, when the contaminated soil was subject to several

sequential desorption cycles (Pennington and Patrick 1990).

Isolation of native
TNT-degrading microorganisms

To demonstrate that soils exhibit sitive results in the screening

)-a-
:5
Qa
o

tact arbor microor
rest harybor milCcroor

isms were grown in enrichment cultures designed to stimulate profuse growth of
TNT-degrading microorganisms. The TNT-degraders were subsequently isolated in

mixed and pure cultures

maTm

Results of the screening test indicated that TNT-degrading microorgan-
isms were present and that acetate, glucose, or succinate would support this

activity. Samples were taken from these soils and placed into liquid cultures

using either acetate or succinate as a comet
in these liquid cultures were isolated and

i
for TNT degradation studies.
Data on TNT de d

u
gradation occurring in liquid cultures developed from each
xhibited virtually the entire range of possible degrada-

o
1
=
-]
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n
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e
tional activities (Table 10). After 2
-3 1

weeks incubation, the culture from T
R soil with acetate as cometabolite retained 96.8 percent (96.8 mg of
1

TNT /0 2 3 :~11 -
mg 1NNi/¢ Lﬁlul&;&_’y’ preseimc.

the TNT, but accumulated substantial amounts of an isomeric mixture of

2-amino-4,6-dinitrotoluene (2A) and 4-amino-2,6-dinitrotoluene (4A). Most

fallawineg anil enuirrac:
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(a) TS-5S-27 supported on acetate, (b) TS-SB-20 supported on succinate,
(¢) TS-Flem-3 supported on acetate, (d) TS-Flem-3R supported on succinate, and
(e) TS-Flem-2 supported on acetate.

Two cultures did articularly well, The culture from TS-SS-27 on ace-

11 TNT without by-product accumulation (the by-products tested
io

1 n
= |93 r [ 3 . ad ~ KL L2040 le~2a2~4/ QI aCC
tl

its), while TS-SB-20 removed all TNT and the dinitro by-

im
ly a trace (1.86 mg/f) of the amino-dinitro by-products

are

n two

(0]
u
o

2A+4A). A compound exhibiting retention time similar RDX app

~
N

i to
f the treatments (3.146 mg/f in TS-Flem-3R treated with acetate and
RD

o wi
2.329 mg/f in TS-SS-27 treated with acetate), although RDX was not reported

cochromatographing with RDX is not known at present. Isolation of pure cul-

= 09

tures from several of the mixtures indicated that Pseudomonas aeruginosa was
h

=1~ - Py P R E ol e -~ i i -
the predominant microorganism in eacn comsortium (

Evaluation of direct TNT utiliza-
tion versus destruction via cometabolism

determine whether individual microorganisms were responsible for the observed
degradation, several of the isolates listed in Table 11 were cultured on media

with TNT alone and in combination

wit

-

and acetate (as the cometabolite). None of the isolates was able to utili

TNT as a sole carbon and energy source (Table 12). Several isolates were able

ev
to subsist low levels of yeast extract with no acetate, and two produced

M
1"?

o

good growth on acetate with no yeast extract. Since the latter two isolat
(Pseudomonas aeruginosa from the TS-Flem-2 site) are the same species isolated

from the same site on two different cometabolites, the isolates are possibly

o — s s mmammam £ - —— a1l P £ A .
the same organism. Based on the results of th

T wad PP
> DLiel Ssurvey, comete

e

rather than direct attack, appears to be required for some portion of the

microbial attack on TNT in HEIP soil from the TS-SS-27 and TS-Flem-2 sites.

Evaluation of mineraliza-
tion by individual isolates

Growth of individual isolates in culture with radiolabeled TNT yielded

was recovered in the aqueous phase. This further substantiates the results of

the preceding section, i.e., TNT mineralization occurs via a cometabolic path-

oy "
way , Llct b"r d



ART IV: CONCLUSIONS AND RECOMMENDATIONS
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A screening test was developed that effectively demonstrates the pr
f ctiv

iv

rm

microor able of removing TNT from seils. Positive ac ty

for TNT removal was found with and without priming substrates (when toluene,
dinitroaniline, dinitro-o-cresol, dinitrophenol, acetate, sawdust, succinate,
or no compound was used as a priming substrate). Removal of TNT was supported

by glucose, succinate, and acetate as cometabolites. Toluene produced the
highest number of positive results, followed by substantial but somewhat less
frequent positive results with dinitroaniline, dinitro-o-cresol, and no prim-

ng substrate. Use of succinate and

e

cometabolites produced a much lower number of positives, as did the use of

sawdust as a priming substrate with glucose as a cometabolite. Until more

screening substrates and cometabolites are recommended: (

ot
~

ct

(e}

ol

c

o

=]

o

succinate as combined priming substrates and cometabolites and (
d

cinate, and glucose as cometabolites.

7y

urpose of the reening test is to determine the presence of micro-
w

ever, the detec-

of activity does not ensure that the activity will be sufficient for

n
biotreatment. A more detailed understanding of the environmental conditions
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responsible fo is
(a) mineralization of radiolabeled TNT was demonstrated in slurries;

(b) microbial consortia were able to remove TNT and degradation by-products

from a solution containing acetate
the dominant organisms in the consortia were unable to grow using INT as a

sole carbon and energy source; and (c) these same pure cultures were unable to
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Tahle 2
1802.¢ 4

Basal Salts Medium for Isolation and Growth of

Bacteria Degrading Explosives* **

Chemical Amount 10X Strength
Component Formulation g g

Ammaniium cuil fata (NH.)-S0. 04 40
Ammonium sulfate (NH;);80; 0.4 4.0
Potassium phosphate,

dibasic K,HPO, 0.1 1.0
Potassium phosphate,

monobasic KH,PO, 0.05 0.5
Magnesium sulfate,

heptahydrate MgSO04*7H,0 0.05 0.5
Manganese chloride,

tetrahydrate MnC1,*4H,0 0.02 0.2
Calcium chloride,

dihydrate CaCl,*2H,0 0.005 0.05
Ferrous chloride,

tetrahydrate FeCl1,%4H,0 0.005 0.05
Calcium carbonate CaCoO; 0.2 Omit
(Tap water) (To 1 9) (To 1 ¢)

* Modified from Aaronson’s medium for enrichment and isolation of Pseudo-

monas capable of oxidizing naphthalene (Aaronson 1970).

*%

For normal—strength medium, add each of the ingredients in the order
listed to at least 800 ml of tap water with stirring. Wait until the last
ingredient added has dissolved before adding the next. Filter the final

fi J.ter paper or a 0.45— p,m mlcropore filter before

10X medium, go When readv to use, dllute
100 ml of the 10X to 1 ¢ with tap water, add 02 g of CaCO; with stirring,
and filter as for normal-—strength medium. Then add any remaining ingre-—
dients and sterilize.



Treatment Combinations Used in the Screening Test

. Cometabolite

Priming Substrate Sodium Acetate Sodium Succinate Glucose
None X X X
Toluene X X X
Dinitroaniline X X X
Dinitrophenol X X X
Dinitro—o—cresol X X X
Sawdust —_— - X
Sodium acetate X -— -—
Sodium succinate -— X -

* Symbols are defined as follows: X = combination of priming substrate and
cometabolite tested for each soil; ——= combination of priming substrate and
cometabolite not tested.

Table 4

Summary Information on HEIP Soils

Sample ID Sample Site Description ‘ mg/kg
TS—Flem—1 Flemings Pond 5,000 —6,000%
TS—Flem—2 Flemings Pond 7,070
TS—Flem—3 Flemings Pond 255
TS—Flem—3R Flemings Pond (near TS—Flem-—3) 5,000—6,000*
TS—-SB—27 Soil boring SB—27 (surface) 9,330
TS—SB—-20 Soil boring SB—20 (surface) 167

TS—BG Site background soil None

* Expected, rather than determined. 1In reality, TS—Flem—1lhad concentrations
exceeding 20,000 mg/kg.



Table §

Particle Size Analysis of Soils

Source of Soil
Caddo Lake
HEIP
Iowa AAP
Lone Star AAP (Texas)

Louisiana AAP
McAlester AAP
Radford AAP

Sub Base Bangor

Percent
Sand

13.5
33.0
62.5
67.5
35.0
42.5
45.0
77.5

Percent

Silt

55.0
54.0
25.0
20.0
47.5
42.5
45.0
22.5

Percent
Clay

32.5
13.0
12.5
12.5
17.5
15.0
10.0
0
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Table 8

Comparison of Numbers of Positives Obtained in the Screening Test

Parameter

o}
-]
®
75}
rt
R
[a]
a~]

McAlester AAP
Radford AAP
Sub Base Bangor

Primino cuithetrata
Priming substrate
Acetate
Dinitroaniline
Ninitra_n_nvaoanl
AWALLLL VLV L&) CiLCTCOoOUVL
Dinitrophenol
None
Sawdust
Succinate
Toluene
Total
Amatahali+a
UllIC LauuU LA LT
Glucose
Sodium acetate
QA3 caen PUPPIPIe Y YN
S20ULUIl SucCcliiacle

Number of Positive Results

o8]

-
N B W

21
19
13

108

ik

p—
SN hH O WD O

108

BN
2

108

Percent of Total

38

o -
o W
N

13.0
15.7
19.4
17.6
12.0

100.0

e RN -

[ e il
NN W

w
K

N
N »n
o o

100.0




poaxodax sT INQ—9‘C Pue INU—#‘CT JO uns 8yl
‘1931 Iod sweafiTiTw ul pessaidxe ale SUOTIBIJUSIUOD ISJBY

'y xTpuaddy ur usalf ®1® S3TWIT UOT3IO8IBQ

‘JTWIT UOT}D239Pp MOT3Y xx
‘IN@ Te3o] s®

‘weiBoTTy Aod swealTITIW UT 9aB ULATIZ SuUOTIEBIFUSOUOD TIOS
'se3eoTTde1 om3 Jo soBeisar aIe S3TNs9Y «x

(ponuyauon)
n 0'88 n n n 0£€°6 v 99pM — TToS—*103H
n 0'1v n n n 00¥°T1 0 Led — TTOoS—*1D8H
n 911 n n n 901 y ooM — I93eM—Y1D3H
n n n S n L'ES 0 Leq — 193BM—?1D3H
PoPPY 93110qeauo) 10 93eqdsoyd Umuowlly ON '®pla0[4) JTANOI9K UI[M pouosogd - ¢ JUSUIBai]
n 0'86 n n n ST’ ¥ doeM — TTOS
n 0°6C n n n 00T 0 Leq — TTOS
n £€L 0€°S 1'9¢ (44 z°os ¥ qo°M — I93EpN
n LL'E n 88°€ n ST 0 Leq — x93®M
PSPpPY 93E(Udsoqq wnpuouily O '931[0qe3oWo) € S€ 93edfoong — ¢ JUeWIesi],
n 0'1L 0Ll n n 059t ¥ doeM — TTOS
n 097 n n n 000°C1 0 Aeq — TTOS
n _ vzs 6v'v £1€ LET S'Sh ¥ qo9M — Tejep
n £8°'Y n v6'T *x0 691 0 Leq — 1°3EM
PoOpPpPVY o3e(dsoyg wnjuculy ON 'o3[]0(ejoll0o) B SE oJE]oJy — | JUsulea.a]
aNad aNI X T +Ve INQ TE301 T INT JUSWIEa1],
¥punoduiog

6 °1qBlL



n 0'eL n n n 00v°I1 v 99M — 17108
n 0'9¢ n n n 00€°91 0 Aeq — 110§
09Z°0
68¢°0 n L n 88y ¥ od9M — I93EBM
n n n 681 n 9'6L 0 Leq — 1e3eM
¥0IN0OS JUSTAJNN € 58 93e(dsolyq uniuoumy Y3II/A 931 [0QEJoUo) € S8 9JeUloong — § JUslizead]
n 0°6L n n n 00S‘Z1 ¥ 9°M — 110§
n o'ty n n n 009°p1 0 Aeq — 110§
n n n 98°S n SLL ¥ q°3M — 83BN
n SLE'O n 00T n £°68 0 Leq — Ie3Ep
35IM05 JUSTIINN € 5¢ 938(ds0(d GnTUomEy (IR S3T[0qeIsW0) ¥ € 838385V — | JUSUATSIL
R ERL- Xag WFVC ING TE301 IR IUSEIESIL
¥punodion)

(pepnTou0D) 6 BTqEL



‘v x1puaddy ur usall @1 S3TWIT U0TI30833(Q
L1391 se /3w

*3TWIT UOT30939p MoTog

€0 03 JuaTearnbs punodwoo umoudqup <<

"IN(—ouTWeouoy Te30] Se pa3jrodai ST INQ—9‘C—V—# PUB INC—9‘p—V—7 FO ums a3yl <
"INQ T®30] se peajiodai ST INA-9‘C Pwe INA—‘T FJO Ums oYL xx
‘gNd ‘XWH :$2an3no Lue Ul PaAlasqo IJON

"3/3m Q] sem UOTIBIJULIOUOD INI TBTIITUI «x

L8T0
Iv9°0

$60°0
n
°eso
ILS°1
n
<<d

PP P P B P

n
180°0
0L0°0
L16°0

INL

20T
L9
9°S1
n
9Tl
98°1
81
vl
L1°6
L0°1

n

n
760°0

n
LLo0

n
+¥90°0
LST°0

n
8s1°0

<INd—OUTWEOUOR (€301

*xINd LE40OL

n

n
820°0

n

n

in
8'96

INL

¥j/3W punodimod

93BUTOONS
238390V
?jeUTOONg
?3e390V
?ajeuroong
93u390y
?jrUTOONG
938390V
?jeuTOONg

@3®v300V

33T10qe39Wo)

C—UWR_TI—SL
¢—WeTi—SL
LT—-85—SL
LT—-85—SL
07—-495—SL
0C—-495—SL
€—wWaTq—-SlL
g—-weTq—SL

Je—-waTI—-SlL
ge—-uwaTg—SL

35aN0§ 110§

0l °TqelL



Table 11

Identity of Representative Microorganisms Isolated from Consortia

from the Hastings East Industrial Park Soils

Soil Source

TS—Flem—2

$5-20

TS—Flem-3

TS—Flem—3R

TS—-SS-27

Identity of Microorganism

Pseudomonas
Pseudomonas
Pseudomonas

Alcaligenes

Pseudomonas
Pseudomonas

Pseudomonas
Pseudomonas

Pseudomonas
Pseudomonas

aeruginosa
putida b.
aeruginosa

denitrificans
Enterobacter cloacae b.

aeruginosa
aeruginosa

aeruginosa
aeruginosa

aeruginosa
aeruginosa

Sodium
Sodium
Sodium

Sodium
Sodium

Sodium
Sodium

Sodium
Sodium

Sodium
Sodium

_ Cometabolite

succinate
acetate
acetate

succinate
acetate

succinate
acetate

succinate
acetate

succinate
acetate




AT aAT

i L Y f Representative Microorganisms Isolated from Consortia

ls to Grow on Media Containing TNT With and

Sodium Acetate as Cometabolite

0 o]
o 06 0 0
=0 O
b=

0
o]

col

Organism and Source Medium Growth#*
Pseudomonas aeruginosa BSM + TNT, no yeast extract or acetate NG
from TS—SS-—27 BSM + TNT + 2% acetate, no yeast extract PG
on acetate BSM + TNT + yeast extract, no acetate FG, Lt
BSM + TNT + yeast extract, 0.1Z acetate FG, Lt
BSM + TNT + yeast extract, 0.5% acetate GG, Mod
BSM + TNT + yeast extract, 1.02 acetate GG, Dk
Pseudomonas aeruginosa BSM + TNT, no yeast extract or acetate NG
from TS—Flem—2 BSM + TNT + 2% acetate, no yeast extract GG, Dk
on succinate BSM + TNT + yeast extract, no acetate GG, Clr
BSM + TNT + yeast extract, 0.1% acetate GG, Clr
BSM + TNT + yeast extract, 0.5% acetate GG, Lt
BSM + TNT + yeast extract, 1.04 acetate EG, Dk
Pseudomonas aeruginosa BSM + TNT, no yeast extract or acetate NG
from TS—Flem—2 BSM + TNT + 2% acetate, no yeast extract GG, Dk
on acetate BSM + TNT + yeast extract, no acetate GG, Clr
BSM + TNT + yeast extract, 0.1Z acetate GG, Clr
BSM + TNT + yeast extract, 0.5% acetate GG, Lt
BSM + TNT + yeast extract, 1.04 acetate EG, Dk
Pseudomonas putida BSM + TNT, no yeast extract or acetate NG
from TS—Flem—2 BSM + TNT + 2% acetate, no yeast extract NG
on acetate BSM + TNT + yeast extract, no acetate NG
BSM + TNT + yeast extract, 0.1% acetate PG, Dk
BSM + TNT + yeast extract, 0.5%4 acetate NG
BSM + TNT + yeast extract, 1.0¢ acetate NG

* Abbreviations: NG = no growth, PG = poor growth; FG = fair growth; GG
gooa growtn and EG = excellent growth. Lt col = light coloration; Mod
1A . ar . An

c 10 - — C UL ual



—
S H



o~
<€



Table Al

&

Detection Limits for Explosive Compounds Analyzed
in This Study by MRD Laboratories

Detection in Soil

Detection in Water

Compound mg/kg ng/t
HMX 2.20 1.00
RDX 1.00 0.84
TNB 0.25 0.26
DNB 0.25 0.11
Tetryl 0.65 0.55
TNT 0.25 0.11
2,4-DNT 0.25 0.02
2,6-DNT 0.26 06.31
2-A-4,6-DNT 0.25 0.03
4-A-2,6-DNT 0.26 0.06

Table A2

Detection Limits For Explosive Compounds Analyzed in

S O O O O

= o O

=

o>
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Table A3

Detection Limits for Explosive Compounds Analyzed

in This Study by WES Analytical lLaboratory*

Detection in Soil

Detection in Water

Compound mg/kg ng/t
HMX 2.2 20
RDX 1.0 20
TNB 0.25 20
DNB 0.25 20
Tetryl 0.65 20
TNT 0.25 20
2,4-DNT 0.25 20
2,6-DNT 0.26 20
2-A-4,6-DNT 0.25 20
4-A-2,6-DNT 0.25 20
* These limits are for undiluted samples only
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