: g% enobiotics are man-
| ikF  made compounds often
introduced inta the en-
F. vironment at concen-
+ i\,  trations that cause un-
' ¥ desirable effects. They
- can be transformed as a
result of biotic and abiotic pro-
cesses, leading to changes in their
chemical state and ultimately in
their toxicity and reactivity. Ideally,
xenobiotics are transformed into
carbon dioxide, water, and mineral
elements. However, many of them
are converted to intermediate prod-
ucts that can be as toxic as or more
so than their parent compounds.
This article focuses on the complex-
ation of organic xenobiotics with
humic material in aquatic or terres-
trial environments.

Since the development of pesti-
cides in the early 1940s, large quan-
tities of organic chemicals have
been applied to the environment in
an atternpt to destroy disease-carry-
ing and crop-damaging organisms
or to contro} weeds. As time has
passed, we have become increas-
ingly aware of the potential side-
effects incurred by the constant use
of these chemicals. Many pesticides
and other xenobiotics have proven
to be highly persistent compounds
that are resistant to natural transfor-
mation or degradation processes. As
a result, a significant portion of xe-
nobiotics remains in the environ-
ment for prolonged periods of time.

A variety of physicochemical
techniques are available for the
cleanup of contaminated soils.
However, many of these processes
involve large-scale excavation or
long-term treatment of polluted
soil. Furthermore, many of these ap-
rroaches are quite costly and do not

ead to total decontamination. Con-

sequently, there is a growing need

to develop alternative methods for
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the in situ decontamination of soil
environments.

One detoxification method cur-
rently being studied involves the
binding of phenolic’and anilinic
chemicals to humic material. Be-
cause many man-made compounds
resemble naturally occurring humic
acid precursors, these compounds
can be incorporated into humus
during the humification process
{formation of humus).

The binding of xenabiotics to hu-
mus is believed to decrease the
amount of material available to in-
teract with the biota, thus reducing
the toxicity of the parent com-
pound. Binding may also inhibit the
movement of xenobiotics via leach-
ing, thus preventing the contamina-
tion of aquatic environments. The
incorporation of xenobiotics into
humus is a natu-

class or structure of the molecule. -

Unless covalent bonds have been
formed, adsorption is a reversible
process because of its physicochem-
ical nature, and a percentage of xe-
nobiotics bound via adsorption pro-
cesses remains available to interact
with the biota.

Nevertheless, there is abundant
evidence to sygges! that the longer
adsorbed residues remain in soil,
the more resistant they become to
extraction and degradation (4). This
resistance may result from a redis-
tribution of the pollutant from
weaker to stronger binding sites, or
from a slow incorporation of the
pollutant into hurmus.

The most persistent complexes
result from the covalent binding of
xenobiatics to humic material.
These complexes, often referred to

and Mn}, and clay minerals {10-12).
Coupling reactions can also cccur
spantanecusly in the presence of
oxygen at alkaline pH (13). Sponta-
neous reactions frequently lead to
the incorporation of nonphenaolic
compounds into humic polymers.
Amino acids, amino sugars, and
peptides can react with both poly-
phenolic and quinone compounds
to become incorporated into humus
by way of spontaneous coupling re-
actions.

Many soil microorganisms pro-
duce extracellular oxidoreductases
capable of catalyzing the coupling
of aromatic compounds. These en-
zymes are classified as either perox-
idases or polyphenol oxidases. Per-
oxidases are produced by plants
and microorganisms and catalyze a
variety of reactions, including the

polymerization and

rally occurring pro-
cess and can be en-
hanced by adding
extracellular en-
zymes or abiotic cat-
alysts or by altering
the environment's
physicochemical
conditions.

The information
presented here fo-
cuses on the mecha-
nism by which ha-
logenated phenals |
and anilines are

IS beheved to decrease the

v_wth the bmta, thus re

The bmdmg of xenobmbcs to Immus

amount
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ducm tbe

| ‘toxw:ty of the parent compo

-

depolymerization
of lignin (14). All
peroxidases contain
an iron porphyrin
ring and require the
presence of perox-
ides (e.g., hydrogen
peroxide) for activ-
ity. In particular,
horseradish peroxi-
dase catalyzes the
polymerization of a
wide range of phe-
nolic and anilinic
compounds, The

und, -
gir fry-..

bound to humic ma-

terial and the chemical nature of
these bound residues. Data on the
toxicity and ultimate stability of
bound chemicals is also presented.
Our studies indicate that enzymatic
coupling is a promising method for
detoxification of environments con-
taminated with xenobictics.

Xenobiotic and humic reactions

The binding of xenobiotics to hu-
mic substances constitutes one of
the major reactions by which these
chemicals are transformed in na-
ture. Xenobiotics interact with col-
loids through several mechanisms,
and a number of reviews describe
the paossible interactions (1, 2).

Adsorption occurs primarily as a
consequence of the attraction be-
tween the solid surface of soil and
the solution or vapor phase of the
xenobiotic. Phenolic compounds

adsorb to soi! colloids via several -

mechanisms, including van der
Waals forces, charge-transfer com-
Elexation. hydrogen bonding, and

ydrophobic interactions (3). The
nature and strength of adsorption
depend largely on the chemical

as the “bound residues’ of soil, are
highly resistant to acid and base hy-
drolysis, thermal treatment, and mi-
crobial degradation (5-8). Oxidative
coupling, one of the most important
chemical reactions in the humifica-
tion process, leads to the incorpora-
tion of naturally occurring humic
acid precursors and synthetic phe-
nolic compounds into soil humus
via covalent {inkages.

The oxidative coupling of phe-
nols is a free-radical process involv-
ing the loss of an electron and a pro-
ton from phenol. This loss results in
the formation of a resonance-stabi-
lized free radical: Two free radicals
can undergo coupling in a variety of
ways in the reaction of 2.4-dichlo-
raphenol with syringic acid, a hu-
mus monormer, as illustrated in Fig-
ure 1. Phenolic reactants are linked
through C~C and C-O bonds; aro-
matic amines form C-N and N-N
linkages (9).

Oxidative coupling is mediated
by & number of biclogical and abi-
otic catalysts, including microbial
enzymes, inorganic chemicals (e.g.,
oxides or oxyhydroxides of Al, Fe,

use of horseradish
peroxidase in the detoxification of
industrial wastewater has been ex-
amined (15, 16).

Polyphenol oxidases are divided
into two subclasses: laccases and ty-
rosinases. Both enzyme groups re-
quire bimolecular oxygen, but no
coenzyme, for activity. However,
these enzymes differ in the mecha-
nism by which they oxidize phe-
nols. Tyrosinases form an o-diphe-
nol from the parent compound and
subsequently release an oxidized,
usually highly reactive, o-guinone
(10). In an alkaline environment,
the quinone preducts slowly poly-
merize through autoxidative pro-
cesses. Laccases, however, oxidize
phenolic compounds to form their
corresponding anionic free radicals.
Laccases may prove to be the most
useful of the oxidoreductases be-
cause they produce these very reac-
tive radicals and because, unlike
peroxidases, they do not require the
presence of hydrogen peroxide.

Oxidative couplings with humus

As previously mentioned, many
phenolic chemicals and their degra-
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dation products resemble naturally
occurring humic acid precursors.
Consequently, these synthetic com-
Eounds are often incorporated into

umus during the humification pro-
cess. Several studies illustrate the
incorporation of pesticides into hu-
mic material. Mathur and Morley
(17) demonstrated the incorpora-
tion of the insecticide methoxy-
chlor [1,1,1-trichloro-2,2-di-(4-
methoxyphenol)ethane] into a
humic acid analog. Wolf and Martin
{18) observed that 2,4-D (2 4-dichlo-
rophenoxyacetic acid) and chlor-
propham (isopropyl 3-chlorophenyl
carbamate} are incorporated into
humic acid polymers.

The products formed duringr

cross-coupling of pollutants and
humic acids are highly heteroge-
neous and complex and therefore
are quite difficult to identify. To
elucidate the mechanism by which
xenobiotics are incorporated into

-y e o - e 7
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humus and te identify the products
formed, workers in our laboratory
studied the binding process through
the use of model systems. Laccases
isolated from Trametes versicolor,
Rhizoctonia praticola, or other
fungi were incubated with various
chlorinated phenols or aromatic
amines in the presence of specific

henolic humic constituents. The

ybrid products formed were iso-
lated by thin-layer chromatography
or by high-performance liquid chro-
matography and then characterized
by mass and nuclear magnetic reso-
nance spectroscopy (9). The com-
pound 2,4-dichiorophenol {2,4-
DCP), a degradation product of the
herbicide 2,4-D, coupled with hu-
mic-derived compounds such as or-
cinol, syringic acid, vanillic acid,
and vanillin (19) (Table 1).

In subsequent experiments, phe-
nols containing one to five chlo-
rines (4-chlprophenol, 2,4- and

2.6-dichlorophenol, 2,3.6- and
2.4,5-trichlorophenol, 2,3,5,6-
tetrachlorophenol, and pentachlo-
rophenol} were cross-coupled with
syringic acid by the laccase from the
fungus Rhizoctonia praticola (20).
Two types of cross-coupling prod-
ucts were formed: quinonoid oligo-
mers, consisting of chlorophenols
linked by ether bonds to orthoquin-
oline products of syringic acid; and
phenolic oligomers, consisting of
chloraphenols bound by ether link-
ages to decarboxylated products of
syringic acid.

The cross-coupling products
formed are presented in Table 2.
The laccase from R. praticola has
also cross-coupled aromatic amines
(substituted anilines) to humic
monomers (21). Cross-coupling
products of 4-chloroaniline and
guaiacol are presented in Figure 2.

To study the coupling reaction,
we examined the incorporation of
phenols into humus under condi-
tions approximating the natural soil
habitat {22). The coupling of *C-
labeled-2,4-DCP to stream fulvic
acid occurred over wide pH and
temperature ranges and was cata-
lyzed by several enzymes. Further-
more, because the fulvic-acid-
associated radioactivity was not
released upon extensive washing
with an organic solvent, it appeared
that the phenol was indeed incorpo-
rated into the humic material.

Cheng et al. (23] also found that
2,4-DCP becomes gradually incor-
porated into soil crganic matter.
Other phenols, too, show binding to
humic material. Martin et al. (24)
demonstrated the incorporation of
4C-ring-labeled catechol into fulvic
and humic acids. Thus the enzy-
matic coupling of phenols to soil
humic substances seems to be a gen-
eral phenomenon in soils.

Biological consequences of binding

Soil microbiologists are con-
cerned about the possible adverse
offects of xenobiotics on the growth
and activity of soil organisms. For
example, xenobiotics may alter cel-
lular morphology or inhibit bio-
chemica) reactions. There is also
great concern that the leaching of
pollutants from soil may lead to the
contamination of drinking water.
However, most soil biologists be-
lieve that binding pollutants to soil
essentially serves to immobilize
and detoxify hazardous com-
pounds. Binding decreases the
availability of the pesticide to inter-
act with the biota and thus reduces
its toxicity. In addition, incorporat-
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ing xenobiotics into seil humus
greatly reduces the movement of the
chemicals through leaching and re-
duces the contamination of ground-
water and other aquatic systems.
The ability of the laccase from the
fungus R. praticola to transform and
therefore detoxify phenolic com-
pounds has been demaonstrated (25).
A toxic amount of phenolic com-
pound was added to a medium con-

taining naturally occurring phenols
in the presence or absence of lac-
case. The medium was inoculated
with R. praticola, and growth of the

~ fungus was monitored. In the ab-

sence of laccase, the phenolic com-

ounds inhibited growth; however,
Fccasa reversed this inhibitory ef-
fect. Moreover, soluble synthetic
humic acids inhibited growth of R.
praticola, whereas polymerized

‘phenols that formed large precipi-

tates were not inhibitory. Therefare,
the effectiveness of the detoxifica.
tion procedure may depend on ac-
tual physical removal, via precipita-
tion, of the polymerized phenols.

Before the binding of xencbiatics
to humus can be used for decontam-
ination, it will be necessary to in-
vestigate the stability of the bound
complexes. If large quantities of the
pollutant were released at a future
time, formation of these compounds
would pose a delayed environmen-
tal hazard. However, several inves-
tigators have demonstrated the sta-
bility of humus-bound xenobiotics.
In one study, 3,4-dichloroaniline
was applied to a German soil, and
46% of the compound remained
bound to the soil two years after
treatment (26). In a separate study,
83% of '*C-labeled atrazine re-
mained asscciated with the soil af-
ter nine years; 50% of this residue
represented bound material (27).

The activity of microorganisms is
believed to be the primary factor re-
sponsible for the release of bound
residues. To study the release of
bound pesticides, **C-labeled-
catechol and mono-, di-, tri-, and
pentachlorophenols boand to hu-
mic acid polymers were incubated
with microbial soil populations and
the release of radioactive com-
pounds into the medium was moni-
tored (28). This study demonstrated
that insignificant quantities of **C-
labeled compounds were released
over a 13-week incubation period.
Furthermore, this release was ac-
companied by a simultaneous min-
eralization of the bound material to
“CO,.

As might be expected, the release
of bound xenobiotics differs with
the type of binding. It appears that a
“surface” fraction of bound residue
can be released, whereas the re-
mainder is covalently bound to a

“‘core” portion that is less accessi-
ble to microbial degradation. Over-
all, available data indicate that the
microbial release of bound xenobi-
otics occurs extremely siowly. Once
released, the xenobiotics can be
mineralized or reincorporated into
humus. Consequently, released res-
idues should not accumulate and
should not pose a delayed health
hazard.

Factors affecting the process

Given that the incorporation of
xenobiotics into humus eliminates
or reduces their toxicity, future re-
search should focus on methods for
improving the binding process. The
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purposes may be hindered by the
relative inertness of some phenolic
compounds to enzymatic action.
However, the reactivity of some in-

binding of xenobiotics to humus de-
pends on many environmental fac-
tors that vary with season, climate,
soil type, and agricultural practices.
Because of this variability, it'is nec-
essary to evaluate the incorporation
of each xenobiotic into humus un-
der specific sets of environmental
conditions. For example, the pH of
the environment has played an im-
portant role in determining the effi-
ciency of polymerization {29). The
phenoloxidases of many soil fungi
have a pH optimum in the range of
4-7. Thus, in calcareous or acid
soils, the activity of these enzymes
may be reduced.

In addition, the pH optimum has
depended on the chemical structure
of the substrate. The position and
type of substituent group also influ-
ences the polymerization process
(29, 30). In general, transformation
efficiency decreases with increasing
molecular weight of the substituent
group (e.g., methylphenols are
transformed most efficiently, fol-
lowed by methoxyphenols, chlo-
rophenols, and bromophenols).
Furthermore, the transformation ef-
ficiency of phenols decreases with
increasing numbers of chlorine at-
oms. Because the oxidative cou-
pling process is influenced by a
wide variety of factors, and because
these factors vary with type of sub-
strate and the enzyme employed,
caution must be exercised in inter-
preting data and extrapolating find-
ings to the natural environment.

The use of cross-coupling tech-
niques for soil decontamination

the addition of highly reactive sub-
strates to reaction mixtures contain-
ing laccase. For instance, in the
presence of either guaiacol or feru-
lic acid {both phenolic chemicals},
the removal of phenol was found to
be enhanced by mors than twofold
(30). Fahraeus and Ljunggren have

p-cresol by the laccase of the fungus
Trametes versicolor is significantly
enbanced by the addition of cate-

the cross-coupling technique can be
broadened by the use of copolymer-
izing agents,

The efficiency of enzymatic cou-
pling can also be enhanced through
the use of enzymes bound to solid
supports. Sarkar et al. (32) found
that the immobilization of laccase
on soil supports increases the ther-
mostability of the enzyme, its resis-
tance to degradation by proteases,
and its half-life. For example, lac-
case immobilized to kaolinite or
soil removed 2,4-dichlorophencl as
efficiently as did the free enzyme
but retained its activity for a much
longer time period. Furthermore,
the immobilized enzyme could be
recovered from the reaction solu-
tion and reused to transform sub-
strate, with minimal loss of activity
(33). Immobilized enzymes may
prove more economical because
they are biochemically more stable
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and can be used repeatedly to
detoxify xenobiotics,

Aim research at binding process
The incorporation of xenobiotics

‘and their derivatives into humus

occurs readily in nature. It has been
suggested that this process can be
exploited to immobilize and detox-
ify hazardous compounds. The
binding of pollutants to humus has
several important consequences:
the amount of compound available
to interact with the biota is reduced;
the complexed products are less
toxic than their parent compounds;
and insoluble precipitates are fre-
quently formed, thus reducing the
movement of chemicals through
leaching.

The use of enzymatic coupling for
detoxification has met with concern
about the ultimate fate of bound
pesticide residues. All available
data indicate that after xenobiotics
are incorporated into soil, they are
released only minimally and gradu-
ally. The gradual release should not
pose a delayed health hazard, be-

cause the slowly released com-

pounds can be mineralized to CO,
or immobilized again by natural hu-
mification processes.

Before this technique can be ap-
plied, extensive research is required
to analyze the availability, accumu-
lation, and toxicity of bound resi-
dues in nature. Researchers should
continue to focus on the develop-
ment of new methods for maximiz-
ing the binding process (e.g.,
through the use of immabilized en-
zymes or abiotic catalysts, or the ad-
dition of copolymerizing agents).

Jean-Marc Bollag is professor of soil
microbiology in the College of Agricul-
tural Sciences and the Environmental
Resources Research Institute at the
Pennsylvania State University, Univer-
sity Park, PA. He is also co-director of
the Center of Bioremediation and Detox-
Ification. He received his Ph.D. from the
University of Basel, Switzerland. His
research is in the microbig! transforma-
tion of xenobiotics and the use of micro-
bial and plant enzymes for detoxifica-
trion of contaminated environments.
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Curtrent evidence indicates that the
enzymatic or abiotic incorporation
of xenobiotics into humus is an effi-
cient, cost-effective method for
detoxifying hazardous pollutants.
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