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INTRODUCTION

The rhizosphere, or root zone of plants, contains a diverse microbial
community that contributes to plant health and to soil homeostasis. In
addition, recent studies indicate that microorganisms in the rhizosphere
can degrade toxicants of concern to human health and the environment.
The application of these findings to remediation of chemically contaminated
soils will be facilitated by a better understanding of the variables that
control biotransformation in the rhizosphere. For example, the increased
density and diversity of microorganisms in the rhizosphere, as compared
to nonvegetated soils, may be a critical factor for microbial degradation
of xenobiotic compounds. In addition, the secretion of readily degradable
substrates by roots may facilitate cometabolic transformation of hazardous
organic compounds [1]. Other mechanisms can also be invoked to
explain how microbial transformations occur in the rhizosphere.
Collectively, these factors have important implications for the successful
use of vegetation to increase the participation of microorganisms in
biotransformation of toxicants at hazardous waste sites.

The existing evidence for microbial degradation of xenobiotics in the
rhizosphere is examined with special attention to whether a community
or single species of microorganism is responsible for biotransformations
in the root zone. In addition, previously unpublished data resulting
from biochemical amalyses of trichloroethylene-degrading microorganisms
are presented and discussed with respect to microbial biomass, metabolic
activity, nutritional status, and community structure in the rhizosphere.

RHIZOSPHERE MICROBIOLOGY

Plant roots affect the soil in which they grow in a multitude of ways,
megking the soil more conducive to microbial growth and activity. For
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example, roots affect soil carbon dioxide and oxygen concentrations,
osmotic and redox potentials, pH, and moisture content. The rhizogphere
is8 a zone of increased microbial activity and biomass at the root-soil
interface [2]. The large microbial populations in the rhizosphere are
- sustained by exudation of substances such as carbohydrates and amino
. acids from the root as well as sloughing of root epidermis. All roots are
. protected from abrasion by root cap cells which are sloughed off during
root growth; sometimes as many as 10,000 cells per plant per day [3]. As
the root grows downward, cells in the root cap produce a gel that helps
© lubricate the root, allowing the root to force its way through the soil.
This mucigel, along with other root excretions is classified as root
exudate [4]. Both root cap cells and root exudates, are useful sources of
nutrients for microorganisms in the root zone or rhizosphere. In addition,
microorganisms can stimulate exudation, whereas the absence of bacteria
and fungi can lead to less exudate production by the plant [2]. These
rhizosphere characteristics typically result in microbial pepulations an
order of magnitude or more above microbial populations in nonvegetated
soil. This rhizosphere effect is often expressed as the ratio of microorganisms
in rhizosphere soil to the number of microorganisms in non-rhizosphere
soil, the R/S ratio [5]. R/S ratios commonly range from 5 to 20, but
occasionally are as high as 100 and above [6].

The actual composition of the microbial community in the root zone is
dependent on root type, plant species, plant age, and soil type [3] as well
as other selection pressures, such as foreign chemicals [7-10]. Typically,
the rhizosphere is colonized by a predominantly Gram-negative microbial
community [6]. In addition, leguminous plants exhibit a greater
rhizosphere effect than non-leguminous plants, presumably because of
increased N levels in soil where legumes grow. The ability of the plants
to select for different rhizosphere microbial communities in both
composition as well as size is intriguing from the standpoint of exploring
whether this selection translates into differences in the rates of microbial
degradation of organic compounds in the rhizosphere.

The rhizosphere, which was frst described by Hiltner [11], has been
the focus of agricultural research for several years, primarily because
of its influence on crop productivity. Several excellent comprehensive
reviews on the rhizosphere are available [2,3], and due to their extensive
nature, the current review will be limited to discussing findings on
rhizosphere microbiology within the context of degradation of organic
compounds by rhizosphere microbial communities.

The interaction between plants and microbial communities in the
rthizosphere is a complex relationship, that has evolved to the mutual
benefit of both groups. In addition to the accepted relationships described
thoroughly in the aforementioned reviews, other connections between
plants and the microorganisms in their root zones undoubtedly exist.
One possible additional relationship is the rhizosphere microbial
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community’s role in protecting the plant from chemical injury. Previous
research has shown that plants increase root exudation in the presence
of xenobiotic chemicals [12,13]. In hydroponic cultures of corn, the
presence of simazine (2-chloro-4,6-bis ethylamino-S-triazine), a
preemergence herbicide used for controlling weeds in corn, caused a
two-fold increase in exudation of organic acids [14]. In addition, simazine
increased the length and weight of roots, but only if microorganisms
were also present in the medium, It is not clear whether the increase in
exudation is an evolved response by the plant to attract more
microorganisms (and possibly degrade the chemical faster) or simply
the physiological effect of the chemical on the plant. The tolerance of
corn to the herbicidal effects of simazine may be the result of rapid
metabolism of the compound by the plant. The tolerance of corn to the
herbicidal effects of simazine may be the result of rapid metabolism of
the compound by the plant. Most herbicides used to control weeds are
readily metabolized by non-target plants [15]. Nonetheless, rhizosphere
microbial communities may also play a role in protecting the plant from
chemical injury. This idea is further supported by the work of Herring
and Bering [16]. They found that the toxic effect of phthalate esters on
spinach and pea seedlings could he abated or reversed by the presence
of microorganisms in the soil.

MICROBIAL DEGRADATION IN THE ROOT ZONE

Studies of microbial degradation of toxicants in the root zone of
plants have “included a variety of plant types from diverse taxonomic
families (Table 1). These studies have been generated from examination
of agrochemicals, aquatic systems, and industrial chemicals and are
summarized below. Recently, two reviews on microbial degradation of
organic compounds in the rhizosphere and the beneficial effects of
vegetation at contaminated sites have been published [17,18].

Agrochemicals

Research on microbial transformations in the rhizosphere has been
concerned mainly with agricultural chemicals, such as pesticides and
fertilizers.  Several researchers {1,7,19-21] have described an increased
capacity for mineralization of various pesticides hy rhizosphere microbial
communities as compared with microbial communities in nonvegetated
soil. Occasionally, this increased mineralization capacity is correlated
with increased numbers of pesticide-degrading microorganisms.
Sandmenn and Leos [7] found an increase in the number of 24D (2,4-
' dichlorophenoxyacetate)-degrading bacteria in the rhizospheres of
previously untreated African clover and sugarcane. Similarly, work by
Abdel-Nasser and coworkers 8] showed higher microbial counts in the
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rhizospheres of corn, beans, and cotton, treated with temik
[2-methyl-2(methylthio) propionaldehyde O-(methylearbamoyl) oxime],
More recently, Sato [22] found an 8-fold increase in heterotrophic
bacteria in rice rhizosphere after benthiocarb (S-p-chlorobenzyl
diethylthiocarbamate) addition as compared with plate counts before
addition.

Seibert et al. [19] observed an overall increase in atrazine (2-chloro-
4-ethylamino-6-is0propy1amino-S—tr1'azine) degradation by rhizosphere
microorganisms in the presence of decomposing roots. Also, the
concentration of unchanged atrazine was lower in the rhizosphere soil,
and the concentration of hydroxyatrazine and two other hydroxylated
metabolites were 8-fold higher than concentrations outside the
rhizosphere, Studies on “CO, evolution from 4C-parathion (0,0-diethyl-
O-p-nitrophenyl! phosphorothioate) in rice rhizospheres indicated similar
results [20]. Only 5.5% of the “C-parathion was evolved as “CO, in
unplanted soils while 9.2% was evolved from rice rhizospheres under
non-flooded conditions. The rice variety used in this experiment grew
better in flooded soil, thus when flooded conditions prevailed, 22.6% of
the radiocathon was evolved as “CO,. Reddy and Sethunathan [20)
argued that the close proximity of the aerobic-anaerchic interface in
rice rhizosphere under flooded conditions favoured the ring cleavage of
parathion,

Parathion and diazinon [0,0-diethyl O-(2—1‘sopropy1-4-methyl-6-
pyrimidinyl) phosphorothioate] appear to be degraded in soil initially
by cometabolic attack [23), a process that requires the presence of a
growth substrate other than the compound being degraded. As indicated
earlier, root exudates provide microorganisms with a wide range of
organic substrates for use in growth and reproduction, and as energy
sources. These factors lead Hsu and Bartha [1] to hypothesize that the
rhizosphere would be especially favourable for cometabolic
transformations of pesticides. Using radiolabelled diazinon and parathion,
they were able to show accelerated mineralization of these compounds
in bean rhizospheres. Beans were chosen because of their reported
inability to metabolize diazinon [23]. Approximately 18% of the parathion
and 13% of the diazinon were mineralized in the bean rhizospheres
compared with 7.8% and 5.0% in the root-free soil for parathion and
diazinon, respectively. Similar results with diazinon were previously
found by Gunner and coworkers [23], although they did not observe an
increase in microbial biomass in the rhizosphere after diazinon application.
Rather, the diazinon (and probably the root exudates) exerted a selective
effect, which resulted in the enrichment of a particular isolate capable
of diazinon metabolism.

Lappin et al [21] found that a microbial community isolated from
wheat roots was capable of growth on the herbicide, mecoprop [2+(2-
methyl 4-chlorophenoxy) propionic acid] as the sole carbon source, The
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authors isolated five species, none of which was capable of growth on
mecoprop individually.  This microbial community was also shown to
degrade 2,4-D (2,4-dichlorophenoxyacetic acid) and MCPA (2-methyl-4-
chlorophenoxyacetic acid).

Aquatic Systems

The increased degradative capability of rhizosphere microbial
communities is not limited to terrestrial plants. Federle and Schwab
[24} and Federle and Ventullo [25] have made similar observations of
the increased microbial degradation of surfactants in the rhizospheres
of aquatic plants. Mineralization of linear alkylbenzene sulphonate
(LAS) and linear alcohol ethoxylate (LAE) was more rapid in the rhizosphere
of cattails (Typha latifolia) than in root-free sediments [24]. Surprisingly,
the source of the cattails (plants were obtained from a pristine pond and
a pond receiving laundromat wastewater) had no significant influence
on the rates of LAS and LAE degradation. Additionally, microbial
communities associated with duckweed (Lemna minor) readily mineralized
LAE, but not LAS. Similar results on microbial degradation of LAS and
LAE by the microbiota of submerged plant detritus were obtained by
Federle and Ventullo [25]. :

To assess the possible additional benefits of microbial filters (biofilms),
containing aquatic vegetation in biotransformation of hazardous organic
compounds, Wolverton and McDonald-McCaleb {26] compared removal
of a variety of EPA priority pollutants in nonvegetated filters and
filters planted with the common reed, Phragmites communis. 1In 24
hours, the nonvegetated microbial filter removed 61-99% and 39-81% of
the aromatics (benzene, biphenyl, chlorobenzene, dimethylphthalate,
ethylbenzene, naphthalene, p-nitrotoluene, toluene, p-xylene) and
aliphatics (bromoform, chloroform, 1,2-dichloroethane, tetrachloro-
ethylene, 1,1,1-trichloroethane) tested, respectively. The vegetated filter
system increased the removal of both the aromatics (81->99%) and
aliphatics (49-93%). Although sterile controls for elucidating volatilization
rates as well as possible abiotic degradation and adsorption mechanisms
were not performed, losses due to volatilization appeared to be minor in
these systems.

Industrial Chemicals

Although most of the studies described previously have dealt with
agricultural chemicals, they provided evidence for the accelerated
microbial degradation of organic compounds in the rhizosphere and also
gave an incentive for exploring the possibility of similar results with
other hazardous organic compounds. Two recent studies have detailed
the accelerated disappearance of nonagricultural chemicals in the root
zone; a series of polycyclic aromatic hydrocarbons (PAHs) in prairie
grass rhizospheres [27], and the increased degradation of oil residues
by microorganisms isolated from oil-polluted rice rhizospheres [28].
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Rasolomanana and Balandreau (28] appear to be the first to show
enhanced microbial degradation of nonagricultural chemicals by
rhizosphere microorganisms. This serendipitous discovery came during

studies of improved growth of rice in soil to which oil residues had been

microorganisms, utilizing the oil, and isolated a Bacillus  sp. with the
ability to grow on the oil residues, but only in the presence of rice root
exudates,

The use of eight Prairie grasses for stimulating microbial degradation
of four PAHs, benz[a]anthracene, chrysene, benzo[a]pyrene, and
dibenz[a,h]anthracene, in soil columns was evaluated by Aprill and
Sims [27]. Based on residue analysis of the soil columns, PAH disappearance
was consistently greater in the vegetated columns compared with
honvegetated controls. Although sterile soil controls were not included
in the experiments, the authors speculated .that microbial degradation
may accouni for the increased disappearance of the PAHg in the vegetated
columms, However, the rhizosphere effect may have been obfuscated by
addition of manure to all sojl columns during PAH addition, Root

microorganisms to the disappearance of PAH from the so0il columps.
Nonetheless, this research does provide evidence for the accelerated
disappearance of hazardous organic compounds in the rhizosphere, and
also presents a germane discussion on plant and root biology in relation
to stimulating soil microbial activity and enhancing microbial degradation
of organic compounds in the root zone.

In order to determine the potential role of rhizosphere microorganisms
in biodegradation of trichlorcethylene (TCE), we tested rhizosphere
soils and nonvegetated soils from a former solvent disposal site [29].
Initial experiments with soil slarries monitored disappearance of TCE
from the headspace, utilizing gas chromatography techniques [30].
These initial experiments provided the incentive for more rigorous tests
with soil samples and soi -plant systems using “C-TCE. Mineralization
of M“C.TCE to “C0, was monitored in specially designed Erienmeyer
flasks incubated under vegetated, nonvegetated, and sterile conditions
(Anderson and Walton, in preparation). Vegetation tested included
four plant species from the contaminated site (Lespedeza cuneata,
Solidago sp., Paspalum notatum and Pinus taeda), as well as soybean,
Glycine max germinated from commercially available seeds. In soils
containing I, cunegta, P. taeda, and G max, the levels of 1“(]02
produced were significantly greater (p < 0.05, t-test) than “CO, production
in both nonvegetated and sterile control soils. Radiclabelled CO, production
in goil containing Solidago  sp. and P. notatum was elevated, however,
there was no statistically significant difference ( p <« 0.05, t-test) from
“CO, produced in the respective nonvegetated soils.
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PHOSPHOLIPID FATTY ACID ANALYSIS

The observed variations in the TCE biodegradation activity of the
different rhizosphere microbial communities provided the impetus for
further exploration of their composition, activity, and nutritional status.
Specific biochemical methods have been developed to assay for indicators
of microorganisms in soil and sediment samples. Membrane phospholipids
are present in all cells, have a rapid turnover, and are easily extracted
from environmental samples and quantified, making them ideal for
determining viable microbial biomass [31]. Essentially identical estimates
of microbial biomass were found by the membrane phospholipid and
direct count methods [32). The phospholipid fatty acid (PLFA) assay has
been used to describe microbial communities from such environmental
samples as plant rhizospheres [33] and creosote-contaminated soils and
sediments [34]. Detection of specific phospholipid fatty acids can indicate
the presence and abundance of certain groups of microorganisms. For
example, Nichols and coworkers [35] found relatively high proportions
of 18-carbon fatty acids relative to 16-carbon fatty acids in a natural
gas-exposed soil column capable of TCE degradation. This indicated the
presence of a large population of type II methanotrophic bacteria.
Marker fatty acids have also been discovered for, among others, sulphate-
reducing bacteria, aerobes, anaerobes, and actinomycetes [31].

Phospholipid fatty acid assays can also indicate metabolic changes in
a microbial community. During nutrient deprivation and other
environmental stresses, fatty acid ratios can shift. Guckert et al, [36]
found increases in the #rans:cis ratio of monoenoic 16-carbon fatty acids
in Vibrio cholerae  during nutrient starvation. The protocol used to
extract the lipids from environmental samples simultaneously extracts
other biochemical indicators of nutritional status in microbial
communities, for example, poly-B-hydroxyalkanoates [31]. '

Incorporation of ™C-acetate into microbial lipids is a simple, yet
useful technique for measuring heterotrophic microbial activity. The
rate of acetate incorporation into microbial phospholipids has been
shown to be an accurate and sensitive measure of growth in sediment
samples {37]. The techmique has been used to measure activity in
sewage sludge [38], marine sediments [39], antarctic rock microbiota
f40], and soils [41]. Acetate incorporation has also been used to assess
the effects of toxicants, both inorganic and organic, on microbial metabolic
activity [42].

Methods

The extraction procedure, a modification of Bligh and Dyer [43], was
performed on lyophilized soil samples from the rhizosphere as well as
from nonvegetated areas. Extracts were fractionated on silicic acid
columns into neutral lipids, glycolipids, and phospholipids. Phospholipid
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fatty acids were derivatized and quantified as described previously
[29,44]. Total picomoles of phospholipid was converted to active microbial
biomass. A cluster apalysis of the phospholipid fatty acid profiles of
different rhizosphere and nonvegetated soil samples was performed to
help in analyzing the different sample types. The glycolipid fraction
from the total lipid = extraction, described above, was used to determine
the endogenous lipid storage products poly-B-hydroxyalkanoates (PHAs)
using the techniques of Findlay and White [45].

In order to determine heterotrophic microbial activity in rhizosphere
and nonvegetated soils, incorporation of MC-labelled acetate into total
lipids was measured. Soil samples (2 g) from rhizosphere and nonvegetaied
areas at the MCB were placed in 15-ml polypropylene tubes together
with 0.5 ml of sterile, distilled, deionized water and incubated in the
dark. Samples were extracted and fractionated as described above,
Liquid scintillation spectrometry was used to quantify the radioactivity
in total lipids as well as the radioactivity in the 3 lipid fractions after
separation.

Results

Microbial biomass estimates, calculated from PLFA analysis, were
fairly consistent with the estimates based on CO, efflux [30], and also
illustrated the increased microbial biomass associated with the rhizosphere
soils. Microbial biomass estimates (mean + standard deviation) of
thizosphere soils of Lespedeza cuneata, Paspalum notatum, Pinus
taeda and Solidago sp. were 1449 = 423 pgl/g, 3624 x 522 ug/g, 1252 +
175 ug/g, and 5825 + 1176 Hg/g, respectively. Microbial biomass estimates
in the nonvegetated soil were 680 = 423 pg/g. Although biomass estimates
were useful for describing the microbiological properties of the study
soils, ‘they were not good predictors of TCE degradation.  Rhizosphere
soils from P. notatum and Solidago sp. had comparatively high levels of
microbial biomass, yet both rhizosphere types did not degrade TCE as
well as other samples with less microbial biomass.

In addition to microbial biomass, PLFA analysis was also wused to
determine the microbial community structure of the soil samples from
the contaminated site. Although taxonomic characterization of the
microorganisms from the soil samples was not undertaken, it was
possible to compare qualitative differences between the groups of
microorganisms present in the different samples. A dendogram of the
cluster analysis results from the PLFA analyses (Figure 1) illustrates
the primary clustering of nonvegetated soil samples with Lespedeza
cuneaix rhizosphere soil samples, and Solidago 8p. rhizosphere goil
with Pinus taeda rhizosphere soil and Paspalum notatum rhizosphere
soil saraples. Secondary clustering occurred between Pinus taeda soil
samples and Paspalum notatum soil samples. A principal components
analysis indicated that the fatty acid which most determined the primary
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Nonvegetated/Contaminated

Lespedeza cuneata

Solidago sp.

Paspalum notatum

Pinus taeda

Figure 1. Dendogram of cluster analysis results from phospholipid
fatty acid profiles of rhizosphere and nonvegetated soils from the
contaminated site. Comparisons of qualitative differences between the
groups of microorganisms present in the different samples illustrated
the primary clustering of nonvegetated soil samples with Lespedeza
cuneata rhizosphere soil samples, and Solidago sp. rhizosphere soil
with Pinus toede rhizosphere soil and Paspalum notatum rhizosphere
soil samples. Secondary clustering occurred between Pinus taeda soil
samples and Paspalum notatum soil samples.

clustering (separation of the nonvegetated soil and L. cuneate rhizosphere
s0il from the others) was ¢yl9:0. The secondary clustering, which
separates P. notatum and P. taeda from Solidago sp., was explained by
the greater presence of 10Mel6:0 and 10Mel8:0 in samples of P. tgeda
and P. notatum rhizosphere soil. These fatty acids (10Mel6:0 and
10Me18:0) are characteristic of actinomycetes [31].
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Overall, the PLFA results were similar in both rhizosphere and
nonvegetated soils (Table 2). The most abundant PLFA in both rhizosphere
and nonvegetated soils was palmitate (16:0), a common saturated fatty
acid. The strong presence of monounsaturated (16:107c and 18:1w7¢),
and branched phospholipid fatty acids (i15:0 and i16:0 for example)
indicated that the communities of both sample types (rhizosphere and
nonvegetated) were composed of Gram-negative and Gram-positive
microorganisms in approximately equal abundance. Ratios of cis fatty
acids to trans fatty acids (specifically 16:1w7¢ to 16:107t and 18:lw7c to
18:1w7t), which can be indicative of stress or unbalanced growth [31],
were not significantly different among the rhizosphere and nonvegetated
soils, Cyclopropyl fatty acids such as cyl7.0 and cy19:0, which can be
indicative of unbalanced growth and/or amaerobic microorganisms [46],
were present in all sample types. These results are probably best
explained by the soil conditions at the contaminated site. Namely that
the soil is low in orgamic carbon, and fluctuates between aerchic and
anaerchic conditions. Recent research has also shown that solvent-
degrading microorganisms convert cis unsaturated fatty acids in their
membranes to trans fatty acids to avoid substrate toxicity [47]. Previous
analyses of a TCE-degradading soil column, enriched with natural gas
[48], revealed the strong presence of Type II methanotrophs, as indicated
by the fatty acid 18:1w8c [35]. Because methanotrophs are likely to be
found in zones that fluctuate between aerobic and anaerobic conditions,
such as surface soils that periodically flood and drain and subsurface
soils at the capillary fringe, these bacteria are likely to be present in
soils from the site. However, the characteristic fatty acid for Type II
methanotrophs (18:108¢) was not detected in these soils. It is possible
that because enrichments were not performed, the concentration of
methanotrophs was below the detection limits for PLFA analysis,
Nonetheless, these microorganisms are undoubtedly present, based on
their ubiquity in nature and the favorable conditions for their proliferation
at the study site. '

The microbial metabolic activity of soil samples was determined by
measuring the incorporation of !4C-acetate into cellular lipids. The
metabolic activity (mean incorporation rate *+ standard deviation) of the
four rhizosphere samples was significantly greater (p < 0.05, t-test)
than metabolic activity in the nonvegetated soil (1407 = 10, 905 =
35, 599 = 33, 1727 = 180 pMoles/y soilh for L. cuneata, P. taeda, P,
notatum, and Solidago sp., respectively vs. 445 = 86 pMoles/g soilh for
the nonvegetated socil). In addition, there were significant differences
in 'C-acetate incorporation rates among the four rhizosphere samples
(p < 0.05, ttest) from each other, with Solidago  sp. rhizosphere sgoil
having the highest rate. The greater metabolic activity of rhizosphere
samples is consistent with the biomass estimates reported earlier in
this study and also consistent with the findings of others that microbial




Table 2

profiles of soil samples collected from the Miscellaneous Chemieals Basin

Phospholipid fatty acid (PLFA)

at the Savannah River Site

Mole%xSDE

PLFAA

P, taeda

P. notatum

Solidago sp.

cuneata

L

Nonvegetated

1.0x0.2
1.8+0.3
10.3x0.2

0.9+0.1

0.9x0.1
1.4+0.1
10.9x0.4

7+0.1
4+0).2

0.

0.7x0.6
1.4+0.9
7.1+2

il4:0
14:0

1.3x0.1
8.6
3.8

1.

0.4
0.1
0.0
720.2

1.9+0

+

0.4
8x0.8

b

8.8

Nl

il5:0

5.3x0

4.5£0.1

3.

0.9
0.7

2.7

al5:0
15:0

1.2x0.

1.1
2.

9+0.1
4+0.1

0.

0.2
0.1

+H

0.9

1.0

0.1
0.2

H

2.7

2.

H

2.2
1.3

4.1+1.0
1.1+0

i16:0

H

2.2

.2

1.7+0.1

0.1
6.2+0.7
0.3+0

+

7

16:10%c

i

6.2:+0

5.6+0.1

0.6

0.0

9x0.2
14.9+0.4

+

7.6
0.3

0.5
0.3

1

5.3
0.2

16:1n7c

0.1
4.1+0.2
14.8+0.4

0.3+0.0
4.1+0.1
14.1+0.4

+

A
3

1

16:107t

16

4.

3.8x0

2.8+0.8
13.0+2.3

lose

.

14.9+1.2

16:0

2.7+0.1 2.6x0.2 2.7£0.6

2.3x0.1

4.6

6.9

1.0
0.6

2.1=
3.8

i17:1

5.4+0.4
1.720.1

5.6+0.4
1.6+0.1
1.7+0.1
3.5x0.2

6.6

0.2
0.0

1.6x0.1

1

3.5
1.3

0.8

4

10Mel6:0
i17:0

4

1.6=+0.1
1.6

+

2.4+

1.6=0.3
3.5

0.1

4

0.9

2.4+

al?:0

0.2

1

0.2
5.4x1.1

1

3.2

3

3.8+0

2.8+1.1

cyl7:0

3+1.0
0.6+0.4
3.240.0

5.

9x1.1

3.
0.0+

18:2 w6
18:303

1.0+0.2
3.1x0.1
7.9x0.1
0.9=x

920.1
3.9+0.3

0.0
0.5

4+1.5

2.

1l

4.0

1.8

1

5.9

18:1m9¢

18
18

6.4+0.4
0.7+0.1

0.6
0.1

2.120.6

4

8.4
0.7%

8.5x0.8
1.0x0.2

6.7+1.2
0.7+0

la7e

0.0

.6

lwbe

.
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1.6+0.1

7+0.0

1.

2.9x£0.2

2.7£0.7

18:0




220

‘0%2 ‘087 ‘0:0%
6OT0Z ‘C0F0F ‘9gi0g ‘EOG0Z ‘9OF08 ‘T8I “ILOTST YOEBL ‘OLL TLL ‘9TT IETOTIT “YOT:IT ‘T9T
‘89T ‘I:ST ‘Ligre ‘Tignr ‘0'g1e :seddy oydures [ 10} T > a4em sanfes ¢, djow ‘spoe Ayyey Sumopoy oty LY

(18] woxy pardopy) 4o, se pojeorpur eaxe spwe ey
suedoadopsy ‘yfuer UmYo woqred ay) sacjeq ep, £q PaAO[[0} pus [£x0q1ed oY} Wosy uorsod oy} Aq peyeostpur
ST 91 ‘wopisod ®, 10 ¥, ey} ur jou g UMOUY ST YIUBIQ ¥ WOYM ‘WMouun st uonsod oy i (Youwerq) aq, to0
(Uoqzed paqy oYy ‘e) osiue ‘(pus Lypem ot WOy woqres puoces ayy LL) ost se psearpur oq wed Jurgoueaq
IApe ‘popmmo wayo st 2, 'S12 eI suonermjesun [re ISOUwe Ssneseq ‘sunyy 10§ 3, pue s a0 2, o3 £q
UAOYS SI puoq s[qnop oY jo worEMSyuod 94 "S[masjowr 9y jo pus ‘® 1o ‘Lyjow 9Y} WOy swoje uoqaes jo
foqumu oy Aq parestpur ST puoq OIqNOp TerIur &y} jo worpsed oy ureyp PWE f3je} oyy ur spuoq |[qnop jo
OqUmU 97} S9YBIIPUL WO AY) Ieye Iequinu 94l 'SPRE 4381 oy ur suoje woqaes Jo qumu ey seesrpur
U002 SY) 2i0Joq IsqUMU oy, sMoO[o] Se 81 spwe Apey oquosop 03 pasn SMIBOUIWOU  PUBYIIOYS Y,

S0FL0Q ¥ 0¥F9°0 T0%FL°0 ¢0¥0g 9'I¥g'Z 0:03
9'0¥g'g G OFgP ¢OFg¥ S IFL6 26708 0:6140
VO0¥FZ'1 0°0+1T'T 0°0FL'0 T°0F8°0 9'0¥81 0:8I3NOT
T°0%4°0 0°0FL°0 0°0+8°0 S0FEe'1 ¥ OFF 0 1:6T1q
vpany ‘g wmoiou g ‘ds e%awu.ﬂue_m. DIDIUND peretoSsauo N

asdSF %[O vWiadId

penuyuod g ayqmy,



221

biomass and activity is greater in the rhizosphere [6]. In addition,
acetate incorporation appeared to be a good predictor for the ability to
degrade TCE in whole-plant experiments. Rhizosphere samples from L.
cuneate and P. teeda had relatively high rates of acetate incorporation
and also had the highest TCE degradation rates, while samples of P.
notatum rhizosphere and nonvegetated soils had lower acetate
incorporation rates and lower TCE degradation rates.

Differences in the incorporation of “C-acetate into the three lipid
classes between rhizosphere and nonvegetated soil samples may indicate
unbalanced growth in the nonvegetated samples. Soil from nonvegetated
areas incorporated '‘C-acetate predominantly into neutral and glycolipids
(storage lipids) during the first three hours of incubation, possibly
indicating unbalanced growth of the microbial community in this soil.
Only 20% of the radioactivity was found in the phospholipid (membranes)
fraction after 3 hours. In contrast, scils from L. cuneaia, P. taeda and
Solidago sp. incorporated the acetate into membrane lipids
{phospholipids).  Radioactivity in the phospholipid fraction for P. taeda
and Solidago sp. rhizosphere soil was greater than 50% of the total
radioactivity in all lipid fractions after 1 hour, and greater than 80% for
L. cuneata rhizosphere soil after 3 hours. Soils collected from P.
notgtum rhizosphere soil incorporated most of the MC-acetate into the
glycolipid fraction after 1 hour, similar to the results of the nonvegetated
soil.

Consistently greater amounts of PHA were detected in rhizosphere
soils compared with the nonvegetated soils, although the amounts were
significantly greater (p < 0.05, t-test) only for soils from Paspalum
notatum rhizosphere. All samples tested contained significant amounts
of PHA, however, PHA levels varied among sample types. Mass spectroscopy
revealed that almost all of the constituent beta-hydroxy acids from the
PHAs was betahydroxybutyrate (PHB) although very small amounts of
betahydroxy hexanoate were also detected. Samples of L. cuneata and
P. taeda thizosphere soils contained elevated levels of PHA compared to
PLFA, and were also very capable of degrading TCE in whole-plant
experiments. Correlations between TCE degradation rate and PHA
production have been observed previously in bioreactors (Ringleberg
and Phelps, Center for Environmental Biotechnology, The Untiversity of
Tennessee, personal communication), Soil samples from Solidago sp.
rhizosphere and nonvegetated areas at the site had the lowest levels of
PHA and also degraded TCE more slowly in whole-plant experiments
than rhizosphere soils of L. cuneata and P. tweda. Only soils from the
rhizosphere of P. notatum failed to follow the correlation between
degradation of TCE and production of PHA. Soils from P. notatum
rhizosphere had comparatively high levels of PHA, but did not appear
to degrade TCE as well as soils from the rhizosphere of L. cuneata and
P. taeda,
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APPLICATIONS

The highly versatile metabolic capabilities of fungi and bacteria can
be applied to reclaim polluted ecosystems and minimize the potential
adverse effects of hazardous chemicals released to the environment,
However, a sufficient consortia of microorganisms, capable of degrading
the contaminant(s), must be present, and environmental conditions
conducive to degradation must be maintained. Environmental conditions
onsite may significantly hinder microbial degradation of toxicants, In
such cases, microbial degradation may be enhanced by altering conditions
through nutrient additions, irrigation, or other interventions. The
addition of external carbon sources may be especially important in such
cases where the contaminant is degraded cometabolically.

The use of vegetation to enhance the microbial degradation of surface
and near-surface soils contaminated with hazardous wastes, such as
chlorinated solvents, polycyclic aromatic hydrocarbons (PAHSs), or pesticide
wastes under field conditions has not been demonstrated. Vegetation
may prove to be an important variable, affecting microbial degradation
of unwanted chemicals and provide a cost-effective remediation strategy
for soils containing these compounds [49]. There is growing evidence
that rhizosphere treatment systems may be used successfully in the
field. Establishing or selectively cultivating vegetation on a contaminated
site is a relatively simple site management technique, which could have
substantial ramifications for reducing the adverse impact of contaminants
on ecosystems. Continued exploration of critical environmental variables,
affecting the soil-plant-microbe-chemical relationship, will help to identify
situations, in which bioremediation using vegetation may be appropriate,
The reviewed literature on rhizosphere microbiology, accelerated microbial
degradation of agricultural chemicals in the root zone, and recent
research on similar observations with hazardous organic compounds
provides additional incentives to explore bioremediation of contaminated
soils using vegetation,

CONCLUSIONS

The variety of plants and chemicals studied for evidence of microbial
degradation in the rhizosphere strongly suggests that a diverse and
synergistic microbial community, rather than ga single species, is
responsgible for biotransformation of toxicants in the rhizosphere.
Participation of a microbial community is implicated by (i) the extreme
diversity and complexity of toxicants degraded, and (i) the knowledge
that many of these compounds are completely degraded only in the
presence of interacting microbial populations (consortia). Moreover,
data presented, herein, from phospholipid fatty acid analysis, MC-
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acetate incorporation, and PHA analysis of microorganisms from the
rthizosphere are consistent with participation of a microbial community
in TCE degradation,

Moreover, the information presented, herein, illustrates the potential
for rhizosphere microbial communities to remediate soil systems through
biotransformation of hazardous organic compounds in the root zone.
Future research in this area should include investigations of the possible
role of mycorrhizae in degradation of toxicants and characterization of
the microorganisms associated with different plant species and different
histories of toxicant exposure. Closer examination of root exudation as
a response to chemical challenge in the rhizosphere will also shed light
on the complex relationship between plants, microorganisms, soil, and
hazardous chemicals in the root zone.
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