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ABSTRACT 

Rhizodegradation is a process by which plant-supplied substrates stimulate microbial populations in plant root zones 
(rhizospheres) to cause removal of undesirable levels of contaminants in soil. This study characterized rhizodegrada-
tion of the insecticide bifenthrin in Armour silt loam and Sullivan fine sandy loam soils that were planted with switch-
grass, big bluestem, and alfalfa. After six weeks in soils, plate dilution frequency assays (PDFA) of bacterial popula-
tions were higher in all planted soils than in unplanted ones. Planted Sullivan soils contained higher bacteria than cor-
responding Armour soils and alfalfa rhizospheres of both soil types contained highest bacteria. Bacterial populations 
generally increased between week 6 and week 10, before declining in each treatment at week 12. Carbon utilization 
patterns (CUP) of bacterial communities, measured as color development on BIOLOG plates, were higher in planted 
soils than in unplanted ones. Principal Component Analysis (PCA) constructed patterns based on different extents of 
color development; these patterns were used to relate microbial communities in the different treatments. Gas chroma-
tography (GC-ECD) showed that significantly more bifenthrin dissipated in planted soils than unplanted ones. Different 
levels of bifenthrin were recovered in planted soils but the differences were generally not significant. Data are being 
evaluated further to provide a basis for the development of strategies for enhancing rhizodegradation of soils contami-
nated with bifenthrin. 
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Dissipation 

1. Introduction 

Soil contamination with xenobiotic contaminants includ-
ing pesticides poses great threats to human and ecosys-
tem health. Phytoremediation is currently recognized as 
the one of the most cost-effective and appealing ap-
proaches for cleaning up soils contaminated with a broad 
range of xenobiotic chemicals. The appeal of phytoreme-
diation derives from its applicability across a broad range 
of environmental matrices and types of contaminants 
when the appropriate plant and plant systems are used. 
Thus, phytoremediation strategies have been used or ex-
plored for remediating or mitigating soils, sediments and 
water contaminated with inorganic substances including 
toxic metals [1] nutrients [2] and propellants [3] as well 
organic contaminants such as polyaromatic hydrocarbons 
[4] nitroaromatic compounds [5] polychlorinated bi-
phenyls [6] and pesticides [7] An aspect of phytoreme-
diation of organic contaminants is rhizodegradation, a 
process in which plant-supplied substrates stimulate mi-

crobial communities in plant root zones (rhizospheres) to 
cause contaminant dissipation. 

In spite of great interest and study, aspects of rhizode-
gradation have remained inadequately understood, much 
the same way as many rhizosphere phenomena, thereby 
delaying its routine implementation for cleaning up spe-
cific soil contaminants. For example, its applicability is 
limited for highly lipophilic compound such as bifenthrin 
[8] an important insecticide used in the nursery industry 
for quarantine treatment of Japanese beetles and im-
ported fire ants [9]. Bifenthrin is a pyrethroid insecticide 
that belongs in the family of a new generation chemis-
tries that are notable for their high efficacies at relatively 
low applications [10]. In spite of this desirable attribute, 
bifenthrin and related compounds are quite persistent in 
soil; accordingly, potentials exist for their accumulation 
in soil and consequently, potentials for their intrusions 
into vulnerable ecosystems. It is important to explore 
strategies for enhancing rhizodegradation of lipophilic 
compounds. Such materials are not subjected to the other 
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major phytoremediation processes of uptake and translo-
cation into plant tissues where they could be metabo-
lized.  

The purpose of this study is to understand and charac-
terize the microbial components involved in the dissipa-
tion of bifenthrin in soils to provide a basis for strategies 
that may be used to mitigate its undesirable intrusions in 
soil and potentially water. 

2. Materials and Methods 

2.1. Materials 

2.1.1. Soils 
The two soil types used in this study were Armour silt 
loam (fine-silty, mixed, thermic Ultic Hapludalfs, and 
Sullivan fine sandy loam (fine-loamy siliceous, active, 
thermic Dystric Flaventic Eutrudets). Armour silt loam 
was collected from Tennessee State University Agricul-
tural Experimental Station in Nashville, TN, and Sullivan 
sandy loam was collected from Tennessee Technological 
University Experimental Station in Cookeville, TN. They 
are heretofore designated as Armour and Sullivan soils 
respectively. Characteristics of both soils are presented in 
Table 1. Surface soils were collected, sieved through 
2-mm sieve and stored in a refrigerator at 4˚C until used. 

2.1.2. Crops 
Two grasses and one legume were selected for these in-
vestigations. The grasses were switchgrass (Panicum 
virgatum L.) and big bluestem (Andropogon gerardii 
Vitman), and the legume was alfalfa (Medicago sativa 
L.). They were among crops that our laboratory has pre-
viously investigated for phytoremediation of soils con-
taminated with dursban, flagships and chlordane (11). 
Seeds of Alamo variety of switchgrass and Roundtree 
variety of big bluestem were obtained from Star Seed 
Inc., Osborne, KS and seeds of Savannah variety of al-
falfa were provided by the USDA Germplasm Research 
Information Network, Beltsville, MD. The plants were 
hereafter designated as AL (alfalfa), BB (big bluestem) 
and SG (switchgrass). 

2.1.3. Pesticide 
Bifenthrin was tested as a 7.9 % a.i. emulsifiable concen-
trate distributed as Talstar® by FMC Corp. Standard so-  
 

Table 1. Characteristics of armour and sullivan soils. 

Property 
Armour 
silt loam 

Sullivan 
sandy loam 

Sand (%) 40 49 

Silt (%) 15 16 

Clay (%) 45 35 

Org. Matter M (%) 2.1 1.2 

pH 5.89 5.25 

lution of bifenthrin in methanol and neat compound(98% 
purity) were obtained from ChemService, West Chester, 
PA. These materials were used as external standard for 
determining concentration of the insecticide at any time 
during incubation in soil, and to prepare stock solution 
for determining extraction efficiency of bifenthrin from 
the soils, respectively. 

2.2. Experimental Approaches 

2.2.1. Soil Fortification 
Soils were fortified with Talstar to produce a nominal 
bifenthrin concentration of 10 mg·kg–1. Fortified soils 
were sieved at least twice and they stored in the refrig-
erator at 4˚C until used. 

2.2.2. Moisture Replacement Plant Growth System 
(Microcosm) 
Plants were grown in Moisture Replacement System 
(MRS) described by Dzantor and Woolston [12]. Essen-
tially, each MRS unit consists of polyfoam-insulated box 
that is divided into two halves. The upper half is drilled 
with holes that fit snugly 50 mL conical tubes, which 
held soil. The lower half serves as reservoir for water and 
nutrients. Wicks were inserted through the bottom of the 
tubes such that they protrude about a third way into soil 
while the rest extends into the reservoir. The reservoir 
has a working volume of about nine liters (9 L) and when 
the system is in operation, the wicks supply water and 
nutrients via hydraulic gradient to the soil.  

2.2.3. Plant Harvesting 
At intervals of 4, 6, 10, and 12 weeks, unplanted and 
rhizosphere soils were sampled for chemical and micro-
biological analyses. During harvesting, entire contents of 
conical tubes were removed and the shoots of the plants 
were severed at the soil surface. At this stage of growth, 
all the belowground parts of the microcosm were consid-
ered to be rhizosphere material. This material was mac-
erated and mixed thoroughly using flamed utensils and 
procedures to avoid cross contamination of samples by 
microbes or chemical residues. Portions of the samples 
were placed in sterile Whil-Pak® bags (VWR Scientific, 
Suwannee, GA) and stored in the refrigerator at 4oC for 
more than 48 hours before they were analyzed for micro-
biological parameters. The remaining portions of 
rhizosphere soils were stored at –30˚C until analyzed for 
bifenthrin concentrations. 

2.3. Analytical Approaches 

2.3.1. Microbiological Analysis 
Soil bacterial populations were characterized using the 
Plate Dilution Frequency Assay (PDFA) described by 
Harris and Sommers [13]. The PDFA technique involved 
plating eight replicates each of serial dilution at six levels 
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onto appropriately marked agar plates. After incubation, 
total number of positive spots on the marked plates is 
recorded and referenced to statistical tables to provide 
estimates the most probable number of bacteria in soil. 

For profiling microbial communities, 150 microliters 
of suspension from a selected dilution from the PDFA 
procedure (10–2) were plated into 96-well BIOLOG 
EcoPlates (Biolog Inc., Hayward CA). The plates contain 
31 carbon substrates that are replicated three times on 
each plate with 3 control wells containing water. Each 
well contains a colorless respiration indicator, tetra-
zolium chloride, which turns purple with respiratory ac-
tivity in the wells, with the intensity of color develop-
ment a measure of extent to which a particular substrate 
is utilized. For qualitative analyses, individual substrates 
on the Biolog plate were grouped into categories as fol-
lows (number substrates/per category in parentheses): 
carbohydrates (7), amino acids (6), carboxylic acids (10), 
polymers (4) esters (3) and amines (2). Average well 
color development at 590 nm (A590) of each category was 
plotted against duration of incubation to provide a 
graphical comparison into substrate utilization under the 
influences of different rhizospheres.  

2.3.2 Chemical Analyses 
Bifenthrin residues were extracted from soil with ethyl 
acetate using a rotary shaker protocol as described pre-
viously for PCB contaminated soils except extracts were 
not subjected to sulfuric acid cleanup [12]. The extracts 
were analyzed by electron capture gas chromatography 
using an Agilent 6890 system with a JW Scientific DB 
608 capillary column (30m x 0.25mm x 0.25μm). Oven 
temperature was programmed from an initial 80oC rising 
at a rate of 15˚C/minute to 320˚C. Injector and detector 
temperatures were 250˚C and 300˚C respectively. Carrier 
gas was He at a constant flow rate of 2 ml/min and 
make-up gas was Ar-CH4 at 58 ml/min.  

2.3.3. Data Analysis 
Data were analyzed using the SAS system (SAS Institute, 
Cary, N.C.). Dissipation of bifenthrin was analyzed using  

Analysis of Variance (ANOVA) considering 2 soil types 
and 4 planting (3 plant types and 1 no-plant) treatments. 
Carbon substrate utilization profiling of microbial com-
munities in soil were assessed as absorbances on Biolog 
Ecoplates after correcting for water. Values of absorb-
ance were plotted against time to provide a qualitative 
representation of different profiles communities.  Prin-
cipal Component Analysis (PCA) constructed patterns 
based on different extents of color development on 
Biolog plates. These patterns were used to relate carbon 
substrate utilization by microbial communities in the 
different soil types. 

3. Results and Discussions 

3.1. Plate Dilution Frequency Assay for  
Characterizing Bacterial Populations in Soil 

We employed traditional as well as contemporary tech-
niques to provide a clearer picture of the microbial com-
ponents that involved in rhizodegradation of bifenthrin in 
soil. The traditional method used was the Plate Dilution 
Frequency Assay [13] a variation of the Most Probable 
Number (MPN) for estimating live counts of bacteria in a 
soil. The contemporary approach involved physiological 
profiling of microbial communities in soil using carbon 
substrate utilization patterns (CUPs) also known as the 
BIOLOG method. 

As expected, both soil types contained significantly 
higher numbers of bacteria when they were planted than 
when they were bare (Tables 1 and 2). Estimates of bac-
terial populations after six weeks of incubation in mi-
crocosms were 1.0 × 107 bacteria in unplanted Armour 
soil and 0.2 × 107 bacteria in Sullivan soils. 

Enumerations were started at week six when visual 
observation indicated that soil in the MRS microcosms 
could be considered as rhizosphere material. At that time, 
Armour soils planted with AL contained 3.1 × 107 bacte-
ria, increasing to 8.0 × 107 at week 10 before declining to 
1.7 × 107 at week 12 (Table 2). Similar patterns of bacte-
rial population dynamics were found in BB and 
SG-planted Armour soils. In the former, bacteria popu  

 
Table 2. Plate dilution frequency assay (PDFA) of bacteria in bifenthrin-fortified armour soil. 

Numbers of Bacteria at Indicated Period (×107)2 

Week 6 Week 10 Week 12 System1 

No Range No. Range No. Range 

NP 1.0a 0.4-2.5 0.4a 0.2-1.0 0.1a 0.1-0.3 
AL 3.1b 1.3-7.6 8.0b 3.2-20.0 1.7b 0.7-4.3 
BB 1.7b 0.7-4.3 4.3b 1.7-11.0 0.4a 0.4-1.0 

SG 0.2a 0.1-0.6 2.3b 0.9-5.7 0.4a 0.4-1.0 
1No plant, NP; alfalfa, AL; big bluestem, BB; switchgrass, SG; 2Bacterial numbers in a column 
with same letters are not significantly different; levels of significance and 95% confidence limits 
were calculatedas described by Fisher and Yates cited by Harris and Sommers (13).  
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lating rose from1.7 × 107 to 4.3 × 107  before dropping 
to 0.4 × 107 at week 12. In SG-planted Armour soils, bac-
terial numbers at week 6 were 0.2 × 107 increasing over 
10 fold to 2.3 × 107 at week 10 before declining to 0.4 × 
107at week 12. 

Overall, PDFA estimates of bacteria in planted Sulli-
van soils showed trends that were similar to those in 
Armour soils, except in the former soil, bacterial popula-
tions under the influence of AL appeared to have reached 
a higher level sometime before enumeration was per-
formed at week 6 (Table 3). At that time, bacterial popu-
lations were 5.9 × 107, but instead of increasing at week 
10 as seen in Amour soil, we found a slight decrease to 
4.3 × 107. This observation was important; it strongly 
pointed to growth rate differences between bacterial 
populations in AL-planted Armour and AL-planted Sul-
livan soils. 

In these studies, we used traditional plate counts for 
characterizing bacterial components of rhizodegradation 
in soil. Limitations of plate count methods have been 
well documented [15,16] nonetheless, these methods 
remain the ‘gold standard’ in microbiology, providing 
relatively inexpensive and well-tested characterization of 
microbial phenomena in matrices. The PDFA that we 
used in this study is a relatively simple, resource and 
time conserving approach to microbial characterization, 
which provides results that are a function of a dilution 
series rather one dilution [13]. By its derivation, the 
PDFA is characteristically associated with wide confi-
dence limits [13] as our results demonstrated. However, 
important trends such as an apparent difference in growth 

rate of populations of the two soils were revealed. Ac-
cordingly, the PDFA can be valuable in side-by-side 
comparisons for observations in soils, especially when 
used together with contemporary approaches such as 
community profiling [16] and molecular methods [17] 

3.2. Carbon Utilization Profiling of Microbial 
Communities 

For these studies, we employed carbon substrate profil-
ing (so-called BIOLOG method) as the contemporary 
approach for characterizing microbial components in the 
rhizodegradation of bifenthrin in soils. Results of CUP 
analysis for the major substrate groups, namely carbohy-
drates (CHOs), amino acids (AAs) and carboxylic acids 
(CAs) are presented in Figures 1(a)-(f). For brevity, the 
plots shown are for community profiles in week 10 only. 
As predicted by PDFA estimates, substrate utilization 
was higher in all planted soil communities than in un-
planted ones. Among Armour rhizosphere soils, CHO 
utilization was highest for microbial communities asso-
ciated with AL; there were no differences in CHO utili-
zation by communities in SG and BB rhizospheres (Fig-
ures 1(a)-(c)). In other words, three microbial communi-
ties could be adequately separated based on their CHO 
utilization as high (AL), medium (BB and SG), and low 
(NP). Utilization of AAs and CAs was also highest in AL 
rhizospheres; however, the relative magnitudes of the 
differences between the substrate utilization these sub-
strates in the rhizospheres or unplanted soil were not as 
pronounced (Figures 3-5). 

Substrate utilization of rhizosphere microbial commu- 

 
Table 3. Plate dilution frequency assay (PDFA) of bacteria in bifenthrin-fortified sullivan soils. 

Numbers of Bacteria at Indicated Period (×107)2 

Week 6 Week 10 Week 12 System1 

No. Range No. Range No. Range 

NP 0.2a 0.1 - 0.4 0.2a 0.1 - 0.6 0.4a 0.2 - 1.0 

AL 5.9b 2.4 - 15.0 4.3b 1.7 - 11.0 1.7b 0.7 - 4.3 

BB 1.0b 0.4 - 2.5 4.3b 1.7 - 11.0 2.3b 0.9 - 5.7 

SG 3.1b 1.3 - 7.6 4.3b 1.7 - 11.0 0.4a 0.2 - 1.0 

1No plant, NP; alfalfa, AL; big bluestem, BB; switchgrass, SG; 2Bacterial numbers in a column with 
same letters are not significantly different; levels of significance and 95% confidence limits were cal-
culated as described by Fisher and Yates cited by Harris and Sommers (13) 

 

Table 4. Analysis of variance (ANOVA) of bifenthrin recoveries from two soil types and four planting treatments after 12 
weeks. 

Source of Variation F P-value 

Soil Type 
Plant Treatment 

Soil-Plant Interactions 

51.91 
28.30 
0.90 

<0.0001 
<0.0001 

0.41 
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Table 5. Dissipation of bifenthrin in unplanted and planted Armour soils. 

% of Initial Bifenthrin Recovered after Indicated Period 
System1

Week 4 Week 6 Week 10 Week 12 

NP 97.1 (10.8)a 97.1 (2.9)a 112.1(5.4)a 73.7 (0.2)a 

AL 80.1 (7.1)b 71.3 (8.7)bc 70.3 (17.9)b 48.7 (0.5)c 

BB 70.8 (1.5)b 64.1 (7.9)c 67.1 (14.4)b 54.3 (0.2)c 

SG 76.7 (11.3)b 81.6 (14.7)b 67.8 (24.1)b 64.4 (0.2)b 

1/Mean percentage of initial added bifenthrin recovered after 4, 6, 10 and 12 weeks. Number in paren-
theses are standard deviations of means of four replicates. Means within a column followed by the 
same letter are not significantly different at α = 0.05 level. NP: No Plant; AL: Alfalfa; BB: Big Blue-
stem; SG: Switchgrass. 

 

 
(a)                                (b)                                   (c) 

 
(d)                                   (e)                                    (f) 

Figure 1. Qualitative carbon substrate utilization patterns of microbial communities in Armour (a-c) and Sullivan (d-f) soils. 
CHOs, carbohydrates; AAs, amino acids; CAs, carboxylic acids. 
 
nities in Sullivan soil produced a more mixed pattern 
than those observed for Armour rhizospheres. In Sullivan 
soil, utilization of CHOs was slightly higher in AL 
rhizospheres but became undistinguishable as incubation 
period increased (Figures 1(d)-(f)). Perhaps more re-
markably, our PDFA observations reported above were 
accurately reflected by CUP data.  

The Biolog carbon utilization profiling is now widely 
accepted as by far a more appropriate approach for char-
acterizing microbial populations in a broad range of ma-
trices (16,18,19). However, it is not without its own 
limitations. Issues of inoculum size and optimum incuba-
tion time for different communities are important con-
sideration in the meaningful use of the procedure (19). 
Perhaps more importantly, the Biolog procedure gener-
ates data that is not readily interpretable to provide func-
tionally relevant information.  

Currently, the most common approach to Biolog data 
interpretation for Biolog involves Principal Component 

Analysis (PCA), which allows identification of patterns 
based on differences in color development that might be 
used to explain observations. PCA analysis of Biolog 
data from our study is shown in Figure 2. PCA analysis 
in our study generated three categories: (1) unplanted 
Armour and Sullivan rhizospheres; (2) the other planting 
treatments except (3) AL-planted Armour rhizosphere 
only. There was no difficulty in explaining the clustering 
together of unplanted soil. Likewise, grouping all planted 
soils together did not appear to be an aberrant observa-
tion; however, we have not found any obvious practical 
explanation for the distinct separation AL-planted Armor 
soils. The significance of this observation is undergoing 
further evaluation. 

3.3. Dissipation of Bifenthrin in Armour and  
Sullivan Soils 

Comparison of dissipation of bifenthin in Armour and 
Sullivan soils showed that both soil type and planting  
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Figure 2. PCA of carbon utilization profiles of microbial 
communities in bifenthrin-fortified Armour and Sullivan 
soils at week 10. Soil type: Armour (A); Sullivan (S) Plant-
ing system: No plant, NP; alfalfa, AL; big bluestem, BB; 
switchgrass, SG. 
 
significantly influenced dissipation of bifenthrin in soil 
(Table 4). There were no soil x plant interactions 

Dissipation of bifenthrin in Armour soil is illustrated 
in Table 5. Beginning in week 4, significantly more 
bifenthrin was recovered from unplanted soils than in 
planted ones. After 12 weeks, about 74% of initially 
added bifenthrin was recovered in unplanted soil in con-
trast, 49%, 54% and 64% of the same initial level was 
recovered in AL, BB and SG rhizospheres respectively.  

Disipation of bifenthrin in Sullivan soil followed a 
trend similar to one in Armour soil, except the differences  
between unplanted and planted soils were not manifest in 
soil samples until week 6, instead week 4 for Armour soil. 
By week 12, 66% of the initial bifenthrin application were 
recovered in unplanted Sullivan soil; in contrast, 37%, 
45% and 36% respectively in planted soils (Table 6). 

4. Conclusions 

The goal of this study is to understand and characterize 
the microbial components involved in the rhizodegrada-
tion so strategies may be developed to mitigate undesir-
able intrusions of the xenobiotic compounds in soil and 
potentially water.  We used plate dilution frequency 
assay (PDFA) and carbon substrate utilization profiling 
(CUP) to characterize microbial communities in Armour 
silt loam and Sullivan sandy loam soils that were forti-
fied with the insecticide bifenthrin and planted with al-
falfa, big bluestem and switchgrass. Our objective was to 
determine whether a relationship could be established to 
relate microbial communities to dissipation of the insec-
ticide in soil. We concluded as follows: 

1) Overall, higher microbial populations were found in 
planted soils than in unplanted ones. Among those 
planted, Sullivan soils contained higher bacterial popula- 

Table 6. Dissipation of bifenthrin in unplanted and planted 
Sullivan soils. 

% of Initial Bifenthrin Recovered after Indicated Period
System1

Week 4 Week 6 Week 10 Week 12 

NP 69.0 (7.1)a 81.0 (1.8)a 83.5(7.4)a 66.5 (0.4)a

AL 58.1 (6.2)a 51.3 (6.2)bc 59.9(21.0)bc 36.7 (0.5)b

BB 67.7 (4.4)a 59.7 (6.9)b 41.2 (9.4)c 45.4 (0.6)b

SG 68.5 (7.4)a 47.2 (8.5)c 62.3 (7.0)b 36.0 (0.6)b

1/Mean percentage of initial added bifenthrin recovered after 4, 6, 10 and 12 
weeks. Number in parentheses are standard deviations of means of four 
replicates. Means within a column followed by the same letter are not sig-
nificantly different at α = 0.05 level. NP: No Plant; AL: Alfalfa; BB: Big 
Bluestem; SG: Switchgrass. 

 
tions than Armor soils. Furthermore, the highest popula-
tions of bacteria were found in both soil types when they 
were planted with alfalfa.  

2) Carbon utilization profiles measured by the Biolog 
procedure for carbohydrates, amino acids and carboxylic 
acids were higher in planted soils than unplanted. CUP 
was accurately reflected by bacterial populations in soil; 
additionally, it suggested differences in growth rate of 
microbial communities in two soils.  

3) Principal Component Analysis (PCA) separated 
CUP data into three group namely, unplanted soils, al-
falfa-planted Armour soils, and all other planting treat-
ments. The significance of this observation is not imme-
diately obvious. 

4) As expected, significantly more bifenthrin was re-
covered in both unplanted Armour and Sullivan soils 
than in planted ones. Furthermore, dissipation of bifen-
thrin was generally higher in Sullivan than in Armour 
soils.  

5) We are evaluating microbiological data vis-à-vis 
bifenthrin dissipation to establish a relationship, which 
could be a major step toward identification of major in-
dividuals or consortia of microorganisms that are most 
important in the dissipation of bifenthrin in soil. 
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