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The abundance, identities, and degradation abilities of indigenous polychlorinated biphenyl (PCB)-degrading bacteria associated with five species of mature trees growing naturally in a contaminated site were
investigated to identify plants that enhance the microbial PCB degradation potential in soil. Culturable PCB
degraders were associated with every plant species examined in both the rhizosphere and root zone, which was
defined as the bulk soil in which the plant was rooted. Significantly higher numbers of PCB degraders (2.7- to
56.7-fold-higher means) were detected in the root zones of Austrian pine (Pinus nigra) and goat willow (Salix
caprea) than in the root zones of other plants or non-root-containing soil in certain seasons and at certain soil
depths. The majority of culturable PCB degraders throughout the site and the majority of culturable PCB
degraders associated with plants were identified as members of the genus Rhodococcus by 16S rRNA gene
sequence analysis. Other taxa of PCB-degrading bacteria included members of the genera Luteibacter and
Williamsia, which have not previously been shown to include PCB degraders. PCB degradation assays revealed
that some isolates from the site have broad congener specificities; these isolates included one Rhodococcus
strain that exhibited degradation abilities similar to those of Burkholderia xenovorans LB400. Isolates with
broad congener specificity were widespread at the site, including in the biostimulated root zone of willow. The
apparent association of certain plant species with increased abundance of indigenous PCB degraders, including organisms with outstanding degradation abilities, throughout the root zone supports the notion that
biostimulation through rhizoremediation is a promising strategy for enhancing PCB degradation in situ.
tive genes by secondary plant metabolites (11, 45) or by less
specific stimulation due to increased availability of simple substrates (sugars, amino acids, organic acids) (22, 36), improved
soil aeration, or other processes (43). The analogue enrichment hypothesis is supported by a growing body of evidence
indicating that plant compounds such as flavonoids, coumarins,
terpenes, and resin acids can function as growth substrates
and/or inducers of PCB-degrading bacteria (45). Plant secondary compounds may be released into soil via exudation from
living roots (35) or via lysis of dead fine roots as a result of
seasonal root turnover (26). Because the quantity and variety
of secondary plant compounds vary widely for different plant
species (15), it is expected that not all plant species are equally
effective at rhizostimulating PCB-degrading bacteria. Thus,
screening studies designed to identify plant species that are
most capable of increasing the PCB degradation potential of
the soil microbial community would potentially benefit the
development of successful rhizoremediation technology. However, conventional screening studies with young plants grown
in pots under greenhouse conditions may not reflect the true
rhizosphere features of mature trees, which affect large volumes of soil through many years of fine root exploration and
turnover (50). An alternative method is to investigate microbial populations associated with the naturally established vegetation at a contaminated site. This forensic field approach
provides a view of the long-term influence of a diverse array of
plant species, including mature trees, on the degradation po-

Polychlorinated biphenyls (PCBs) are toxic, persistent pollutants of worldwide concern whose cleanup using conventional methods like incineration or relocation to specialized
landfills is often prohibitively expensive. An alternative strategy
for in situ PCB removal is biodegradation by microorganisms
capable of metabolizing PCBs. Although bioaugmentation of soil
with degradative bacteria has been largely unsuccessful in achieving significant aerobic PCB degradation in the field (29), efforts
to biostimulate indigenous PCB-degrading bacteria have been
promising. Analogue enrichment with biphenyl has been
shown to increase the numbers of aerobic PCB-degrading bacteria in soil microcosms (12, 51) and to enhance PCB degradation rates in soils (6, 12) and in situ sediments (18). Unfortunately, as a field remedial strategy, addition of biphenyl is
problematic due to the low water solubility of biphenyl, the
necessity of repeated application, and concerns about biphenyl
toxicity. By capitalizing on the innate ability of plants to alter
soil microbial community structure, rhizoremediation offers an
attractive and affordable alternative means for long-term biostimulation of aerobic PCB degradation in situ.
Rhizostimulation of aromatic pollutant-degrading bacteria
is postulated to occur via several different mechanisms (43),
including analogue enrichment and/or induction of degrada* Corresponding author. Present address: Center for Microbial
Ecology, Michigan State University, 540 Plant and Soil Sciences Building, East Lansing, MI 48824. Phone: (517) 355-0271, ext. 1283. Fax:
(517) 353-2917. E-mail: leigh@msu.edu.
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MATERIALS AND METHODS
Site description. The study site was located on the grounds of the Colorlak
paint production plant in Staré Město near Uherské Hradiště in South Moravia,
Czech Republic. Empty barrels that had contained the commercial PCB mixture
Delor 106 (analogous to Aroclor 1260) were stored in the area from the 1950s to
1988, during which time inadvertent spillage of residual PCBs occurred, resulting
in an approximately 65-m2 contaminated area.
The site was naturally vegetated with 25 different plant species, including five
tree species, growing in the presence of soil PCB concentrations that ranged
from 8 to 500 mg/kg. All of the established trees at the site were studied. These
trees included a 24-year-old Austrian pine (Pinus nigra), a 14-year-old ash (Fraxinus excelsior), two weeping birch trees (Betula pendula) that were 11 and 13 years
old growing immediately adjacent to each other and sharing the same root zone,
a 5-year-old goat willow (Salix caprea), and a 3-year-old black locust (Robinia
pseudoacacia). The PCB concentrations beneath the trees at a depth of 20 to 40
cm were as follows: Austrian pine, 8 to 15 mg/kg; ash, 15 to 16 mg/kg; weeping
birch, 153 mg/kg; black locust, 13 to 153 mg/kg; and willow, 471 to 500 mg/kg. The
ground was covered with a variety of grasses (Agropyron repens, Agrostis alba
[Agrostis stolonifera], Calamogrostis epigeois, Lolium perenne) and forbs (predominantly Achillea millefolium). The PCB concentration in non-root-containing
control soil collected at a depth of 20 to 40 cm beneath grasses and forbs was 50
mg/kg. The PCB concentration in the soil beneath a control birch tree located
approximately 50 m from the contaminated area was 0.365 mg/kg. A complete
list of the plant species and a map of the vegetation with soil contamination levels
have been published previously (27).
Soil nutrient and texture analyses were performed with hexane-washed soil
samples from seven locations across the site associated with each different tree
species, non-root-containing soil, and the control birch tree (depth, 20 to 40 cm).
Soil samples were analyzed to determine the pH (1:1), the nitrate N, P, and K
contents (Mehlich 3 method), and the soil texture (hydrometer) by the Oklahoma Cooperative Extension Service Soil, Water and Forage Analytical Laboratory (Stillwater, OK). The Ca and Mg contents and the oxidizable carbon
content (Mehlich 3 method) were determined by the Czech Agricultural University Department of Agricultural Chemistry (Prague, Czech Republic). The
soil pH ranged from 7.5 to 8.0 across the site, and the average pH was 7.7. The
nitrate nitrogen content ranged from 2 to 24 mg/kg, and the average was 8 mg/kg.
The nutrient contents (averages ⫾ standard deviations) were as follows: 40 ⫾ 14
mg/kg P, 256 ⫾ 159 mg/kg K, 4,436 ⫾ 614 mg/kg Ca, and 223 ⫾ 60 mg/kg Mg.
The soil texture was 61% ⫾ 14% sand, 16% ⫾ 8% silt, and 22% ⫾ 6% clay, and
the oxidizable carbon content was 1.7% ⫾ 0.6%.

Sampling methods. Root zone and rhizosphere samples were collected beneath each tree and the grass-forb mixture on 22 June, 23 and 24 August, and 21
and 22 November 1999 and on 28 May 2000. On each date, one large hole
(diameter, ⬎0.5 m; depth, 0.6 m) was excavated beneath each tree within 1.5 m
of the trunk and in the grass-forb area. Samples were collected at three depths
(0 to 20 cm, 20 to 40 cm, and 40 to 60 cm) using an ethanol-disinfected shovel.
For rhizosphere samples, fine roots (diameter, approximately 1 mm) were carefully collected from each depth, loose soil was removed by shaking, and then the
roots with tightly bound rhizosphere soil were stored in plastic bags. Root zone
soil, which was defined as the bulk soil beneath the plant, was collected from each
of the three depths and homogenized in separate mounds, and then approximately 50 g soil from each depth was placed in plastic bags for storage prior to
microbial analyses and approximately 20 g was stored in aluminum foil for
determination of the PCB concentration. Samples were kept on ice during
transport to the laboratory and were stored at 4°C for 1 to 12 months prior to
analysis. Although multiple excavations beneath each tree on each date would
have been preferable, single large-diameter excavations were necessary to collect
adequate quantities of fine root material at all depths while we worked around
shallow buried electrical cables and ensured that undisturbed root zone soil was
available for sampling in multiple seasons.
Several non-root-containing control samples were collected at depths of 20 to
40 and 40 to 60 cm from areas inhabited by grasses, whose roots extended only
to a depth of approximately 15 cm. A noncontaminated control sample was
collected from beneath a large birch tree growing elsewhere on the Colorlak
factory grounds approximately 50 m from the contaminated area. Samples could
not be obtained beneath birch or locust trees in August, because the soil was too
dry and hardened to permit manual excavation. In May 2000, samples were
collected only from the pine, willow, and birch soil because of time restrictions
related to site access. Samples from a depth of 40 to 60 cm could not be obtained
beneath the pine tree and in some grassy areas due to the presence of buried
electrical cables.
Microbial enumeration. The numbers of aerobic PCB degraders and total
heterotrophs in soil and rhizosphere samples were determined using direct plate
count methods modified from the method of Kastner et al. (24). Microorganisms
in subsamples of soil (1.0 g) or fine roots with attached rhizosphere soil (0.1 g)
were suspended by shaking the subsamples or roots in a 1% (wt/vol) sodium
pyrophosphate (Na4P2O7) solution for 1 h in the presence of glass beads (only
for soil). Following standing for 30 min, serial dilutions of the suspension were
prepared in basal mineral (BM) liquid (2.13 g/liter Na2HPO4, 1.3 g/liter
KH2PO4, 0.5 g/liter NH4Cl, 0.2 g/liter MgSO4 · 7H2O) and spread plated in
duplicate onto agar plates. Total culturable heterotrophs were grown on 1/8strength plate count agar (2.94 g plate count agar [Difco, Detroit, MI] and 13.12
g Bacto agar [Difco, Detroit, MI] in 1 liter of BM liquid) for 1 week at room
temperature (21 to 25°C). Biphenyl utilizers were cultivated on basal mineral
agar (15 g/liter Noble agar [Difco, Detroit, MI] in BM liquid) with biphenyl vapor
provided as the sole carbon source by sprinkling crystals in the lid of an inverted
petri dish. Following growth for 3 weeks at 21 to 25°C, biphenyl-utilizing colonies
were further screened for halogenated biphenyl-degrading ability by subjecting
them to a clearing zone assay with 4-bromobiphenyl (47). Colonies that formed
zones of clearing within 1 to 2 weeks were enumerated. Numbers of microbes
were calculated based on soil dry weight and root dry weight, as determined by
oven drying separate aliquots of the same soil sample and by drying roots
recovered following microbial suspension, respectively. For each sample, microbial suspension and plate counting were performed with two to eight replicate
subsamples. For all sampling dates combined, the total number of replicate
samples plated for each plant species on each medium ranged from 30 to 61 for
root zone soil and from 10 to 30 for rhizosphere samples.
Phylogenetic identification of PCB-degrading bacteria. For each plant species,
several agar plates representing different sampling dates and dilutions were
examined together, and several of each morphological type of 4-bromobiphenyldegrading colonies were selected for isolation. Bacteria were isolated by repeated streaking on 1/8-strength plate count agar with biphenyl vapor provided,
and then degradation abilities were confirmed by the clearing zone assay. Isolates
were Gram stained, and gram-positive bacteria were subjected to acid-fast staining. Isolates from all plant species were pooled and then assigned to separate
groups based on colony and cell morphology. One to seven representatives of
each morphological group were selected for taxonomic identification using 16S
rRNA gene sequence analysis. Altogether, sequence analyses were performed
for 26 isolates.
DNA was extracted from isolates using the FastDNA SPIN kit for soil (Bio 101
Systems, Qbiogene, Carlsbad, CA). 16S rRNA genes were then PCR amplified
using primers 27F and 1522R (21) to generate an approximately 1,495-bp product. The presence, size, and purity of amplicons were confirmed by agarose gel
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tential of the soil microbial community and in some cases on
contaminant disappearance (25, 34).
The success of biostimulation approaches, including rhizoremediation, lies not only in successfully increasing the size of
the degradative microbial population but also in the specific
catabolic abilities of the indigenous bacteria present. This is
particularly relevant for PCB degradation, since even closely
related PCB-degrading bacteria vary widely in the ability to
aerobically catabolize the array of congeners that comprise
commercial PCB mixtures (3, 13). Thus, when the PCB degradation potential of a microbial community is assessed, both
the population size and the congener specificities of individual
organisms are important factors.
In this study, we investigated the abundance, identities, and
degradation abilities of indigenous PCB-degrading bacteria associated with different species of mature trees that naturally
colonized a PCB-contaminated site in the Czech Republic. In
this work we aimed to identify plants capable of increasing the
PCB degradation potential of aerobic microorganisms in the
root zone or the rhizosphere and to understand the composition and catabolic potential of the microbial community in a
long-term rhizoremediation setting. To our knowledge, this is
the first report of indigenous PCB-degrading microbial populations associated with mature perennial plants growing in
PCB-contaminated soil.
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electrophoresis, and then the remaining PCR product was purified with Wizard
PCR Preps (Promega, Madison, Wis.). Cycle sequencing was performed directly
with the purified PCR product using an ABI Prism Big Dye Terminator Ready
Reaction kit (Applied Biosystems, Foster City, Calif.), forward primers 27F and
530F, reverse primer 1522R, and either reverse primer 1100R for gram-positive
bacteria or reverse primer 1069R for gram-negative isolates (21). The 20-l cycle
sequencing products were purified by ethanol precipitation and then were analyzed with an ABI Prism 377 automated sequencer (PE Biosystems, Foster City,
Calif.). Electropherograms were assembled and edited with the Sequencher 3.1
software (GeneCodes, Ann Arbor, Mich.). Contiguous 16S rRNA gene sequences were subjected to sequence match searches with the Ribosomal Database Project II (RDP II) database (7) to determine the taxonomic identities of
the isolates. Levels of similarity between isolates and database sequences were
determined by using the Similarity Matrix program in RDP I.
Characterization of PCB degradation abilities. The aerobic PCB degradation
abilities of the isolates were characterized by performing a 24-h resting cell assay
in the presence of two different defined mixtures of PCB congeners, using the
method of Bedard et al. (4). The well-characterized PCB-degrading control
strains Burkholderia xenovorans LB400 (4, 16) and Rhodococcus sp. strain RHA1
(41) were assayed with isolates for comparison. Most cells were grown in liquid
PAS medium with biphenyl crystals as the sole carbon source (4); the exceptions
were isolates 46 and 70, which did not grow in PAS medium and instead were
grown in 1/8-strength plate count broth (0.63 g/liter tryptone, 0.31 g/liter yeast
extract, 0.13 g/liter dextrose) in the presence of biphenyl crystals. Live cells and
heat-inactivated cells (70°C for 20 min) were assayed in duplicate. After incubation with shaking at room temperature (21 to 25°C) for 24 h, PCBs were
recovered by hexane extraction (4). The disappearance of PCBs was determined

by gas chromatography using a Varian 3300 gas chromatograph equipped with an
electron capture detector and a glass column (6 ft [1.83 m] by 4 mm) packed with
1.5% SP-2250 and 1.95% SP-2401 on 100/120 Supelcoport (Supelco, Inc., Bellefonte, PA). Samples were run isothermally at 185°C with injector and detector
temperatures of 250°C and 300°C, respectively, using nitrogen as the carrier gas
at a flow rate of approximately 60 ml/min. One microliter of each hexane extract
was analyzed in duplicate, peaks were normalized to the internal standard peak
(2,4,6,2⬘,4⬘-pentachlorobiphenyl), and the values were averaged and compared to
the values for the heat-inactivated controls in order to calculate the percent
disappearance of each congener.
Statistical analyses. Statistical analyses of microbial counts were performed
using SPSS software (SPSS, Inc., Chicago, IL). The distribution of each data set
was first tested for normality using the one-sample Kolmogorov-Smirnov test,
which indicates whether data sets are distributed normally (P ⬎ 0.05) or nonparametrically (P ⬍ 0.05). Normally distributed data were analyzed using analysis of variance (ANOVA) with Tukey’s post hoc test or Pearson’s productmoment correlation test. Nonparametric data sets were analyzed using the
Kruskal-Wallis test for several independent samples, followed by the MannWhitney U test to determine pairwise differences among groups; correlations
were tested using the Spearman’s rank-order correlation. These tests are the
nonparametric equivalents of ANOVA, the paired t test, and Pearson’s productmoment correlation, respectively, and are considered to be more conservative
(9). The significance level for all comparison and correlation tests was set at a P
value of ⬍0.05 unless indicated otherwise.
Nucleotide sequence accession numbers. The 16S rRNA gene sequences determined in this study have been deposited in the GenBank database under
accession numbers AY785730 through AY785751.
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FIG. 1. Seasonal trends in the mean numbers of PCB degraders (a) and total heterotrophs (b) at a depth of 20 to 40 cm. The mean values are
based on four to six replicate plate counts for each plant species on each date. gDW, gram (dry weight).
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TABLE 1. Numbers of organisms in the root zone in relation to plant species and soil depth (November)
No. of subsamples analyzed
Microorganisms

Plant species
0–20 cm

3

20–40 cm

40–60 cm

Mean no. of colonies/g (dry wt) of soil (SD)
0–20 cma
b

20–40 cm

40–60 cm

Ash
Birch
Black locust
Pine
Willow
Grass or no roots

4
2
4
2
6
8

4
4
4
4
4
4

4
0
4
0
5
8

7.3 (5.2) Aa
6.7 (0.01) Aa
8.1 (5.2) Aa
8.0 (0.3) Aa
2.2 (1.8) Aa
3.3 (3.5) Aa

25.0 (27.0) Aa
3.3 (2.0) Aa
17.0 (15.0) Aa
68.0 (27.0) Bb
1.3 (0.8) Aab
1.2 (1.2) Aa

27.0 (43.0) ABa
NDc
2.6 (1.0) ABa
ND
120.0 (96.0) Ab
3.9 (4.9) Ba

Total heterotrophs (106)

Ash
Birch
Black locust
Pine
Willow
Grass or no rootsd

4
2
4
2
6
8

4
4
4
4
4
4

4
0
4
0
5
8

5.7 (5.1) DEd
1.4 (0.1) DEd
9.8 (6.2) DEd
12.0 (12.0) Dd
3.0 (2.2) DEd
2.5 (1.9) Ed

17.0 (7.8) Dd
4.1 (3.6) EFd
18.0 (1.6) De
14.0 (7.2) DFd
2.5 (1.2) Ed
1.5 (0.4) Ede

8.9 (5.0) DEd
ND
11.0 (2.7) Dde
ND
5.4 (2.9) Ed
0.5 (0.2) Fe

a

Beneath all trees there were grass and forb roots at a depth of 0 to 20 cm.
Uppercase letters indicate significant differences in the same column, and lowercase letters indicate differences in the same row (P ⬍ 0.05, as determined by
ANOVA).
c
ND, not determined because a sample was not available.
d
Grass roots were limited to the upper 0 to 20 cm of soil; hence, the soil obtained from 20 to 40 and 40 to 60 cm was considered non-root-containing control soil.
b

RESULTS
Root zone microbial population size. PCB degraders were
present in soil throughout the contaminated site and in association with every plant species examined.
Root zone (bulk) soil at a depth of 0 to 20 cm was colonized by the roots of grasses and forbs throughout the site,
which coexisted with tree roots when they were present,
whereas deeper soil (20 to 40 cm and 40 to 60 cm) was
influenced solely by tree roots. The numbers of heterotrophs
and PCB degraders at a depth of 20 to 40 cm did not differ
significantly among tree species in June or August; however,
species-dependent differences were observed in November
and the following May, when there were significantly higher
numbers of PCB metabolizers in the pine root zone than in
the root zones of all other trees (P ⬍ 0.02, as determined by
ANOVA) (Fig. 1a and Table 1).
The November samples were selected for a detailed examination of microbial numbers in relation to plant species and
depth (Table 1). Differences in the numbers of PCB metabolizers between plant species were not detected at a depth of
0 to 20 cm, where the roots of individual trees occupied the soil
together with grass and forb roots. However, at a depth of 20
to 40 cm, there were significantly higher numbers of PCB
metabolizers in the pine root zone than in the root zones of all
other trees and non-root-containing soil; 2.7- to 56.7-fold differences in mean numbers were found. Overall, the highest
mean number of PCB metabolizers (1.2 ⫻ 105 colonies/g) was
found in the willow root zone at a depth of 40 to 60 cm. This
value was significantly higher (30.7-fold higher) than the value
for non-root-containing soil at the same depth and was statistically similar to the high value for the soil beneath the pine
tree at a depth of 20 to 40 cm (P ⫽ 0.582, as determined by a
t test for independent samples).
The numbers of total culturable heterotrophs declined significantly with depth beneath grasses, whose roots occupied
only the upper 15 cm of soil, a trend that was not observed
beneath trees, perhaps due to the stimulatory effect of roots
(Table 1). The numbers of PCB degraders did not decline with

depth beneath any tree species and actually increased beneath
the pine and willow trees, which could be attributed to the fact
that at greater depths the root zone soil was affected solely by
these species and not by grasses and forbs.
The seasonal fluctuations in the number of microbes beneath each tree at a depth of 20 to 40 cm are shown in Fig. 1.
The number of PCB degraders in the pine root zone increased
significantly between August and November and remained
high the following May (Fig. 1a). Over the course of the experiment, the number of degraders decreased significantly beneath the birch trees (P ⬍ 0.05, as determined by ANOVA),
and no significant seasonal differences were detected beneath
the other plant species. The seasonal patterns for the numbers
of PCB degraders did not parallel the seasonal patterns for the
numbers of total heterotrophs, which increased approximately
10-fold during the study period beneath all plant species examined (Fig. 1b), a phenomenon that was potentially attributable to seasonal differences in soil moisture content at the site,
as described below (Fig. 2).
At 20 to 40 cm beneath different plant species, the average
percentage of members of the total heterotrophic community
that were PCB metabolizers ranged from 0.02% (birch, May
2000) to 1.4% (black locust, June 1999). PCB degraders in the
pine root zone comprised 0.59% and 0.23% of the total culturable community in November and May, respectively. In the
deep root zone (depth, 40 to 60 cm) of the willow tree in
November, where the highest numbers of PCB degraders were
detected, these organisms comprised 2.11% of the culturable
community.
Influence of abiotic factors on soil microbial population
size. The influence of soil moisture content and the influence
of PCB concentration on microbial numbers were evaluated
statistically in order to distinguish plant-mediated effects from
the effects of abiotic heterogeneity at the site and to investigate
seasonal fluctuations in populations. Additionally, the possibility that sample storage time introduced artifacts was investigated, and no correlation was found between the number of
heterotrophic or PCB degraders and sample storage time rang-
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ing from 1 to 12 months, the time frame in which all samples
were analyzed.
The median soil moisture contents on different sampling
dates were 2.3% in June 1999, 3.8% in August 1999, 10.5% in
November 1999, and 10.4% in May 2000, and the soil moisture
content was significantly influenced by the sampling date (P ⫽
8 ⫻ 10⫺15, as determined by the Kruskal-Wallis test). There
was not a significant correlation between soil moisture content
and the number of PCB metabolizers (P ⫽ 0.265; Spearman’s
rho ⫽ 0.115; n ⫽ 96) (Fig. 2a). Alternatively, the number of
total heterotrophic bacteria correlated significantly and positively with the soil moisture content (P ⫽ 0.000001; Spearman’s rho ⫽ 0.766; n ⫽ 96) (Fig. 2b). The sampling date
significantly influenced the total heterotroph population size
(P ⫽ 0.0000001, as determined by the Kruskal-Wallis test); the
total numbers significantly increased from the dry summer
months (June and August 1999) to the wetter fall and spring

months (November 1999 and May 2000) (P ⬍ 0.0005, as determined by the Mann-Whitney U test) (Fig. 2b). A temporal
difference in populations was not observed for PCB degraders
(P ⫽ 0.587, as determined by the Kruskal-Wallis test) when
data from across the site were analyzed collectively (Fig. 2a).
There was no correlation between PCB concentration (see
Materials and Methods) and the number of PCB metabolizers
at the 95% confidence level; however, a slightly negative correlation was significant at the 90% confidence level (P ⫽ 0.078;
Spearman’s rho ⫽ ⫺0.254; n ⫽ 49), and high levels of contamination were associated with lower numbers of PCB degraders
(data not shown). The number of total heterotrophs did not
correlate significantly with soil PCB concentration (P ⫽ 0.219;
Spearman’s rho ⫽ ⫺0.179; n ⫽ 49). Likewise, the soil from the
birch tree growing in uncontaminated soil (⬍1 mg PCBs/kg
soil) contained numbers of total heterotrophs (median, 5.59 ⫻
106 colonies/g [dry weight]) that were statistically similar to the
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FIG. 2. Relationship between soil moisture and numbers of PCB degraders (a) and total heterotrophs (b) (n ⫽ 88). gDW, gram (dry
weight).
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TABLE 2. Numbers of organisms in the rhizosphere in relation to plant species and soil depth (November)
No. of subsamples
Microorganisms

0–20 cm
6

Mean no. of colonies/g (dry wt) of roots (SD)

Plant species
20–40 cm

40–60 cm

0–20 cm

20–40 cm
a

Ash
Birch
Black locust
Pine
Willow
Grass

4
0
4
6
4
8

6
4
3
6
4
0

4
0
4
0
3
0

1.6 (0.9) Aa
NDb
5.2 (5.1) Aa
2.4 (1.8) Aa
0.95 (0.9) Aa
160.0 (210.0) A

Total heterotrophs (109)

Ash
Birch
Black locust
Pine
Willow
Grass

4
0
4
6
4
8

6
4
3
6
4
0

4
0
4
0
3
0

2.8 (1.3) Dd
ND
8.6 (7.2) DEd
3.1 (3.5) Dd
2.2 (1.3) Dd
17.0 (7.5) E

1.0 (0.9) ABa
2.0 (1.5) AB
0.1 (0.1) Aa
3.0 (1.8) Ba
1.4 (0.3) ABa
ND

0.3 (0.2) Aa
ND
0.7 (0.4) Aa
ND
5.3 (3.1) Bb
ND

2.6 (2.1) DEd
1.0 (0.5) D
0.4 (0.3) Dd
5.8 (3.1) Ee
2.8 (1.2) DEde
ND

4.0 (1.3) Dd
ND
1.4 (0.6) Ed
ND
2.9 (0.3) DEe
ND

a
Uppercase letters indicate significant differences in the same column, and lowercase letters indicate differences in the same row (P ⬍ 0.05, as determined by
ANOVA).
b
ND, not determined because a sample was not available.

numbers obtained for the birch tree growing in soil with 153
mg PCBs/kg soil (median, 1.02 ⫻ 107 colonies/g [dry weight])
(P ⫽ 0.077, as determined by the Kruskal-Wallis test). In
contrast, the numbers of PCB degraders in the birch root zone
were significantly higher in uncontaminated soil (5.56 ⫻ 103
colonies/g [dry weight] soil) than in contaminated soil (1.06 ⫻
103 colonies/g [dry weight] soil) (P ⫽ 0.001, as determined by
the Kruskal-Wallis test). Several factors may have contributed
to this difference; the most notable was the fact that the uncontaminated soil had a very different composition and contained more organic matter than the soil in the contaminated
area.
Rhizosphere microbial population size. PCB-degrading microorganisms were detected in the rhizosphere of each plant
species examined, which was defined as the soil that tightly
adhered to the root following shaking. The abundance in relation to plant species and depth in November is shown in
Table 2. Although the differences are not significant, the grass
rhizosphere contained 30- to 1,600-fold more PCB degraders
than the rhizospheres of other plants contained, which may
have been attributable to the fact that the very small grass root
diameter resulted in a surface area per gram (dry weight) that
was greater than that of the tree roots. The pine rhizosphere
contained a significantly higher number of PCB degraders than
black locust rhizosphere contained at a depth of 0 to 20 cm. At
a depth of 40 to 60 cm, the willow rhizosphere possessed higher
numbers of PCB metabolizers than the ash or black locust
rhizosphere contained. When the rhizospheres of pine (depth,
20 to 40 cm) and willow (depth, 40 to 60 cm) were compared,
the numbers of PCB metabolizers were found to be statistically
similar (P ⫽ 0.32, as determined by an independent sample t
test,).
The numbers of total culturable heterotrophs were significantly higher in the grass rhizosphere than in the ash, willow,
and pine rhizospheres, which again may have been due to a
surface area per gram that was greater for grass roots than for
tree roots. At a depth of 20 to 40 cm, the pine rhizosphere
contained the highest number of total heterotrophs, and the
number was significantly higher than the number in the birch
or black locust rhizosphere. The numbers of PCB metabolizers

correlated significantly and positively with the numbers of total
heterotrophs in rhizosphere samples at a depth of 20 to 40 cm
(P ⫽ 0.00005; Pearson’s correlation coefficient ⫽ 0.744; n ⫽
23), indicating that the numbers of PCB degraders in the rhizosphere closely paralleled the numbers of total heterotrophs.
Identities of PCB-metabolizing bacteria. Colonies were selected for isolation from agar plates to represent the range of
morphotypes associated with each plant species. A total of 163
aerobic PCB-metabolizing bacteria were isolated from root
zone soil samples, and 80 bacteria were isolated from the
rhizospheres associated with six plant species. The majority of
PCB-metabolizing bacteria isolated from both types of samples
were gram positive (93% of the root zone isolates and 100% of
the rhizosphere isolates). Colonies with gram-positive morphotypes were the most abundant PCB degraders observed on
agar plates from each plant species, comprising approximately
⬎90% of the root zone colonies and 100% of the rhizosphere
colonies.
Isolates were assigned to 19 groups based on their colony
and cell morphologies; these groups included 15 groups of
gram-positive bacteria and 4 groups of gram-negative bacteria.
The majority of gram-positive organisms were acid-fast cocci
that grew in chains, while acid-fast cocci that grew in clusters
(isolate OUCZ22) and non-acid-fast cocci that grew in large
clusters (isolates OUCZ45 and OUCZ212) were also isolated.
The gram-negative isolates were all very short rods that occurred either in chains (OUCZ24) or in pairs (OUCZ52A,
OUCZ70, and OUCZ118). One gram-variable long rod was
also isolated (OUCZ63). Many isolates released a bright yellow compound during growth in the presence of biphenyl vapor; this compound presumably was the biphenyl ring cleavage
product 2-hydroxy-6-oxo-6-phenylhexa-2,4-dienoic acid (33).
Twenty-six isolates were selected for 16S rRNA sequence
analysis; these isolates included one isolate of each of the 19
morphotypes plus additional representatives of large groups.
Twenty-two different 16S rRNA gene sequences were obtained
and were subjected to Sequence Match searches of the RDP II
database (Table 3). All isolates exhibited 99 to 100% sequence
homology with their nearest matches. The cell morphologies,
as well as the Gram and acid-fast staining properties, of the
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TABLE 3. Identification of PCB-metabolizing bacteria isolated from various plant species by 16S rRNA gene sequence analysis using RDP II

Reference

1,275
1,204
740

No. of
base pairs
compared

99.8
99.8
100.0
100.0
100.0
99.3
99.9
100.0
100.0
100.0
99.9
100.0
99.9
99.0

99.9
100.0
100.0

%
Similarity

G

A, (B), (G), L
(A), (B), (G), L
A, (B), (G), L
(A), (B), (G), L
L
(A), L, (W)
B, G, W
A
P
A
A, (L), W
A, (B), G, W
A, (L), W
A, (B), (G), W
A
A, B, G, L, NR, P, W P
A
G

L
A, B

Association with plant speciesa

GenBank
accession no.

24
43
Unpublished

1,296
1,296
1,296
1,257
1,320
1,274
1,275
1,267
1,358
1,383
1,374
1,438
1,434
1,443

100.0

W
P
L, W
G, W

Nearest sequence match in RDP II

X83408
Y17227
AB042081

39
39
49
22
Unpublished
Unpublished
7
7
7
7
7
Unpublished
Unpublished
21

1,444

99.0
99.9
100.0
99.9

Isolates

Arthrobacter oxidans type strain
Microbacterium oxydans type strain
Microbacterium sp. strain VKM Ac-2016

X79289
X79289
AF532870
AJ237967
AF350248
AB023374
AF420421
AF420421
AF420421
AF420421
AF420421
Z37138
Z37138
Y17384

16

1,357
1,354
1,258
1,342

L

B, G, P
P

Rhizosphere

AY785732
AY785738
AY785751

Rhodococcus erythreus type strain
Rhodococcus erythreus type strain
Rhodococcus erythropolis
Rhodococcus erythropolis isolate EK5
Rhodococcus ruber
Rhodococcus sp. strain IFO16253
Rhodococcus sp. strain 871-AN040
Rhodococcus sp. strain 871-AN040
Rhodococcus sp. strain 871-AN040
Rhodococcus sp. strain 871-AN040
Rhodococcus sp. strain 871-AN040
Rhodococcus wratislaviensis type strain
Rhodococcus wratislaviensis type strain
Williamsia murale type strain

AJ316310

Unpublished
Unpublished
1
51

Root zone

AY785746
AY785747
AY785750
AY785731
AY785745
AY785730
AY785735
AY785734
AY785736
AY785741
AY785749
AY785739
AY785742
AY785737

Bacillus sp. strain LMG 20240

AJ580498
AJ308306
AJ249382
AF500621

Strain or species

AY785743

Luteibacter rhizovicina type strain LJ96T
Pseudomonas fluorescens strain Biotype F
Pseudomonas frederiksbergensis strain JAJ28
Pseudomonas sp. strain SMCC B0361

GenBank
accession no.

Gram-positive High-G⫹C-content
bacteria
Arthrobacter subdivision
OUCZ22
OUCZ46
OUCZ212
Mycobacterium subdivision
OUCZ100
OUCZ108
OUCZ211
OUCZ20
OUCZ91B
OUCZ16
OUCZ35
OUCZ26
OUCZ44
OUCZ58
OUCZ204
OUCZ48
OUCZ59
OUCZ45
Low-G⫹C-content bacterium
OUCZ63
AY785744
AY785748
AY785733
AY785740

Designation

Gram-negative Gammaproteobacteria
OUCZ70
OUCZ118
OUCZ24
OUCZ52A

a
The data indicate that a bacterium with same the 16S rRNA gene sequence was isolated from the root zone or rhizosphere of other plant species at the site and sequenced. A, ash; B, birch; G, Grass-forb mixture;
L, Black locust; NR, non-root-containing soil; P, pine; W, willow. Parentheses indicate that a bacterium with the same cell and colony morphology was isolated but not sequenced; thus, the identity is tentative. Underlining
indicates the isolation source.
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isolates were consistent with known characteristics of each
genus (20, 23).
The association of PCB-degrading bacterial morphotypes
with different plant species is shown in Table 3. PCB-degrading rhodococci were ubiquitous and were isolated from
the root zones of every plant investigated, as well as from
non-root-containing soil. OUCZ48 (nearest match, Rhodococcus wratislaviensis) represented the most frequently isolated
PCB-metabolizing morphotype and was the only strain that
was isolated from the root zone of all plants. Gram-negative
PCB-degrading morphotypes were isolated only from the root
zones of grass, locust, pine, and willow. The results for the
association of microorganisms with plants should be considered conservative since certain bacteria may have been present
beneath some plants but were not isolated or identified because of financial and time constraints.

PCB degradation abilities. The aerobic PCB degradation
abilities of 12 isolates and two well-characterized reference
strains, B. xenovorans LB400 and Rhodococcus sp. strain RHA1,
are shown in Fig. 3. All isolates were capable of degrading
some congeners with both the 2,3 and 3,4 sites open. Many of
the isolates displayed 2,3-dioxygenase activity, as shown by
their metabolism of congeners with open 2,3 sites and their
inability to metabolize congeners with only the 3,4 sites open.
One isolate, OUCZ91B (100% match with Rhodococcus ruber), exhibited both 2,3 and 3,4-dioxygenase activities almost
exactly like those of the reference strain B. xenovorans LB400
(3). Following the degradation assay, Gram staining confirmed
that OUCZ91B was a pure gram-positive culture and not contaminated with LB400. Isolate OUCZ108 (nearest match,
Rhodococcus erythreus) was capable of metabolizing the highly
recalcitrant congener 2,4,5,2⬘,4⬘,5⬘-chlorobiphenyl, in which
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FIG. 3. PCB degradation abilities of bacteria isolated from the root zones or rhizospheres of plants growing in PCB-contaminated soil. Species
names in parentheses indicate the nearest matches in the RDP II database. The previously characterized strains B. xenovorans LB400 and
Rhodococcus sp. strain RHA1 are included for reference.
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DISCUSSION
The findings of this study strongly suggest that certain tree
species are associated with increased numbers of PCB-metabolizing bacteria in the root zone, including organisms with
broad congener specificities, following long-term growth at a
contaminated site. Austrian pine (P. nigra) and willow (S.
caprea) trees were identified as rhizoremediation candidates because of their association with increased numbers of PCB degraders in the root zone at certain times of the year compared with the
numbers found for three other tree species and non-root-containing soil. The culturable PCB degraders throughout the site and in
association with all plants were predominantly rhodococci, and
the degradation abilities exhibited by isolates from the site
revealed that the indigenous microbial community had strong
catabolic potential for PCB degradation. This work was the
first investigation of plant-associated populations of PCB-degrading microorganisms and provided a view of the long-term
influence of mature trees on degradative populations under
actual field conditions.
Pine and willow trees were found to positively affect the size
of the PCB-degrading populations in the root zone, which was
defined as the large volume of bulk soil in which the plants
were rooted. These findings are consistent with previous reports that plant species differentially affect microbial community structure and composition in the bulk soil (31, 38). Higher
numbers of polycyclic aromatic hydrocarbon-degrading organisms and higher degradation rates have been detected in the
bulk soil collected from planted treatments than in the bulk
soil collected from unplanted treatments in rhizoremediation
studies (30, 44). These findings are promising indications that
certain trees may positively affect the number of degrading
microorganisms in a large volume of soil, beyond the immediate vicinity of the roots traditionally defined as the rhizosphere.
Seasonal fluctuations in the sizes of the PCB-degrading populations in the root zones of trees indicated that rhizostimula-

tion is not continuous but instead is periodic. The periodicity
may be attributable to root turnover events that release substrates to soil microorganisms, including plant secondary compounds that promote the growth of PCB degraders (26). The
natural process of fine root turnover in perennial plants occurs
in seasonal cycles. Major root mortality events typically occur
in the autumn and sometimes also in the spring, and the timing
varies among plant species (50). Likewise, in the root zone of
the pine tree, the numbers of PCB degraders increased significantly between the August and November sampling dates,
while beneath the willow tree the numbers appeared to increase between autumn and spring (Fig. 1a).
Attributing spatial and temporal differences in the sizes of
PCB-degrading populations to the influence of plants at a
contaminated site should be done cautiously due to the potentially confounding effects of abiotic heterogeneities. In this
study the effect of soil PCB concentration, which varied from 8
to 500 mg/kg beneath different plant species, was ruled out by
statistical analyses, indicating that there was no significant correlation between the number of PCB degraders and the soil
PCB concentration. This finding is consistent with previous
reports which showed that most PCB congeners are not growth
substrates for aerobic PCB-degrading bacteria (3). Both the
pH and the composition of the soil also varied somewhat
throughout the site (see above). However, both the pH and the
soil composition, as well as the observed root density, were
identical in the soil beneath the neighboring ash and pine trees,
which contained significantly different numbers of PCB degraders at certain times of year. Soil moisture content, which
varied spatially and temporally, also did not correlate with the
number of PCB degraders. The possibility of analytical artifacts introduced by sample storage time was evaluated, and no
correlation was found between the number of heterotrophs
or PCB degraders and sample storage time between 1 to 12
months, the time frame in which all samples were analyzed.
While it would be impossible to rule out every potentially
confounding variable, our results strongly suggest that plants
have differential effects on PCB-degrading microbial populations in the root zone.
The identification of pine and willow as rhizoremediation
candidates is consistent with hypotheses that plant secondary
metabolites play a role in biostimulation (45). Both of these
plants produce compounds that have previously been demonstrated to be significant for the degradation of aromatic contaminants. P. nigra produces terpenoids (1), simple phenolic
compounds (17), and tannins (14). Some terpenoids are known
to serve as substrates for PCB-degrading bacteria and/or to
induce the PCB degradation pathway (45) and to enhance
survival of PCB degraders bioaugmented in soil (32). Yu et al.
(53) reported that biphenyl-utilizing bacteria were capable of
growth on two tricyclic diterpenoids (resin acids) that P. nigra
produces in abundance (1). Willows (Salix spp.) are widely
recognized for their production of salicylic acid, which induces
transcription of genes involved in polycyclic aromatic hydrocarbon degradation (39) and also functions as a growth substrate and inducer for a PCB-degrading bacterium (45). Salicylate-degrading bacteria were previously found to be enriched
beneath willows in comparison to other vegetation (40). Although S. caprea does not produce salicylate, it does contain
two derivatives of this compound, saligenin (salicyl alcohol)
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both the 2,3 and 3,4 sites are blocked. This congener is degraded only by exceptional strains, including LB400, which has
been reported to catalyze 40 to 59% disappearance of this
congener (4) but in our hands degraded only up to 7% of it.
Isolates OUCZ48 and OUCZ59 exhibited different PCB degradation abilities despite the fact that they were very closely
related rhodococci and there was only one base pair difference
in the 16S rRNA gene sequences analyzed. Overall, the isolate
with the broadest congener specificity and most extensive degradation as determined by the 24-h resting cell assay was
OUCZ91B (100% match with R. ruber), whose degradative
properties surpassed the degradative properties of Rhodococcus sp. strain RHA1 in our experiments and closely resembled
the activity of LB400 with the mixtures of PCBs examined.
The degradative abilities of several isolates, including the
outstanding degrader OUCZ91B, were reduced or completely
lost following storage at either ⫺20°C in 16% glycerol or at 4°C
on slants prepared from 1/8-strength plate count agar with
biphenyl vapor provided. Loss of PCB degradation activity
during cultivation and storage has been observed previously for
other PCB-degrading bacteria (28). In some cases, the loss of
activity occurred before PCB degradation assays could be conducted, and thus not all representative strains were assayed.
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degradation activities of the PCB-degrading bacterium Rhodococcus sp. strain MB1 in culture (8, 53). In a microcosm study
of soil spiked with PCBs, the addition of terpene-rich plant
residues (orange peel, pine needles, etc.) increased the numbers of PCB degraders, including Rhodococcus species (19).
The reports that rhodococci both utilize plant secondary compounds and degrade PCBs, together with the finding in this
study that these organisms are found in the root zones of plants
known to produce these compounds suggest that rhodococci
are well adapted for PCB rhizoremediation.
Biostimulation approaches to PCB degradation, including
rhizoremediation, are dependent upon the presence of indigenous microorganisms with broad congener specificities. One
organism, OUCZ91B (100% match with R. ruber), exhibited
degradation abilities comparable to those of the best-known
aerobic PCB degrader, B. xenovorans LB400. Two other bacteria, OUCZ108 (99.8% match with R. erythreus) and OUCZ24
(100% match with Pseudomonas frederiksbergensis), were also
impressive. The best three degraders were found to be widespread at the site, and they were isolated from the biostimulated root zone of willow and were associated with several
other plant species (Table 3). Although they were not isolated
from soil obtained beneath the pine tree, their presence cannot
been ruled out since the number of isolations and identifications performed for each plant was limited. The presence of
organisms with broad congener specificities indicates that bioaugmentation is unnecessary to ensure the presence of strong
catabolic ability. The fact that outstanding degraders were
present in the root zone of willow, which contained 30-foldhigher numbers of PCB degraders than non-root-containing
soil from an equivalent depth contained, indicates that both an
increased abundance of PCB-degrading microbes and strong
catabolic potential can be achieved with rhizoremediation
technology.
The observation that the long-term growth of certain plant
species increases the degradation potential of the microbial
community in the bulk soil supports the notion that rhizoremediation is a promising strategy for increasing PCB degradation rates in situ. The findings of this study indicate that future
investigations of the actual rates of PCB degradation in soils
influenced by plants and/or plant secondary compounds are
warranted in order to evaluate whether rhizostimulation of
degraders results in increased degradation rates. Additionally,
the secondary chemistry of pine and willow and the temporal
fluctuations in the sizes of their root zone PCB degrader populations have implications for the mechanisms of rhizostimulation that invite future study.
Because in this study we relied on culture-based measurement of microbial numbers, we likely detected only a fraction
of the microorganisms in the environment. Molecular ecological tools, including quantitative PCR and stable isotope probing methods, have the potential to significantly improve the
detection of PCB degraders by circumventing biases associated
with culture-based methods. Stable isotope probing studies are
currently under way to identify microorganisms actively involved in PCB degradation at this site and other contaminated
areas and to investigate the role of plant secondary compounds
in biostimulation of PCB-degrading microorganisms.
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and salicin (a glucoside of saligenin), in the leaves and bark
(46). Other aromatic compounds of S. caprea have not been
characterized, but related willows are also known to produce
flavonoids and condensed tannins (15), including two flavonoids found by Donnelly et al. (8) to serve as growth substrates for PCB-degrading bacteria.
The populations of culturable PCB-degrading bacteria at the
site and in association with plants included members of the
Arthrobacter and Mycobacterium subdivisions, as well as Gammaproteobacteria. PCB degradation abilities have previously
been observed in species of Arthrobacter (13), Bacillus (42),
Microbacterium (37), Pseudomonas (13, 49), and Rhodococcus,
including strains previously known as Corynebacterium spp.
(49, 52). This is the first report that members of the genera
Luteibacter and Williamsia are capable of PCB metabolism,
although a member of the genus Williamsia was previously
isolated from soil that degrades a nitroamine explosive (48).
Isolate OUCZ70 exhibited 99% similarity to Luteibacter rhizovicina, which was previously isolated from the rhizosphere of
barley and is a member of the family Xanthomonadaceae.
Rhodococci were the most diverse and abundant group of
culturable PCB degraders present at the contaminated site,
and they were associated with all plants examined and were
present in non-root-containing soil. PCB-degrading rhodococci have previously been isolated from several different PCBcontaminated sites (49, 51). However, the relative abundances
of different taxa of PCB-degrading bacteria in contaminated
soils have not been investigated previously since PCB-degrading bacteria are routinely isolated using enrichment methods.
Using direct agar plates with biphenyl as the sole carbon
source, followed by a clearing zone assay, we observed that
colony morphotypes associated with rhodococci were the most
abundant culturable degraders throughout the site investigated, comprising at least 90% of the colonies in the soil and
100% of the colonies in the rhizosphere at this site.
Rhodococci are nocardioform actinomycetes that contain
mycolic acids in the cell wall, which are known to confer resistance to dehydration (2). This property may explain the
stability of populations of PCB degraders observed at the site
with soil moisture contents ranging from 18.5 to 1.8% (Fig. 2),
while the numbers of total heterotrophs fluctuated with the soil
moisture. For this reason, rhodococci may be valuable organisms
for long-term low-maintenance bioremediation approaches, including rhizoremediation, since their survival does not require
carefully controlled moisture conditions. In the future, studies of
the relative abundance of different PCB-degrading taxa at other
contaminated sites may provide insight into whether rhodococci
predominate elsewhere and what role environmental or biogeographic factors play in the phylogenetic composition of degradative populations.
Rhodococci have been observed previously in the rhizospheres or root zones of various annual and perennial plant
species (5, 10); however, this is the first report of PCB-degrading rhodococci associated with plants. Rhodococci capable of
degrading PCBs have previously been shown to respond to
biostimulation with compounds analogous to PCBs, including
secondary plant metabolites. In PCB-contaminated sediment
microcosms, rhodococci were enriched over the course of 6
months by addition of biphenyl (51). Plant phenolics and flavonoids have been demonstrated to support the growth and
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