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Abstract Sediment contaminated with polycyclic aromatic
hydrocarbons (PAHs) is widely distributed in aquatic eco-
systems. The microbial community structure of riverbank
PAH-contaminated sediments was investigated using
phospholipid-derived fatty acid (PLFA) analysis. Surface
and subsurface riverbank sediment was collected from a
highly contaminated site and from an uncontaminated site
along the Mahoning River, OH. PAH concentrations, phys-
ical sediment characteristics, and other microbial communi-
ty parameters (biomass as phospholipid phosphate (PLP)
and activity) were also measured. PAHs were detected in
all samples but were only quantifiable in the contaminated
(250 μg/g g−1) subsurface sediment. Subsurface samples
from both locations showed very similar PLP values and
distribution of PLFAs, with 27–37 % of the microbial com-
munity structure being composed of sulfate reducing and

other anaerobic bacteria. Principal components analysis in-
dicated no correlation between PAH contamination and
PLFA diversity. Although PLP and phospholipid fatty acid
measurements of bacterial communities did not reflect the
environmental differences among sites, the highly PAH-
contaminated sediment showed the highest measured micro-
bial activity (reduction of 1,200 nmol INT g−1 h−1), likely
from a population adapted to environmental pollutants, rates
that are much higher than measured in many uncontaminat-
ed soil and sediment systems. These data warrant further
investigation into community structure at the genetic level
and indicate potential for bioremediation by indigenous
microbes.

Introduction

During the industrial revolution, fossil fuels were extracted
and burned in great amounts, and polycyclic aromatic
hydrocarbons (PAHs) began accumulating in localized areas
of rivers, estuaries, and harbors [8, 22]. PAHs constitute a
large and diverse class of hydrophobic, organic compounds
with multiple interlocking benzene rings that are formed
during the incomplete combustion of organic substances
such as coal, oil, gas, and wood [1]. Because PAHs are
hydrophobic, they adsorb tightly to sediment particles and
therefore become persistent in the environment. When in-
troduced into aquatic environments, the sediments serve as a
repository for the majority of these compounds [35]. Some
PAHs are recognized as carcinogenic and mutagenic to
many organisms by the US Environmental Protection Agen-
cy (www.epa.gov). The Mahoning River is considered one
of the most contaminated in northeast USA. Between 1900
and the 1970s, the Mahoning River received up to and over
32,000 kg of oil and grease each day [47]. Types of industrial
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waste discharged to the river included petroleum, lubricating
oils, and many various chemicals. Today, water quality in the
Mahoning River has improved due to the decreased input of
unregulated waste that also corresponds with the regional
decline of the steel industry. However, the sediment remains
contaminated with high concentrations of PAHs, metals, and
other organic pollutants.

Pollutants as well as other chemicophysical parameters
influence microbial community composition, thus selecting
for microbes that live and function under those conditions.
Conversely, microbes play an important role in contaminant
fate through metabolic mechanisms (e.g., mineralization,
biodegradation). Knowledge of microbial communities in
long contaminated systems is important for determining
potential for bioremediation, transformation, or persistence
of pollutants. Relatively little is known about microbial
community structure in PAH-contaminated soils and sedi-
ments. Microbial community structure could provide infor-
mation for potential intrinsic biodegradation by elucidating
relationships between PAHs and microbial communities. In
this study, we investigated possible correlations between the
microbial community structure and PAHs in riverbank sed-
iment using a phospholipid-derived fatty acid (PLFA)-based
fingerprinting approach.

PLFA analysis has been proven to be relatively simple, fast,
sensitive, inexpensive, and reproducible for assessing the
structure of the livingmicrobial community in soil ecosystems
[7, 9, 17, 40]. Contrary tomolecular approaches (e.g., terminal
restriction fragment length polymorphism) that do not provide
community composition unless coupled to sequencing,
PLFAs are useful biomarkers that give an instant profile of
the bacterial community. Neutral lipids and fatty acids may
persist after death and do not represent living microbes as well
as PLFAs [9]. PLFAs have been used to determine differences
in microbial community structure across environmental gra-
dients such as redox (e.g., [42]), soil pore size (e.g., [39]), soil
water availability (e.g., [53]), between different treatments
(e.g., [29, 43]), and as temporal and spatial distribution (e.g.,
[18, 50]). Lipid analyses of microbial communities can pro-
vide identification at the kingdom, group, or species level
depending on the community in some cases [10, 18]. For
instance, fatty acids can be specific enough to be useful for
source tracking fecal coliforms [13] and for identifying differ-
ent strains of bacteria such as Enterobacter and Yersinia [24,
52]. The lipid extraction method used in this study [14] has the
advantage of simultaneously extracting PAHs and phospholi-
pids to determine biomass as phospholipid phosphate (PLP)
and community structure (as PLFAs). The main disadvantage
of this method is specificity. Individual fatty acids cannot
generally be used to identify individual species since the same
fatty acids can occur in more than one species, individual
species may contain numerous fatty acids, and the amounts
of fatty acids may vary within a species depending on growth

conditions [21]. A minor drawback of this analysis is that
samples must be processed shortly after sampling since pro-
files change when stored at −70 °C for a year [55].

Methods

Study Site Description and Sampling Procedure

Two riverbank sites of sediment deposition located upstream
of low head dams located along the Mahoning River were
chosen for this study. The first site, designated by the US
Army Corps of Engineers [47] as river mile 13.3, was located
in Lowellville (LWV), OH, and the second site, river
mile 46.3, was located in Leavittsburg (LVT), OH. The
LWV site was previously shown to have PAH-contaminated
sediments [34, 47] while the LVT site was located upstream
of industrial sources of PAH contamination.

Sediment samples were collected using a soil recovery
auger (AMS, Inc., American Falls, ID). Protective gloves
and clothing were worn to prevent contact with contami-
nated sediment. The auger was cleaned between samples
using Liquinox® detergent and rinsed with distilled de-
ionized water. Sediment for analyses was removed from
the coring device using a sterile steel spatula and was
immediately placed into Ziploc bags. Samples were trans-
ported on ice to the laboratory for processing within a few
hours of collection.

Discrete samples of approximately 500 g of sediment
were collected from 5 to 25 cm below the surface and
at a depth of approximately 2 m (subsurface). The visual
appearance (and odor) of oily contamination was used to
determine the subsurface sampling depth of contaminated
riverbank sediment at LWV. From the LVT site on each
sampling date (21 March, 4 April, and 25 April 2005),
three surface and three subsurface sediment samples were
collected and processed immediately in the laboratory with
exception of 4 April when only two subsurface sediment
samples were processed. Similarly from the LWV site on
each sampling date (28 March, 11 April, and 2 May 2005),
three surface and three subsurface sediment samples were
collected and processed immediately in the laboratory
with the exemption of 28 March when only two surface
sediment samples were processed. Thus, a total of eight
surface and eight subsurface sediment samples per site were
used for PLFA, PAHs, biomass, and microbial activity
measurements.

Particle Size Distribution, Moisture Content, and Total
Organic Matter

Three surface and three subsurface sediment samples per
site were used to determine particle size distribution,
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moisture content, and organic matter. Sediment was homog-
enized and oven-dried at 105 °C prior to analyses. The
particle size distribution was measured using a hydrometer
(Fisher Environmental). Proportions of major size classes,
clay (<0.002 mm), silt (0.05–0.002 mm), and sand (2.0–
0.05 mm) were determined from size distributions [45].
Moisture content determination followed standard methods
for soil analysis. Total organic matter was determined in
5 g of dried sediment by loss of mass following ignition at
550 °C for 1 h.

Lipid and PAH Extraction of PLP, PLFA, and PAHs

Sediment was and kept on ice and processed immediately
upon returning to the lab. Sediment samples were extracted
as described by Fang and Findlay [14] to determine PLP
biomass PLFA and PAHs. Briefly, lipids and PAHs were
extracted from 0.65 g sediment in the dark at 4 °C in 50-ml
screw-cap tubes with dichloromethane: methanol: 50 mM
phosphate buffer (pH 7.4)–1:2:0.8 (v/v/v), followed by an
organic and aqueous partitioning with dichloromethane
(DCM) and water (1:1:9v/v/v).The DCM fraction was col-
lected, dried under nitrogen to one drop, and brought to 1 ml
in chloroform. Two 100-μl samples were removed for lipid
phosphate biomass analysis. The remainder of the extracted
lipids and PAHs in the organic phase was fractionated using
silica gel solid phase extraction (SPE) chromatography. SPE
columns were prepared using 100–200-mesh Unisil (Clark-
son Chromatography). The Unisil was first activated by
heating at 100 °C for 2 h, dissolved in chloroform, and then
transferred to a glass column. Copper filings (cleaned with
HCl, methanol, DCM, and hexane) were added to the top of
the column. The columns were then ready to use.

The PAH fraction was extracted with hexane from the
SPE column, cleaned by passage through aminopropyl col-
umns, eluted in hexane, and quantified by gas chromatog-
raphy–mass spectrometry (GC/MS). Neutral lipids and
glycolipids were eluted and discarded from the SPE column
prior to recovering phospholipids in a solution of chloro-
form/methanol/DI water (5:5:1) which was dried under ni-
trogen. PLFAs were then converted to their corresponding
fatty acid methyl esters (FAMEs) as described in detail by
Findlay [16]. Findlay’s procedure does not produce FAMEs
from free fatty acids. The PLFA-derived FAMEs were puri-
fied using reverse-phase SPE consisting of silicic acid
packed in glass columns also as described by Findlay [16].
Shorthand designation of PLFAs followed the rules of wide-
ly used nomenclature.

GC–MS Analyses of PLFA FAMES and PAHs

The GC/MS used to identify and quantify PAHs and PLFA-
derived FAMEs was a Hewlett Packard 5890 Gas

Chromatograph/5970B Mass Spectrometer fitted with a DB-
5 column 30 M, 0.32 mm ID, and 0.25 μm film thickness.
Samples (1.0 μl) were injected splitless using a Finnigan-Mert
A 2005 autosampler.

Determination of PLP Biomass

Microbial biomass was determined by extracting phospho-
lipids. Phosphate was released by acid digestion and mea-
sured using colorimetric analysis with malachite green by
spectrophotometer at a wavelength of 610 nm [48].

Microbial Activity

Microbial activity was determined by measuring reduction of
2-(p-iodophenyl)-3(p-nitrophenyl)-5-phenyl tetrazolium
chloride (INT) to INTF resulting in a color change and
detected spectrophotometrically [33]. INT reduction is micro-
bially mediated under aerobic or anaerobic conditions and
measures respiration [4, 49]. This method is quick, simple,
does not use radioisotopes, and only measures viable cells
[46]. Sediment from cores was homogenized, reducing vari-
ability, but may produce different values from undisturbed
sediment. Triplicate samples of fresh sediment (0.2 g each)
were placed into conical tubes with 0.3 ml milli-Q water.
Samples were vortexed and equilibrated at room temperature
for 30 min. After adding 0.5 ml of a 1.08-mM INT solution,
the solution was mixed and incubated for 10 min at 25 °C
under aerobic conditions, although subsurface sediment was
anaerobic. The reduced product, a red colored formazan
(INTF), was extracted for 10 min with 6.0 ml of acetonitrile
filtered through filter paper (Whatman no. 40) using a vacu-
um. Samples were rinsed with 6.0 ml of acetonitrile filtered,
and the total filtrate was analyzed spectrophotometrically.
The amount of INT reduction in controls, essentially a time
zero extraction using acetonitrile, was subtracted from INT
reduction that occurred during the incubation period. This
took into account a low and consistent amount of INT that
was reduced during the 10-min acetonitrile extraction.

Statistical Analysis

Principal component analysis (PCA; SPSS) was used to
analyze patterns of intercorrelations among variables mea-
sured. This method of data reduction was chosen to reduce
the number of variables measured: PAHs, PLFAs, microbial
biomass, microbial activity, percent moisture, percent total
organic carbon, and particle size distribution. PCA for the
Lowellville site was performed using all variables. Howev-
er, because no PAHs were quantified in Leavittsburg site,
PAH data were not included. The Shannon diversity index
was used to estimate PLFA diversity as an indicator of
microbial diversity.
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Results

Sediment Characteristics

LVT surface and subsurface and LWV subsurface contami-
nated sediment all had similar moisture content (between 42
and 46 %). LWV surface sediment had the least amount of
moisture (24 %) (Table 1). Because the subsurface sediment
was collected from within the ground water saturation zone,
moisture content was high as expected. LVT surface sedi-
ment moisture was high likely due to recent flooding at the
site.

Total organic matter content of LWV and LVT sediment
was very similar (5–6 %) among both surface and subsur-
face samples. LWV subsurface contaminated sediments
contained the highest total organic matter (11 %) likely
due to high concentrations of organic contaminants (total
petroleum hydrocarbons and PAHs).

Patterns of particle size distribution were very similar
among both surface and subsurface samples from LVT and
from surface samples from LWV (Table 1). LWV subsurface
sediment results may be a methodological artifact due to
properties of industrial sludge since there were no visible
sand particles.

Distribution of PAHs

The highest total PAH concentrations (250 μg/g) were
detected in subsurface LWV riverbank sediment (Fig. 1),
which account for as much as three times the total PAH
concentrations (78 μg/g) detected in surface sediment.
While LWV subsurface sediment contained 11 different
PAHs (acenaphthene, acenaphthylene, anthracene, benzo
(a)anthracene, benzo(b&k)fluoranthene, chrysene, fluoran-
thene, fluorene, naphthalene, phenanthrene, and pyrene)
(Fig. 1), only seven different PAHs were detected in surface
sediment (anthracene, benzo(a)anthracene, benzo(b&k)fluo-
ranthene, chrysene, fluoranthene, phenanthrene, pyrene).
Concentrations of individual PAHs at the LWV site ranged
from 6.4 to 20.5 μg/g in the surface sediment samples and
from 0.4 to 61.8 μg/g in subsurface sediment samples (Fig. 1).
Themost abundant PAHs found were fluoranthene and pyrene
in both LWV sediment layers. PAHs in LVT sediment were
very low. However, anthracene, fluoranthene, and pyrene
were detected in a few LVT surface sediment samples and in

Table 1 Mahoning riverbank
sediment properties

Averages of three cores from
each of the two sites and from
each of the two sample depths
(surface and subsurface) are
shown (n03). Standard devia-
tions are shown in brackets

Soil properties

Site Soil moisture
content (%)

Total organic matter
content (%)

Particle size distribution

Clay (%) Silt (%) Sand (%)

Leavittsburg surface 42 (7) 5 (2) 5 (3) 70 (10) 25 (8)

Leavittsburg subsurface 44 (9) 6 (3) 4 (3) 66 (16) 30 (13)

Lowellville surface 24 (4) 5 (1) 3 (1) 70 (4) 27 (3)

Lowellville subsurface 46 (6) 11 (2) 6 (1) 32 (8) 63 (9)
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Figure 1 PAHs found in Lowellville surface sediments and subsurface
sediments expressed in micrograms per gram dry weight. Black bars
surface sediments, white bars subsurface sediments
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Figure 2 Microbial biomass and activity in Mahoning riverbank sur-
face and subsurface sediment from the Lowellville (LWV) and Leav-
ittsburg (LVT) sites. Dark bars microbial activity measured as INT
reduction (nanomoles of INT reduced per hour per gram). White bars
PLP biomass (nanomoles of P per gram)
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almost all of the subsurface sediment samples, but at concen-
trations too low to be quantified.

Microbial Biomass and Activity

River bank surface sediment from LVT showed higher PLP
biomass (350 nmol P dry weight) than was found in sub-
surface sediment (Fig. 2). In contrast at the LWV site, the
highly contaminated riverbank subsurface sediment showed
higher biomass than was found in the less contaminated
surface sediment. Subsurface sediments from both locations
had similar biomass values (Fig. 2). However, the contam-
inated subsurface riverbank sediments at LWV showed the
highest microbial activity of all samples taken. Lower levels
of microbial activity were found in surface sediments from
both locations (Fig. 2).

Microbial Community Structure

Consistent results were found during each of several sepa-
rate extractions, indicating that fatty acid analyses were very
reliable and reproducible. A total of 17 different PLFA
biomarkers were identified in Mahoning riverbank sedi-
ments from the two sites in this study (Fig. 3a, b). Overall,
markers for green algae, higher plants, heterotrophic micro-
eukaryotes, fungi, aerobic bacteria, sulfate reducing, and
other anaerobic bacteria subsurface sediment from both
locations made up 84–86 % of the quantified community
by PLFAs (Table 2).

Many of the detected PLFA biomarkers were found at
both sites at both depths with some notable exceptions.
General and non-specific microbial markers (16:0,
16:1ω7, 18:1ω9, and 18:1ω7; [2, 20]) were detected in
high concentrations in all samples (Fig.3a, b). The PLFA
18:0, indicative of sulfate reducing and other anaerobic
bacteria, was also abundant in all samples. Markers for
Gram-positive bacteria, i15 and a15, were detected in all
samples. A marker for eukaryotes, 18:2ω6, was also found
in all samples. Mid-branched br17:0b, a marker for Gram-
positive bacteria, was detected everywhere except LWV
subsurface contaminated sediment. PLFA biomarkers for
general bacteria (i17, 17:0, 19:0, and a19:0) were all present
in surface sediment and were not detected (with one excep-
tion, 19:0) in subsurface sediment at both sites (Fig. 3). A
PLFA biomarker for methanotrophic bacteria type I
(16:1ω8) was detected in surface sediment but not in sub-
surface sediment at both sites. Subsurface sediment from
LWV had the highest proportion of the PLFA biomarkers for
anaerobic bacteria (37 %) relative to surface sediment and
sediment from LVT (Table 2). However, 10Me16:0, a PLFA
biomarker for actinomycetes and/or the sulfate reducing
bacteria Desulfobacter, was also found in surface sediment
and not in subsurface sediment at both sites.

Shannon–Weaver diversity indices indicated that surface
samples displayed higher PLFA community diversity than
found subsurface samples, regardless of site (Fig. 4). Sur-
face riverbank sediment from the LVT site showed both the
greatest number and most diverse PLFA biomarkers while
conversely, LVT subsurface riverbank sediment showed the
least diverse PLFA biomarkers (Fig. 4).

Principal Component Analysis

When the sediment samples (excluding PAH data) were
plotted on ordination axes consisting of the first two princi-
ple components they clustered primarily by depth and then
by site (Fig. 5). Since PAH concentrations in samples from
LVT were present at or below the limit of quantification,
they were not used for ordination analysis of LVT and LWV
data (Fig. 5). PCA extracted two components that explained
64 % of the data variance for both locations (not including
PAH data). High positive loadings on PC 1 among PLFAs
and biomass were found within the data set (Fig. 6).

A separate analysis was conducted to evaluate the LWV
data which included PAH concentrations. When LWV sam-
ples were plotted on ordination axes consisting of the first
two principle components they clustered by depth (Fig. 7).
In the LWV site when the PAH data were included, PCA
extracted two components that explained 59 % of the data
variance (Fig. 8). There were high positive loadings on PC 1
among PLFAs and percent moisture in LWV and opposite
loadings of PAHs and PLFAs. Multivariate ordination (prin-
cipal components analysis) indicated opposite loadings
(negative vs. positive) of PAHs and PLFAs.

Discussion

This study showed that microbial communities within riv-
erbank sediment responded to multiple environmental fac-
tors including anthropogenic PAH contamination. High
microbial activity was the most distinct biological observa-
tion associated with PAH contamination within Mahoning
riverbank sediment. Higher microbial activity measured as
tetrazolium dye reduction in the presence of organic con-
taminants has also been observed for beach sediment micro-
bial communities spiked with oil [36] or soil microbial
communities spiked with oil-based nonaqueous drilling flu-
ids [51]. In both of these systems, the authors concluded that
components of the contaminating material served as a car-
bon source for the microbes and caused higher rates of
dehydrogenase activity as is also likely in Mahoning River
sediment. Rates of INT reduction in this present study
ranged from 0.02 to 1.2 μmol h−1 g−1 in uncontaminated
and contaminated sediment, respectively, and showed val-
ues at the low end of the range reported previously for
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Mahoning River benthic sediments [33]. These rates of INT
reduction were all higher than found in weathering sand-
stone (0.002–0.008 μmol h−1 g−1) from the UK [44]. The
lower rates from the Mahoning River were within the ranges

in arable soil (0.2–0.6 μmol h−1 g−1) reported by Von Mersi
and Sch inner [49] , in sandy loam soi l (0 .04–
0.2 μmol h−1 g−1) reported by Trevors et al. [46], and in
beach sediment contaminated with crude oil (0.005–

Figure 3 a Distribution of
PLFA biomarkers in Mahoning
Riverbank surface and
subsurface sediment from the
LWV site. Black bars surface
sediments, white bars
subsurface sediments. b
Distribution of PLFA
biomarkers in Mahoning
Riverbank surface and
subsurface sediment from the
LVT site. Black bars surface
sediments, white bars
subsurface sediments
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0.02 μmol h−1 g−1) reported by Mathew and Obbard [32].
Previously, it was shown that when anaerobic Mahoning
River sediment was incubated aerobically, the measure of
INT reduction was 15 % greater [33]. Thus, rates of INT
reduction from subsurface sediment in this present study
likely overestimate respiration by 15 %.

Evidence that INT reduction was biologically mediated
rather than an abiotic reaction includes temperature and
metabolic inhibitor data. Rates of INT reduction increased
from 4 to 45 °C, was a little higher at 60 °C, and was the
lowest at 95 °C [33]. This temperature response is typical of
biological processes and would not be expected if abiotic
factors caused INT reduction. Carbonyl cyanide m-chloro-
phenylhydrazone (CCCP), a respiratory inhibitor that acts

by shuttling electrons and collapsing the membrane poten-
tial, was shown to inhibit INT reduction in contaminated
Mahoning River sediment by 75 and 94 % at concentrations
of 1.6 and 3.2 g/L, respectively [26]. CCCP did not inhibit
INT reduction at 160 mg/L, likely due to interference by one
or more components in the complex mixture of organic
contaminants and heavy metals found in this sediment.
Mosher et al. [33] also reported that 20 mM sodium azide,
a concentration that normally inhibits respiration, did not
inhibit INT reduction in contaminated Mahoning River sed-
iment. Overall this evidence strongly supports the hypothe-
sis that INT reduction in Mahoning River sediment is
biologically mediated and depends on respiration.

According to the species-energy theory, first developed
by Wright [54] as an extension of the species-area theory
from island biogeography, available energy can be used to
predict species abundance. The species-energy theory can
be extended to sedimentary systems where carbon is gener-
ally added during deposition. Over time, in deeper sediment,
the more easily degraded organic material is consumed
while more recalcitrant, harder to degrade organic carbon
persists. Deeper sediment is generally associated with rela-
tively lower concentrations of easily degraded organic mat-
ter and oxygen (i.e., lower yields of biologically available
energy) and expected to have lower biomass and microbial
diversity [42]. At the LVT site, both biomass and diversity
were lower in subsurface than surface sediments as pre-
dicted by species-energy theory. At the LWV site, the pat-
tern of organic carbon distribution in riverbank sediment
diverges from the expected pattern due to high anthropo-
genic inputs of oils, greases, petroleum hydrocarbons, and
PAHs that lasted for 80 years until the mid-1970s. At LWV,
high concentrations of organic matter (PAHs and petroleum
hydrocarbons) in subsurface sediment have persisted and
may provide energy for suitable microbes, supporting a

Table 2 Distribution of PLFA groups according to Findlay [16] found in Mahoning riverbank sediment

Fatty acid marker composition Inferred community Leavittsburg Lowellville

Surface (%) Subsurface (%) Surface (%) Subsurface (%)

16:1ω13t, 18:1ω9, 18:2ω6, 18:3ω3,
18:3ω6, 20:2ω6, 20:3ω6, 20:4ω6

Eukaryotes (fungi, green algae, plants,
heterotrophic microeukaryotes)

11 27 10 17

16:1ω5, 16:1ω7, 17:ω6, 17:1ω9, 18:1ω7,
18:1ω9, 18:2ω6

Aerobic bacteria and microeukaryotes 28 32 27 30

15:0, i15:0, a15:0, 16:1ω5, 16:1ω9, i17:0,
a17:0, cy17:0, 17:0, 18:1ω5, i19:0, a19:0

Bacteria 10 2 9 2

16:1ω7, 18:1ωw7 Aerobic bacteria 17 9 17 12

mid-branched fatty acids Gram (+) 6 1 4 0

14:0, a15:0, i15:0, 15:0, i16:0 Gram (+) and some Gram (−) anaerobic
bacteria

5 2 4 2

Type I: 16:1ω8c, 16:1ω5c
Type II: 18:1ω8c, 18:1ω8t

Methanotrophs 4 0 4 0

16:0, 16:0 10Me, a17:0, i17:0, 17:0,
18:0, cy:9:0

Sulfate reducing bacteria and other
anaerobic bacteria

19 27 24 37
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Figure 4 Shannon diversity indices for the distribution of PLFA
biomarkers in Mahoning riverbank surface and subsurface sediment
from the LWV and LVT sites
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somewhat higher biomass than found in surface sediment.
There was a greater difference in biomass values in PAH-
contaminated vs. PAH-uncontaminated Mahoning River
benthic sediment [33]. PLP biomass in PAH-contaminated
benthic sediment the from the LWV site was 91 nmol Pg−1

and was only 25 nmol Pg−1 in relatively uncontaminated
benthic sediment from the LVT site. Fang and Barcelona
[15] also showed that microbial communities in subsurface
hydrocarbon-contaminated anaerobic zones had higher bio-
mass values than those in uncontaminated aerobic zones.
There was no direct relation, however, between biomass and
microbial activity in Mahoning River sediments. This is not

unexpected since it is commonly observed that microbial
biomass, diversity, and activity at different sediment or soil
depths are affected by multiple factors such as amount and
quality of organic carbon, redox, nutrient concentrations,
and sediment grain size [6, 12, 42].

PAHs and Microbial Communities

Subsurface total PAH concentrations in riverbank sediment
at LWV (250 μg/g) (Fig. 1) were within 10 % of the values
reported earlier (230 μg/g) for benthic river sediment locat-
ed nearby [33]. Other reported results in Mahoning River
benthic sediment from near LWV (River Mile 13.3) showed
total PAH concentrations of ~80 μg/g of PAHs [35]. These
results indicate a high heterogeneity and distribution of
PAHs within location.

In this study, any effect of PAH contamination on commu-
nity structure was expected as differences in patterns of
PLFAs in the subsurface sediment from LWVand LVT. Inter-
estingly, PAH contamination did not appear to greatly influ-
ence the distribution of PLFA biomarkers apart from depth
(Fig. 3). A closer ordination analysis did indicate underlying
differences between PLFA diversity in the two sites (Fig. 5).
PLFA subsurface data from the contaminated LWV site clus-
tered more closely than the subsurface data from the uncon-
taminated LVT site (Fig. 5). In agreement with these results,
Slater et al. [41], when examining microbial communities in
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Figure 6 Principal component loadings for biomass (BM), activity,
TOC, % moisture (%M), and PLFAs in Mahoning riverbank sediment
collected from the LVT and LWV sites
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surface harbor sediments, showed that PAH deposition did not
have a major effect on PLFA distribution.

A comparable study of microbial communities in PAH-
contaminated river was conducted in the Little Scioto River
in Marion, OH [31]. In that study, PAH-contaminated ben-
thic sediment with intermediate levels of PAHs (30 μg/g−1)
had higher biomass and PLFA diversity than the non-to-low
PAH-contaminated sediment (0.4 μg/g−1) and highly PAH-
contaminated sediment (107 μg/g−1). LWV subsurface
Mahoning riverbank sediment in this present study is more
than twice as contaminated by PAHs as the most highly

contaminated benthic sediments in the Little Scioto River,
while the relatively uncontaminated Mahoning riverbank
LWV surface sediment is closer to the high range for the
Little Scioto River. Highly contaminated LWV subsurface
sediment might be a more extreme environment selecting
for a more adapted microbial community reflected by a
lower PLFA diversity with higher activity.

PLFA biomarkers revealed that the overall most abundant
marker was 16:0, which represents a broad phylogenetic
distribution and is very often the most abundant marker
found in aquatic sediments [11]. There were higher percen-
tages of anaerobes in the subsurface sediment samples
than in the surface sediment samples. However biomarkers
characteristic for other sulfate reducing bacteria such as
Desulfobulbus and Desulfovibrio (15:1g6c and i17:ω7c
respectively; [29]) were not detected. The biomarker
10Me16:0, present in surface and absent in subsurface sed-
iment, is often associated with Desulfobacter and other
anaerobic prokaryotes [17] and/or with Actinomycetes
[42]. In Mahoning sediment, 10Me16:0 was most likely
associated with Actinomycete since many Actinomycetes
species are aerobes. Short PLFAs (i:15, a:15, and 16:0) were
observed consistently for LWV surface sediments which
correlates with a typical spring community composition [5].

Ringelberg et al. [38] indicated that Gram-negative bac-
teria markers became less abundant over time in a PAH-
contaminated sediment slurry system suggestive that there
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should be fewer Gram-negative bacteria within PAH-
contaminated sediment. Gram-negative bacteria markers
(16:0, 16:1ω7c, and 18:1ω7c) were more abundant in
Mahoning River bank surface sediments than in the subsur-
face at both sites. However, only the LWV subsurface sedi-
ments were highly contaminated; thus, the distribution of
Gram-negative likely had more to do with sediment depth
rather than PAH and metal contamination. Gram-positive
markers (e.g., i17) were only detected in surface sediments
while i15 and a15, both considered as specific to Gram-
positive bacteria, were present in contaminated and uncon-
taminated surface and subsurface sediments. Mid-branched
fatty acids have been associated with anaerobic bacterial
communities; however, in this study, mid-branched fatty
acids (br17:0b and br17:0a) were more abundant in surface
than in subsurface sediments (Fig. 3a, b). In LWV subsur-
face sediments, br17:0b and br17:0a were not detected (in
multiple samples). It is possible that high concentrations of
contaminants (PAHs or metals) within that layer may have
inhibited bacteria that exhibit those markers.

PLFA analyses in soils contaminated with petroleum
hydrocarbons [27] and in PAH-contaminated river sediment
[30] indicate that eukaryotes such as fungi make up a greater
portion of the microbial community in contaminated vs. un-
contaminated soils or sediments. Specifically, eukaryotic bio-
markers (18:2ω6 or 18:2 ω9,12) were found in greater
abundance in contaminated vs. uncontaminated soil or sedi-
ment. In contrast, in this study, there was on average lower
levels of 18:2ω6 (fungi biomarker) in Mahoning contaminat-
ed vs. uncontaminated sediment; however, standard devia-
tions were too large for statistical significance. Fatty acids
indicators of fungi, mycorrhizal fungi, and actinomycetes are
usually found in lower numbers in environments closed to
smelters and with metal contamination. Kelly et al. [28]
reported low presence of 18:2ω6 in soils with metal contam-
ination. Others (e.g., [23, 37]) have suggested that this trend
might be related to root tree damage by metal contamination.

The association of unique PLFAs as biomarkers for taxa
came from work with pure cultures and is not always valid in
situ [19]. Changes in PLFA biomarkers in environmental
samples may be from either shifts in species composition or
from changes in membrane composition within the same
species. There are discrepancies and overlaps between some
reported associations of PLFAs with particular taxa which can
make interpretation difficult. A large number of researchers
(e.g., [3, 25]) have suggested indexing a PLFA community
structure as PLFA phenotypic microbial community structure.
Because phospholipids are essential membranes of cells, bac-
teria can change their composition as response to environmen-
tal stresses, i.e., high pollutant contamination. Therefore, it is
challenging to assess if PLFA community structure is the
result of changed species or is the result of phenotypic
responses in an unchanged community.

Conclusions

This study shows that the PAH fingerprint the Mahoning
River was consistent with previous reports, but highly het-
erogeneous. PAH concentration was not an important factor
in estimating PLFA diversity. PLFA analysis of subsurface
sediments revealed that a majority of the community corre-
sponded to anaerobic bacteria. Fungal biomarkers appeared
to be influenced by PAH contamination, while Gram-
negative bacteria did not correlate with sediment contami-
nation but with depth. Riverine and marine PAH-
contaminated systems show a wide diversity of PAH
degrading bacteria and/or bacteria with PAH degrading
genes, so it is likely that they are also present in PAH-
contaminated Mahoning River bank sediments. PAH con-
tamination is associated with other parameters such as hu-
mic compounds, petroleum hydrocarbons, and high heavy
metal concentrations, which may also be confounding fac-
tors for microbial diversity. The upstream LVT uncontami-
nated site is the best available control for the contaminated
LWV site, but it (like all other sites) is not an exact match
for all environmental parameters on the micro scale. Further
work at the molecular level will be needed to conclusively
determine the effect of PAH contamination on the microbial
community structure and diversity and to determine the
presence of PAH degrading genes.
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