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Effects of ciprofloxacin on salt marsh
sediment microbial communities

Ana Lucı́a Córdova-Kreylos and Kate M Scow
Department of Land, Air and Water Resources, University of California, Davis, CA, USA

Fluoroquinolones, a widely used class of antibiotics, are frequently detected in sediments and
surface waters. Given their antimicrobial properties, the presence of these compounds may alter the
composition of microbial communities and promote antibiotic resistance in the environment. The
purpose of this study was to measure sorption, and effects of ciprofloxacin on microbial community
composition, in sediment samples from three California salt marshes. Sediments were exposed to
a ciprofloxacin concentration gradient (0–200 lgml�1 ciprofloxacin) and microbial community
composition characterized using phospholipid fatty acid (PLFA) analysis. Sorption coefficients,
expressed as logKd, were calculated from fits using the Freundlich isotherm model. Ciprofloxacin
strongly sorbed to all sediments and had logKd values, ranging from 2.9 to 4.3. Clay content was
positively (r2¼ 0.98) and pH negatively (r2¼ 0.99) correlated to Kd values. Biomass, PLFA richness,
sulfate reducer and Gram-negative bacteria markers increased with ciprofloxacin concentrations,
while the 17 cy/precursor and saturated/unsaturated biomarker ratios, indicators of starvation
stress, decreased. The magnitude of the effect of ciprofloxacin on microbial communities was
inversely correlated to the degree of sorption to the sediments. Despite the fact that ciprofloxacin is
a wide-spectrum antibiotic, its impact on sediment microbial communities was selective and
appeared to favor sulfate-reducing bacteria and Gram-negative bacteria.
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Introduction

There has been concern for decades about potential
ecological impacts of pharmaceuticals, but only
recently have advances in analytical chemistry
permitted detection of these chemicals at the
concentrations typically found in the environment
(Halling-Sørensen et al., 1998; Zuccato et al., 2000;
Bila and Dezotti, 2003; Boyd et al., 2003). Anti-
biotics reach the environment through intentional
disposal of surplus drugs to sewage, release to
sewage through urine and feces, leaching from
landfills and discharges from sewage treatment
plants or confined animal farming operations
(Daughton and Ternes, 1999; Daughton, 2000).

One frequently detected class of antibiotics in the
environment is the fluoroquinolones, compounds
inhibiting both Gram-positive (GP) and Gram-nega-
tive (GN) bacteria, and commonly used to treat
tuberculosis, digestive and urinary tract infections
and anthrax. The mode of action of these com-
pounds is to interfere with DNA synthesis by

binding to DNA gyrase and thus preventing replica-
tion (Fernandes, 1988; Hooper, 1999). Ciprofloxacin
and levofloxacin account for 65% of the total
fluoroquinolone use and represent 3.3 billion
dollars in global sales (Datamonitor Strategic
Report, 2004). In a dose of ciprofloxacin ingested,
an estimated 45%–62% is excreted unmetabolized
in human urine and 15%–25% in feces (Golet et al.,
2003). Environmental risk studies have estimated
environmental loadings of ciprofloxacin from
European sewage treatment plants to be as high as
186.2 tones per year in 1999 (Halling-Sorensen,
2000).

Monitoring surveys have detected antibiotics in
aquatic ecosystems ranging from ng l�1 to mg l�1

concentrations (Giger et al., 2003). In the United
States, 22 antibiotics and antimicrobial compounds
were detected in 50% of the water samples from
streams influenced by urbanized areas and livestock
activities across the country, and 2.6% tested
positive for ciprofloxacin with a maximum concen-
tration of 0.030mg l�1 (Kolpin et al., 2002). Other
studies have reported ciprofloxacin at concentra-
tions of 118–400ng l�1 in Canadian wastewater
treatment effluents (Miao et al., 2004), and 100–
160ng l�1 in secondary effluents from municipal
wastewater treatment plants in Arizona, California
and Georgia (Renew and Huang, 2004).
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Fluoroquinolones are strongly sorbed to organic
matter (MacKay et al., 2004; MacKay and Figueroa,
2004) and clays (Nowara et al., 1997; Seremet and
MacKay, 2003) with partition coefficients ranging
from logKd¼ 2.45 to 2.69 for pure clays and logKoc

up to 4.85 (Nowara et al., 1997). In one of few
studies measuring ciprofloxacin associated with
solid as well as aqueous samples, sludge solids in
a Swiss wastewater treatment plant contained an
average of 2.2mg l�1, more than three orders of
magnitude higher than the mean concentration of
0.427 mg l�1 in the raw sewage-filtered effluent
(Golet et al., 2003). Several studies on ciprofloxacin
sorption to clays and minerals have been published
(Seremet and MacKay, 2003; Gu and Karthikeyan,
2005), but there is no published data on sorption of
ciprofloxacin to soil or sediments. However, based
on the behavior of compounds similar in chemical
structure, aqueous samples may grossly underesti-
mate the presence of ciprofloxacin in the environ-
ment.

Salt marshes are destinations for many pollutants
and nutrients, many of which are filtered out of
surface waters, before they enter the ocean. Because
antibiotics are designed specifically to target micro-
organisms, the persistence of these compounds in
sediments may negatively impact estuarine micro-
bial processes. Surprisingly, little research has
addressed the effects of ciprofloxacin and other
antibiotics on microbial communities in natural
ecosystems. Ciprofloxacin has been shown to nega-
tively affect freshwater algae communities by de-
creasing species richness in microcosm studies at
concentrations as low as 0.015 mg l�1 (Wilson et al.,
2003). What are lacking are controlled studies to
determine what concentrations of ciprofloxacin
cause changes in sediment microbial community
structure and function.

We hypothesized that microbial community com-
position, biomass and richness are modified by
ciprofloxacin at concentrations found in the envir-
onment, and that sorption plays an important role in
controlling the magnitude of these effects. For this
purpose, sediments from three California salt
marshes were used to determine sorption coeffi-
cients of ciprofloxacin and to determine the effects
of the antibiotic on the phospholipid fatty acid
(PLFA) fingerprint of the sediment microbial com-
munity. This study is part of a larger project, the
Pacific Estuarine Ecosystem Indicator Research
(PEEIR) Consortium, within the EPA’s EaGLe’s
Program, that aims to develop indicators of toxi-
cant-induced stress and bioavailability for wetland
biota.

Materials and methods

Site selection and sediment sampling
Sediments were collected in the summer of 2003
from three salt marshes in the San Francisco Bay

area: Stege Marsh (SM), Walker Creek (WC) and
China Camp (CC). Both CC and SM are located
directly in the San Francisco Bay; WC is one of the
main tributaries leading into Tomales Bay. Domi-
nant plant species include Spartina and Salicornia
in all the sites. SM is highly contaminated with
metals, pesticides and organic solvents (Hwang
et al., 2006a, b) and has been targeted for remedia-
tion by the Superfund program. WC has high levels
of mercury and CC is a relatively unpolluted site.
More detailed descriptions of the sampling sites can
be found elsewhere (Córdova-Kreylos et al., 2006;
Hwang et al., 2006a, b). Several cores were collected
from different locations within each salt marsh
using a 2.5-cm diameter Teflon corer to a depth of
5 cm. The cores were pooled together and homo-
genized in sterile glass jars. They were transported
in ice and stored at 4 1C in a cold room until the
experiments were started. For sorption experiments,
samples were air-dried, sieved through a 2mm mesh
to ensure uniform mass in the experiments and
stored dry in glass jars.

Sediment characterization
Sediments were characterized for pH, cation ex-
change capacity, organic carbon content, total nitro-
gen content and texture. Cation exchange capacity
was determined by the compulsive exchange meth-
od and pH was measured using a gel pH electrode
connected to a pH meter (Orion, Waltham, MA,
USA) as described in the Standard Methods of the
Soil Science Society of America (SSSA) for soil
analysis (Sparks, 1996). Texture was determined by
particle size distribution analysis with laser diffrac-
tion using a Beckman-Coulter LS-230 (Beckman-
Coulter, Miami, FL, USA) with a 750nm laser beam
detection as described previously (Eshel et al.,
2004). Carbon and nitrogen were determined by
micro-Dumas combustion using a C/N analyzer
(Carlo Erba; Milan, Italy).

Sorption experiments
Sorption experiments were performed according to
EPA standard procedures as described by Figueroa
et al. (2004). A preliminary sorption experiment was
performed for each sediment type to determine the
optimum sediment/solution ratio and incubation
time required to reach the equilibrium concentra-
tions in solution. To inhibit biodegradation, sodium
azide was added at 1% of the sediment mass.
Sorption curves were created with 12 ciprofloxacin
(Sigma-Aldrich, St Louis, MO, USA) concentrations
ranging from 0.5 to 100 mgml�1 in a 0.01M CaCl2
solution. After equilibration the sediment was
separated from the aqueous phase by centrifugation
at 8000 g for 15min. The aqueous solution was
analyzed with a Perkin Elmer Series 2 liquid
chromatograph (LC) connected to an ultraviolet
diode array (DA) detector (SPD M10A, Shimadzu).
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The LC-DA system was operated under the follow-
ing conditions: column, Alltech Econosphere C18,
5mm, 250� 4mm, eluent, phosphate buffer (30mM

KH2PO4, 10mg l�1 tri-ethylamine, adjusted to pH
370.01)/acetonitrile, 70:30; flow rate, 1.5mlmin�1;
injection, 20 ml; detection, ultraviolet 280nm. Under
these conditions, the retention time for ciproflox-
acin was 3.2min and the detection limit, 0.5 mgml�1.
The amount of ciprofloxacin sorbed was calculated
from the difference between the original and final
aqueous concentrations. The results were expressed
as mass sorbed to the sediment (Cs) in mgkg�1 and
concentration remaining in solution (Ce) in mgml�1.
The data obtained were fitted to the linear form of
the Freundlich equation (logCs¼ logKdþn logCe),
and logKd obtained from the slope of the linear
regression of the points. Sorption coefficients were
normalized for organic carbon using the equation
Koc¼Kd/foc, where foc is the organic carbon fraction
in each sediment.

Microcosm exposure experiment
Sediments were exposed to ciprofloxacin con-
centrations ranging from 0.02 to 200 mgml�1. The
exposure was performed in microcosms made out
of 60ml glass serum bottles outfitted with thick
butyl stoppers and aluminum seals. Each bottle
contained 20 g of sediment and 40ml of mineral
media (per liter: 5 g NaCl, 1.5 g KH2PO4, 5 g NH4Cl,
1 g MgCl2 and 1 g CaCl2) amended with the antibiotic
and 20mM Na2SO4. The only carbon source was
ciprofloxacin and the carbon present in the sedi-
ment slurries. The microcosms were flushed with
nitrogen gas and the final CO2 concentration in the
headspace was adjusted to 20%. The microcosms
were incubated in the dark for 30 days. Triplicate
controls that were not autoclaved and contained no
ciprofloxacin were also incubated. At the end of the
incubation period, the contents of the bottles were
centrifuged at 3000 g for 15min and sediment
collected for PLFA analysis.

PLFA analysis and nomenclature
Sediment microbial community composition was
determined using PLFA analysis as described pre-
viously (Bossio and Scow, 1998). Briefly, frozen
(�80 1C) sediment samples were freeze-dried and 8 g
of dry sediment were used for the lipid extraction.
Lipids were extracted using a one-phase chloro-
form/methanol/phosphate-buffered solvent. Phos-
pholipids were separated from nonpolar lipids and
converted into fatty acid methyl esters prior analy-
sis. Quantification was performed using a Hewlett
Packard 6890 Gas Chromatograph fitted with a 25m
Ultra 2 (5% phenyl)-methylopolysiloxane column
(J&W Scientific, Folsom, CA, USA). Identification
was performed using bacterial fatty acid standards
and software from the MIS Microbial Identification
System (Microbial ID Inc., Newark, DE, USA).

Lipids were named following the accepted conven-
tion (for example, A:BoC) as described by Bossio
and Scow (1998).

Total microbial biomass was calculated by sum-
ming the mass of all detected fatty acids (White
et al., 1979; Frostegard et al., 1991; Bossio et al.,
1998) and expressed as nanomoles of PLFA per gram
of dry sediment. The number of different PLFAs
detected in each sample was used as a measure of
richness. In addition, the following biomarkers and
ratios were detected or calculated: sulfate-reducer
bacteria (SRB) (br17:1 for Desulfovibrio, 10Me16:0
for Desulfobacter and 17:1 for Desulfobulbus);
eukaryotes (polyunsaturated PLFAs); Gram-posi-
tives (branched PLFAs); Gram-negatives (monoun-
saturated PLFAs); 17 cy/precursor (17:0 cy/16:1o7c)
and saturated/unsaturated (sat/unsat) PLFAs.

Statistical analysis
Correspondence analysis was performed using the
CANOCO software (Version 4.0, Microcomputer
Power, Ithaca, NY, USA). Fatty acid concentrations
were expressed as nmol g�1 of dry sediment for the
analysis. All PLFA detected and named were used
for the multivariate analysis. Correspondence ana-
lysis plots constructed in SigmaPlot V. 8.02 (SPSS
Inc., 2002) were used to evaluate and compare PLFA
fingerprints across microbial communities from
different marshes and different ciprofloxacin con-
centrations. Correspondence analysis was selected
because the PLFA data set contains both nominal
and zero values. Total PLFA biomass, richness and
biomarkers for different ciprofloxacin concentra-
tions in each sediment were compared by one-way
analysis of variance (or analysis of variance by ranks
when data failed the normality test), and the Holm–
Sidak multiple comparisons test using SigmaStat
(SPSS Inc., 2002). Differences were determined
statistically significant if Po0.05.

Results

Characterization of test sediments
Sediment samples varied in pH, cation exchange
capacity, clay content, total nitrogen and organic
carbon (Table 1). Organic carbon ranged from 1.3%
to 2.8% with varying C/N ratios (8.86–14.05). SM
had the highest clay content, whereas both WC and
CC sediments were high in sand content. Only SM,
the most polluted site, had an acidic pH (5.11) and
the highest cation exchange capacity.

Sorption experiments
Sorption data for all sediments showed good fit
to the Freundlich sorption model (r2¼ 0.91–0.96)
(Table 2). The Freundlich model was thus used to
evaluate relationships between sediment properties
and sorption. To facilitate comparisons between
sediments, all fits were considered to approximate
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linearity (nB1). Sorption was strongest in SM
(logKd¼ 4.27), followed by WC (logKd¼ 3.20) and
CC (logKd¼ 2.90). Because only three points were
used for regression, only apparent correlations
could be determined. The %OC was positively
correlated with logKd (r

2¼ 0.67), as was clay content
(r2¼ 0.98). LogKoc was positively correlated with
clay content (r2¼ 0.79). SM, the sediment with
the highest clay content (12.8%), had the highest
sorption coefficient, followed by WC and CC
sediments, containing 7.6% and 5.1% clay, respec-
tively. The sorption coefficients and sediment pH
values had a strong negative correlation (r2¼ 0.99).

Microbial community composition
A total of 79 different PLFAs were detected across
all sediments, specifically 75, 58 and 55 lipids were
detected in WC, CC and SM, respectively. On the
basis of a correspondence analysis of all sediments
(Figure 1), untreated controls and lower ciproflox-
acin concentration treatments grouped together on
the right side of the first axis in two clusters,
whereas all other samples with higher ciprofloxacin
concentrations grouped to the left (Figure 1). Over-
all, the first axis appeared to be related to cipro-
floxacin concentrations, and the second axis to Kd.
Saturated PLFA tended to be more abundant at
lower ciprofloxacin concentrations and unsaturated

PLFAs were associated with higher ciprofloxacin
concentrations (Figure 1, lipid plot).

In correspondence analyses performed on each
sediment independently, the variation explained on
the first two axes decreased (from 85.2% in CC to
69.1% in SM) with increasing sorption capacity of
the sediments. In CC microcosms, the 0.02 mgml�1

treatments grouped closely with the control sam-
ples. The higher concentration treatments formed a
tight cluster to the left side of the plot. For the WC
sediments, the 0.02 and 0.2 mgml�1 treatments
grouped in the center of the first axis, and the
higher treatments to the left. For the SM sediments,
the treatments were loosely clustered and less
separated along the first axis. Associations were
also observed in plots of individual sediments
between saturated PLFAs and controls and low
ciprofloxacin concentrations, and between unsatu-
rated PLFAs and higher ciprofloxacin concentra-
tions (Figure 2).

Biomass and richness
The total PLFA content for the controls ranged from
8.470.3 to 11.6 nmol g�1 dry sediment (Table 3). In
all three sediments, biomass increased with higher
ciprofloxacin concentrations although the magni-
tude of increase varied by sediment. CC had the
largest net increase of biomass, with the highest
ciprofloxacin treatment having triple the biomass of
the control values (Table 3). Biomass differences
between the control and the 200 mgml�1 treatments
were significant in all sediments, except in SM.

Phospholipid fatty acid richness, estimated from
the number of peaks detected, also increased at
higher ciprofloxacin concentrations. The average
total number of PLFAs detected in control samples
of all sediments ranged from 25 to 31. Peak numbers
increased by at least 50% in CC and WC sediments
when ciprofloxacin concentrations were 2 mgml�1

or higher (Table 3). The most significant increase
compared to controls was observed in WC’s
2.0 mgml�1 treatment, followed by CC’s 200 mgml�1

treatment, whereas changes in SM were not statis-
tically significant.

Biomarkers
Phospholipid fatty acid biomarkers representative of
specific microbial groups, such as those associated
with SRB were dramatically affected by the addition
of ciprofloxacin. All sediment controls had a similar
SRB abundance and specific biomarkers for Desul-
fobacter and Desulfobulbus, but not Desulfovibrio,
were present. Addition of 0.2, 2, 100 and 200 mgml�1

of ciprofloxacin significantly increased SRB biomass
in all sediments (Figure 3). Part of the increase was
due to enrichment of Desulfovibrio biomarkers,
which in the 200 mgml�1 treatments accounted for
approximately 10% in SM and 20% in CM and WC
of the SRB biomass. In SM, Desulfobulbus bio-

Table 2 Freundlich model equations, sorption coefficients and
fits of ciprofloxacin in salt marsh sediments

Sediments n7s.e. logKd7s.e. P-value r2

Stege Marsh 0.8170.09 4.2770.04 o0.001 0.91
Walker Creek 1.1470.08 3.2070.07 o0.001 0.95
China Camp 1.0670.07 2.9070.07 o0.001 0.96

The linear from of the Freundlich equation was used: logCs¼
n logCe+logKd.

Table 1 Physical and chemical properties of the estuarine
sediments used in this study. Averages7s.e.

Property Stege Marsh Walker Creek China Camp

pH 5.170.1 7.870.1 8.670.1
CEC (cmol kg�1) 11.14 5.08 7.28

Texture
%Sand 26.5 43.9 56.2
%Silt 60.7 48.5 38.7
%Clay 12.8 7.6 5.1

Total N
% dws 0.2070.09 0.2070.06 0.2270.12

Org C
% dws 2.8170.05 1.9970.03 2.4470.07

Abbreviation: dws, dry weight sediment.
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AL Córdova-Kreylos and KM Scow

588

The ISME Journal



markers dominated at the highest ciprofloxacin con-
centrations (Figure 3). In WC and CC, Desulfovibrio
and Desulfobulbus increased in abundance at higher
ciprofloxacin concentrations, but their relative

abundance was very similar to Desulfobacter bio-
markers. The ratio of GN (monoenoic fatty acids) to
GP biomarkers (branched fatty acids) indicated that
GP were more abundant in controls and the low

Figure 1 Ordination plot of CA results for China Camp (gray symbols), Walker Creek (black symbols) and Stege Marsh (white symbols)
with the corresponding PLFA scores plot. CA was performed for all sediment and all antibiotic concentrations. PLFA labeled as unk,
indicate an unnamed peak, SF indicates a group of unresolved peaks. SF2 includes 15:1 iso I and h/13:0 3OH; SF3 includes 12:0 alde/
uknown 10.928/14:0 3OH/16:1 iso I; SF5 includes 17:1 anteiso B/iso I; SF 6 18:0 anteiso/18:2w6,9c; SF 7 18:1w12t/w9t/w7t/18:1w7c/
w9t/w12t/18:1w9c/w12t/w7c; SF8 includes unknown 18.756/19:1w11c/19:1; and SF9 includes unk 18:846/unk 18.858/19:0cy w10c.
CA, correspondence analysis; PLFA, phospholipid fatty acid.
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ciprofloxacin concentration treatments. At higher
ciprofloxacin concentrations, GN were the predo-
minant group. Ratios of GN/GP ranged from 0.01 to
0.02 in all control sediments, but increased up to 1.4
at the highest ciprofloxacin concentrations in all
sediments.

Two biomarkers of stress were evaluated in all the
microbial communities: 17:0 cy per precursor and
sat/unsat PLFAs. The ratio of 17:0 cy per precursor
was o1 in all sediments treated with ciprofloxacin,
with the exception of CC at 0.02 mgml�1, where the
ratio was close to 3. All control microcosms had
17 cy per precursor ratios above 2, and as high as 4
for the control in CC sediment. Control microcosms
had sat/unsat ratio above 10 and as high as 20 (SM),
while all ciprofloxacin-treated microcosms had
sat/unsat ratios below 5 (Figure 4).

Discussion

The sorption coefficients obtained in this study
(logKd¼ 2.90–4.27) were comparable to those ob-
tained by other groups in batch experiments for
ciprofloxacin and similar compounds. LogKd coeffi-
cients ranged from 2.69 to 3.75 for enrofloxacin
(with a similar chemical structure to ciprofloxacin)
in a variety of soils (Seremet and MacKay, 2003). A

logKd of 2.62 was reported for ciprofloxacin sorp-
tion in sewage sludge with pH of 6.5 (Giger et al.,
2003), and a logKd of 4.29 was reported for similar
sludge with pH 7.5–8.4 (Golet et al., 2003). In our
sediments, higher pH values were associated with
lower sorption coefficients (data not shown). Sorp-
tion is expected to be pH sensitive because cipro-
floxacin speciation is pH dependent (Lin et al.,
2004). A review reported logKoc values for fluor-
oquinolones on sewage sludge and soils (loamy
sand, clay and loam) ranging from 3.05 to 5.88
(Rao et al., 1993), similar to our obtained values of
4.51–5.82. In our experiments, logKoc was positively
correlated with clay content (r2¼ 0.79), but not
correlated to organic carbon content. This lack of
correlation has been reported by other groups,
indicating the limitations of carbon-normalized
coefficients in explaining sorption of antibiotics in
soils (Tolls, 2001).

Because ciprofloxacin is a broad-spectrum anti-
biotic, we expected reduced biomass and numbers
of PLFAs in the exposed sediment microbial com-
munities. We also expected selective effects of the
antibiotic; in clinical trials ciprofloxacin showed
higher bactericidal activity against GN than GP
bacteria (Cunha et al., 1997; Dalhoff and Schmitz,
2003; Berlanga et al., 2004). In contrast, both
biomass and PLFA numbers increased in ciproflox-

Figure 2 Ordination plot of CA results for individual sediment microbial communities. Symbols correspond to different ciprofloxacin
concentrations as detailed in Figure 1. CA, correspondence analysis; PLFA, phospholipid fatty acid.

Table 3 PLFA biomass (nmol g�1 dry sediment) and richness (number of PLFA) across ciprofloxacin concentrations in the three
estuarine sediments tested

Cipro (mgml�1) China Camp Walker Creek Stege Marsh

Biomass Richness Biomass Richness Biomass Richnessa

0.0 8.4 (0.3)b 27.5 (2.5)b 11.6c 31b 8.6 (1.3)c 25.0 (2.0)
0.02 6.2 (1.3)b 23.3 (0.9)b 7.4 (0.9)c 26.3 (1.2)b 16.0 (1.4) 32.3 (4.1)
0.2 25.3 (2.5)c 43 (1.5)c 11.1 (1.0)c 29.7 (1.5)b 12.9 (0.7) 29.7 (0.9)
2.0 24.8 (1.9)c 42.7 (1.9)c 24.3 (0.7)b 48.7 (0.9)c 17.4 (2.7) 37.0 (1.2)
100 25.8 (4.4)c 42.3 (2.7)c 20.2 (3.1)b 43.7 (3.3)c 19.3 (2.4)b 35.0 (5.5)
200 23.8 (1.5)c 44.7 (0.9)c 17.8 (2.4)b 40.0 (1.2)c 12.3 (0.6) 32.0 (1.7)

Averages are provided with s.e. in parentheses. Different letters indicate significant differences between means as determined by ANOVA (by
ranks when normality test failed) and the Holm–Sidak multiple comparison method. Bold entries indicate the treatment with the highest
statistically significant difference versus corresponding control in that particular sediment.
aNo significant differences were found among means.
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acin-treated microcosms, and GN biomarkers were
higher than GP biomarkers in treated microcosm.
The lack of antibiotic activity we observed in
anaerobic sediment microcosms is consistent with
reports of delayed, diminished, or lack of antibiotic
activity against infections involving anaerobic
bacteria (Lewin et al., 1991; Zabinski et al., 1995;
Morrissey and George, 2001; Stein and Goldstein,
2006). All these studies have been performed on
clinical isolates and pure cultures, but there is no
reason to expect that soil microbes would behave
differently. Our results suggest that ciprofloxacin
has a significant decrease or complete loss of
antibiotic activity in anaerobic sediments.

Substantial increases in microbial biomass ob-
served in CC and WC sediments, may be due to the
use of ciprofloxacin as a carbon source by some of
the sediment bacteria. However, confirmation of
ciprofloxacin biodegradation would require mea-
surement of chemical disappearance, which was
beyond the scope of this study. In both sediments,
biomass appeared to have leveled off or slightly
declined at the highest ciprofloxacin concentra-
tions. In contrast, microbial biomass was insensitive
to ciprofloxacin concentration in SM, the sediment
with the greatest sorption capacity. Another indica-
tor of higher carbon availability in ciprofloxacin-
treated sediments is the 17 cy per precursor ratio.

The 17 cy per precursor ratio was two to three times
higher in controls than in treated microcosms in all
sediments. Increased ratios of 17 cy per precursor
have been linked to starvation (Kieft et al., 1994,
1997; Bossio et al., 1998), providing additional
support for the hypothesis that more carbon was
available to the enriched microbial populations
(those showing up in PLFA analysis) (in the higher
than in the lower ciprofloxacin treatments). Another
supporting result is the elevated sat/unsat ratios
observed in control and 0.2 mgml�1 CC treatment.
Increased sat/unsat ratios have been observed in
microbial communities under starvation stress
(Bossio et al., 1998), but also in those exposed to
solvents (Ramos et al., 2002), and after entering
stationary phase (Kieft et al., 1994, 1997).

The SRB biomarkers used in this study targeted
Desulfobacter, Desulfobulbus and Desulfovibrio, all
are GN SRB grouped in the d-Proteobacteria (Maca-
lady et al., 2000; Rabus et al., 2006). Despite their
grouping, these genera differ in their metabolic
versatility when it comes to carbon substrates.
Desulfovibrio are part of the Desulfovibrionaceae
family and are characterized by the incomplete
oxidation of carbon substrates with the production
of acetate (Rabus et al., 2006). Desulfovibrio,
originally considered metabolically specialized,
has been recently shown to be able to utilize H2,

Figure 3 Sulfate reducer biomarkers. Upper panel shows the percent abundance of all SRB biomarkers. Bottom panel shows the
individual contribution of each biomarker group to the total biomass. Different letters above the bars indicate significant differences, as
determined by ANOVA and the Holm–Sidak multiple comparison test. ANOVA, analysis of variance; SRB, sulfate-reducer bacteria.
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formate, lactate and crude oil components. Desulfo-
bulbus, part of the Desulfobulbaceae, are complete
acetate oxidizers with a very versatile carbon
metabolism (Rabus et al., 2006). Desulfobacter
belong to the Desulfobacteriaceae family, are in-
complete acetate oxidizers with a limited carbon
metabolism that uses acetate as a carbon source
almost exclusively (Rabus et al., 2006). The differ-
ences in relative abundance of each biomarker group
in the treated microcosms may be related to
differences in carbon metabolic versatility. If this is
correct, Desulfobacter biomarkers were constantly
present at steady relative abundances both in
controls and ciprofloxacin treatments reflecting the
microorganisms’ ability to use acetate, a common
metabolite of many anaerobic metabolic pathways.
Desulfobulbus’ metabolic versatility may have al-
lowed it to more easily assimilate complex carbon
substrates available, including ciprofloxacin. Desul-

fovibrio did not immediately appear to respond to
higher carbon availability and this may be due to its
lower abundance in the sediments. The dominating
presence of Desulfobacter biomarkers in all controls,
with a low abundance of Desulfobulbus and no
evidence of Desulfovibrio is consistent with SRB
distribution reported previously in salt marshes.
Desulfobacteriaceae associated sequences ac-
counted for over 80% of the recovered sequences,
while less than 1% out of 1650 sequences were
assigned to Desulfovibrio in a salt marsh study
(Klepac-Ceraj et al., 2004). The dominance of
Desulfobacteriaceae in salt marsh communities has
also been confirmed by other groups (Devereux
et al., 1996; Rooney-Varga et al., 1998). Desulfovi-
brio, Desulfobacter and Desulfobulbus accounted for
up to 30% of the bacterial RNA present in sediment
influences by Spartina alterniflora in marsh sedi-
ments (Hines et al., 1999), and of this, Desulfobac-

Figure 4 Stress biomarker ratios and Gram-positive/Gram-negative biomarker abundance. Bars indicate averaged with s.e.
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teriaceae accounted for approximately 25% of total
bacterial RNA with minimal contribution from
Desulfobulbus and Desulfovibrio (1%–2% of total
bacterial RNA). Overall, the SRB biomarkers indi-
cate a shift from an acetate-utilizing microbial
community (dominated by Desulfobacter), to a
community capable of using a more complex carbon
substrates. There are limited studies of the selective
effects of ciprofloxacin on sulfate reducers. How-
ever, published reports indicate resistance in some
clinical Desulfovibrio (McDougall et al., 1997), and
no change in gut SRB number in rats treated with
ciprofloxacin (Ohge et al., 2003). Our results suggest
that ciprofloxacin had no apparent negative effects
on SRB biomass or richness (as measured by PLFA)
in anaerobic sediments.

Changes in microbial community composition
indicated that the magnitude of ciprofloxacin effects
was inversely correlated with the degree of sorption
of ciprofloxacin to the sediments. Ciprofloxacin,
and fluoroquinolones, in general have been shown
to strongly sorb to soils and sediments, particularly
clays (Nowara et al., 1997; Giger et al., 2003;
Cardoza et al., 2005), thus potentially reducing the
bioavailability and antibiotic potency of ciproflox-
acin (Halling-Sørensen et al., 2003). These findings
are consistent with our results, where the magnitude
of the microbial community shift was smaller in SM,
in which ciprofloxacin had the highest sorption
potential, than in other sediments. However, the
differences between controls and treatments demon-
strate that even with sorption, the antibiotic is
capable of modifying the microbial community.

We have shown that ciprofloxacin is capable of
modifying microbial community composition at
concentrations as low as 20 mgml�1 in anaerobic
sediments. GN bacteria, including Desulfovibrio,
Desulfobulbus and Desulfobacter, appeared more
resilient to the effects of ciprofloxacin than did GP
bacteria. Effects were evident despite the fact that
the concentration actually available to microorgan-
isms was likely even lower due to substantial
sorption to sediments (an estimated 80%–90%
sorbed). Despite the fact that ciprofloxacin is a
wide-spectrum antibiotic, its impact on sediment
microbial communities was selective and favored
SRB. As human impacts on the environment
increase with expanding populations and growing
use of medications, it is crucial to understand
whether changes such as those observed in our
study are evident in nature and what are the
consequences for ecosystem microbial processes of
these changes.
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