Literatuuronderzoek naar antibiotica resistentie van pathogenen in biogasrectoren

Vraag 1: Kunnen pathogene bacteriën meegekweekt worden in een biogasinstallatie?
Er wordt vaak geschreven dat de anaerobe werking van biogasproductie dit voorkomt.
Literatuuronderzoek geeft aan dat dit argument niet klopt. De meest voorkomende gevaarlijke
pathogeen voor de mens, S. aureus, is een facultatieve aeroob, die echter ook in zuurstofvrije
condities kan overleven. De bacterie gaat dan over in een anaerobe levensvorm, past zich aan aan de
zuurstofarme omgeving; de genen die hierbij geactiveerd worden zijn worden nu bestudeerd (1).
Vraag 2: Zijn anaerobe bacteriën mogelijk ook gevaarlijk voor de mens?
Nu kan men beweren dat met de overgang naar deze anaerobe levensvorm deze pathogeen zijn
gevaarlijke eigenschappen verliest, ook dat is al een aantal keren geschreven. Dit argument klopt niet;
zoals wordt aangetoond met een tweede artikel, een “case report”, waarin een landbouwer zeer
ernstig geïnfecteerd werd door een anaerobe S. aureus. Hiermee is het dogma dat anaerobe S.
aureus ongevaarlijk geworden is, doorbroken (2).
Vraag 3: Kan er in een biogasproducerende biomassa antibioticaresistentie ontstaan?
In 2006 is er een artikel gepubliceerd waarin wordt aangetoond dat dit inderdaad mogelijk is. Het gaat
om resistentieontwikkeling in een klassieke biogasproducerende massa, inclusief de
boterzuurproductie die zo kenmerkend is voor dit proces. Van dit artikel is voorlopig slechts de
samenvatting beschikbaar; deze zit echter goed in elkaar en ook komt de internationale
onderzoeksgroep uit Illinois geloofwaardig over op de respectieve internetsites (3).
Conclusie
Wanneer de drie bovenstaande elementen gecombineerd worden, ontstaat het voor de hand liggende
scenario dat biogasinstallaties in ongunstige gevallen kunnen evolueren tot kweekreactoren van
gevaarlijke antibiotica-resistente pathogenen van bv. het type S. aureus. Reeds gekend is de beruchte
ziekenhuisbacterie (MRSA). Ten gevolge van antibioticagebruik als groeibevorderaar in de veeteelt is
deze bacterie veelvuldig aanwezig bij individuen uit deze sector. In Nederland mogen varkensboeren
niet meer in open afdelingen gemengd met andere patiënten gehospitaliseerd worden omdat de kans
dat zij drager zijn van deze gevaarlijke bacterie in sommige streken tot 50% is opgelopen. Ook in
België zijn deze risico’s aanwezig en er wordt naar een gepaste procedure voor deze mensen gezocht
ingeval van hospitalisatie. Ondanks deze maatregelen komen de MRSA stammen steeds vaker ook
buiten het ziekenhuis voor en kunnen steeds meer mensen daarvan drager zijn zonder dat ze dit zelf
weten, totdat zij (of anderen) ziek worden. Behandeling is dan erg moeilijk, omdat er bijna geen
geneesmiddelen meer zijn die nog werken op dergelijke infecties.
Los van elkaar staande wetenschappelijke gegevens wijzen er op dat biogasreactoren het MRSA
risico in de samenleving incidenteel kunnen verergeren. Er is geen artikel gevonden dat dit probleem
als geheel onderzoekt, of dat de mogelijkheid op dit risico weerlegt. Indien men dit risico combineert
met dat op explosie of lekkage, komt men uit op bizarre scenario’s waar de mensen in de directe
leefomgeving een ongehoord hoge prijs op vlak van hun gezondheid moeten betalen voor het
waanidee van kleinschalige biogasproductie. Om dit risico beter in te schatten zou er eigenlijk een
moratorium moeten worden afgekondigd uit overwegingen van volksgezondheid om de toestand in
kaart te brengen; alle installaties moeten dan simultaan worden stilgelegd. Dit zal niet gebeuren. Als
men later ontdekt dat de risico’s om economische redenen bewust buiten beeld gehouden werden,
dan ontstaat na een groter incident of structureel probleem een nieuwe internationale crisis rond
productiemethoden in de Europese landbouw vergeleken waarbij onze dioxinecrisis van 1999 een
onschuldig lokaal incidentje was. Maar voor het zover is moeten er eerst doden vallen, helaas.
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Staphylococcus aureus is a gram-positive facultative aerobe that can grow in the absence of oxygen by
fermentation or by using an alternative electron acceptor. To investigate the mechanism by which S. aureus is
able to adapt to changes in oxygen concentration, we analyzed the transcriptional regulation of genes that
encode the aerobic class Ib and anaerobic class III ribonucleotide reductase (RNR) systems that are responsible for the synthesis of deoxyribonucleotides needed for DNA synthesis. The S. aureus class Ib RNR nrdIEF
and class III RNR nrdDG genes and their regulatory regions were cloned and sequenced. Inactivation of the
nrdDG genes showed that the class III RNR is essential for anaerobic growth. Inhibition of aerobic growth by
hydroxyurea showed that the class Ib RNR is an oxygen-dependent enzyme. Northern blot analysis and primer
extension analysis demonstrated that transcription of class III nrdDG genes is regulated by oxygen concentration and was at least 10-fold higher under anaerobic than under aerobic conditions. In contrast, no
significant effect of oxygen concentration was found on the transcription of class Ib nrdIEF genes. Disruption
or deletion of S. aureus nrdDG genes caused up to a fivefold increase in nrdDG and nrdIEF transcription under
anaerobic conditions but not under aerobic conditions. Similarly, hydroxyurea, an inhibitor of the class I
RNRs, resulted in increased transcription of class Ib and class III RNR genes under aerobic conditions. These
findings establish that transcription of class Ib and class III RNR genes is upregulated under conditions that
cause the depletion of deoxyribonucleotide. Promoter analysis of class Ib and class III RNR operons identified
several inverted-repeat elements that may account for the transcriptional response of the nrdIEF and nrdDG
genes to oxygen.

production by S. aureus of toxic shock syndrome toxin 1
through a two-component system, SrrA/SrrB, that is homologous to the ResD/ResE system of Bacillus subtilis that has been
implicated in global regulation of aerobic and anaerobic respiratory metabolism. Other studies (7, 8) have shown that anaerobic conditions induce the expression in S. aureus and
Staphylococcus epidermidis of ica-specific genes that encode
the production of an extracellular polysaccharide, which mediates cell-cell adhesion and biofilm formation and may stimulate pathogenicity in vivo. More generally, anaerobiosis may
act as an environmental cue in vivo for the production of
virulence factors that enable the pathogen to adapt to lowoxygen tensions (46).
Because an essential feature of all facultative aerobic bacteria is the need to synthesize DNA under aerobic and anaerobic conditions, they must contain genes that determine enzymatic systems, ribonucleotide reductases (RNRs), that reduce
all four ribonucleotides to deoxyribonucleotides in the presence or absence of oxygen. Moreover, the expression of these
genes is likely to be controlled by one or more oxygen-sensing
systems. To date, three classes of RNRs have been described
(25). Class I RNRs are aerobic enzymes present in eukaryotes
and in many bacteria. They consist of two homodimers present
in an ␣2␤2-subunit structure. In the bacterial class Ia reductases, the larger ␣ chain (NrdA) is encoded by the nrdA gene and
contains the catalytic site and binding sites for substrates and
effectors; the smaller ␤ chain (NrdB) is encoded by the nrdB

Staphylococcus aureus is a gram-positive facultative aerobe
and a major human pathogen (33, 39). In common with other
facultative aerobes, S. aureus can grow in the absence of oxygen either by fermentation or by using an alternative terminal
electron acceptor, such as nitrate. Several studies suggest that
oxygen plays a role in the pathogenesis of S. aureus, in both its
capacity to produce virulence factors and its ability to persist
and grow in different and often hostile environmental niches
(5, 6, 26, 37, 40, 53). The ability of S. aureus to adapt to extreme
changes in external oxygen concentration implies the existence
of one or more oxygen-sensing systems that regulate the expression of genes in the transition from aerobic to anaerobic
growth. While considerable progress has been made in characterizing global regulators of anaerobic gene expression, for
example, the FNR and Arc families of proteins (3, 14, 17, 42),
relatively little is known about the regulatory systems that
operate in S. aureus during anaerobiosis. Knowledge of these
signal transduction systems is crucial for understanding how, in
S. aureus, oxygen brings about changes in the expression of
virulence genes. Several recent in vitro studies indicate that the
oxygen concentration can affect the production of virulence
factors (52, 53). Thus, the presence of oxygen is necessary for
* Corresponding author. Mailing address: Department of Molecular
Microbiology and Biotechnology, George S. Wise Faculty of Life Sciences, Tel Aviv University, Ramat Aviv, Israel, 69978. Phone: (972) 3
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TABLE 1. Bacterial strains and plasmids used in this study
Strain or plasmid

Strains
E. coli XL-Blue
S. aureus
Oxford (NCTC6571)
RN4220
SH1000
MMA6
MM1B
MM1C
MM1C⫹
MSA6
MS1C
Plasmids
pUC18
PMUTIN-4
pAUL-A
pBR322::⍀km-2
pMM-1
pMM-2
pMM-3
pMM-4
pMM-5

Genotype or relevant characteristicsa

Source or reference(s)

recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac [F⬘ proAB lacIq lacZ⌬M15 Tn10(Tcr)]

Laboratory stock

Wild-type laboratory strain
Restriction mutant of 8325-4 (UV-cured of prophages) used as primary recipient for
plasmids propagated in E. coli; spontaneous mutant with 11-bp deletion in rsbU gene
Derivative of 8325-4 carrying the intact rsbU gene
RN4220 nrdD::(pMM-1) Emr
RN4220 nrdD::(pMM-3) Emr Kmr
RN4220 nrdDG::⍀km-2 Kmr
MM1C (pMM-5) Emr Kmr
11/MMA6 ⫻ SH1000b Emr
11/MM1C ⫻ SH1000, Kmr

Laboratory stock
16, 28

Cloning vector; lacZ Apr
pUC18-based suicidal vector for gram-positive bacteria; Pspac⫺lacZ PpenP-lacI Apr Emr
Temperature-sensitive shuttle vector; lacZ Emr
pBR322 carrying the ⍀km-2 cassette; Apr Kmr
PacI-NarI-digested pMUTIN-4 containing ⬃900-bp PacI-NarI PCR-amplified nrdD
fragment; Apr Emr
Product of the triple ligation of the PacI-NarI-digested pMUTIN-4, ⬃1-kb PacI-EcoRI
PCR-amplified 5⬘ end of nrdD, and ⬃1-kb EcoRI-NarI PCR-amplified 3⬘ end of nrdG
fragments; Apr Emr
EcoRI-digested pMM-2 containing the ⍀km-2 cassette; Apr Emr Kmr
PstI-XbaI-digested pUC18 containing ⬃2.8-kb PCR-amplified complete nrdDG operon of
RN4220; Apr
HindIII-BamHI-digested pAUL-A containing the HindIII-BamHI fragment of pMM-4; Emr

Gift of S. Foster
This study
This study
This study
This study
This study
This study
MBI Fermentas
51
43
38
This study
This study
This study
This study
This study

a

Abbreviations: Apr, Emr, Kmr, and Tcr, resistance to ampicillin, erythromycin/lincomycin, kanamycin, and tetracycline, respectively.
b
Transduction with phage 11 from donor ⫻ recipient.

gene and contains, in its active form, a stable ferric-tyrosyl free
radical. In Escherichia coli, the nrdA and nrdB genes form an
operon and are cotranscribed in a 3.2-kb mRNA (4, 18). Class
Ib RNRs are confined to certain eubacteria. They possess the
same ␣2␤2-subunit structure as the class Ia RNRs but share
only modest sequence identity and differ in some functional
aspects (9, 23). The corresponding subunits in class Ib RNRs
are encoded by the nrdE and nrdF genes. In E. coli and Salmonella enterica serovar Typhimurium, the nrdEF genes are
transcribed together with two small open reading frames
(ORFs), located immediately upstream of nrdE, in an mRNA
of ⬃4 kb (22). In E. coli, the proximal ORF, termed nrdI, codes
for a protein that is reported to stimulate the activity of the
class Ib RNR (21); the distal ORF, termed nrdH, functions as
a hydrogen donor system with a higher specificity for the class
Ib than the class Ia RNR (21). A similar organization of
nrdHIEF genes occurs in the gram-positive bacterium Lactococcus lactis (23). Class I RNRs require molecular oxygen for
radical formation, and therefore, these enzymes function only
under aerobic conditions. Their source of reducing power
comes from one or two small proteins, thioredoxin or glutaredoxin, each of which contains a pair of redox-active cysteines;
thioredoxin is maintained in its reduced state by thioredoxin
reductase, while glutaredoxin is kept reduced by glutathione
and glutathione reductase, in both cases at the expense of
NADPH. Class II RNRs are oxygen-independent enzymes that
use adenosylcobalamin as the cofactor and are limited to some
microorganisms.
Class III RNRs are expressed in strict anaerobes and in
certain facultative anaerobes during growth under anaerobic

conditions (25). The recently described structure of the phage
T4 enzyme suggests a common origin for class I and class III
RNRs with differences existing in the mechanism of radical
initiation and the source of reducing power (32). The class III
RNR, termed protein ␣, is in its active form a dimer and is
encoded by the nrdD gene; it contains the active site for binding of substrates and allosteric effectors. The smaller ␤ subunit,
encoded by the nrdG gene, is an iron sulfur protein, also known
as activase, that catalyzes the one-electron transfer from reduced flavodoxin to S-adenosylmethionine to generate a stable
glycyl radical near the carboxy-terminal portion of the larger
subunit (49). Exposure of the active complex to oxygen results
in cleavage adjacent to the glycyl radical and removal of the
carboxy-terminal 25 residues (27). In class III RNRs, formate
can serve as the overall reductant and is oxidized to CO2 (35).
The work described in this paper commenced with the assumption that S. aureus contains genes coding for aerobic and
anaerobic RNRs and that their expression is regulated in response to oxygen concentration. Inspection of the S. aureus
genome databases revealed the presence of two gene clusters,
one resembling nrdEF and another resembling nrdDG. Here
we report the structural organization of the S. aureus class Ib
and class III RNR gene clusters and analyze their transcription
in response to changes in oxygen concentration.
MATERIALS AND METHODS
Strains, media, and culture conditions. The bacterial strains and plasmids
used in this study are described in Table 1. S. aureus strains were grown at 37°C
in tryptone soy broth (TSB; Difco) and brain heart infusion (Difco) supplemented with erythromycin (12 g ml⫺1) and kanamycin (200 g ml⫺1) where
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appropriate. Recombinants were selected on TSB agar plates containing antibiotics. Phage transductions were carried out with 11 as described previously (36).
E. coli was grown in Luria-Bertani medium with the addition of ampicillin (100
g ml⫺1) or kanamycin (50 g ml⫺1) as needed.
S. aureus aerobic liquid cultures were grown at 37°C in an air orbital shaker at
250 rpm. For limiting oxygen conditions, the standard anaerobic growth conditions used for growth of cultures were agitation at 100 rpm in an orbital shaker
at 37°C in TSB medium supplemented with cysteine (5.7 mM) to scavenge traces
of oxygen and 0.001% resazurin as a redox indicator. Wheaton serum bottles
(100-ml capacity) containing 60 ml of the above-described medium were purged
with nitrogen gas for 4 min at a pressure of 0.75 atm prior to being autoclaved.
Aerobic cultures were subcultured (0.5 ml) in 60 ml of the above-described
medium and grown for 16 to 20 h to stationary phase (optical density at 600 nm
[OD600], ⬃2), and 2 ml was used to inoculate 60 ml of the same medium.
Anaerobic growth of S. aureus colonies on plates was carried out in a sealed
anaerobic jar (Oxoid) equipped with an AnaeroGen (Oxoid) sachet and employing an Anaerotest indicator strip (Merck) for verifying anaerobic conditions.
DNA manipulations. For E. coli, preparation of plasmids, DNA manipulations, and transformation of competent cells were performed as previously described (41). For S. aureus, genomic DNA was prepared as described previously
(36). Standard procedures were employed for restriction enzyme digestion, ligation, Southern blotting, and radiolabeling of oligonucleotides (41) unless otherwise stated. The nucleotide sequences of the DNA regions containing the S.
aureus Oxford class Ib and class III RNR genes were determined from both
strands by the dideoxy procedure with the ABI Prism 377 automatic sequencer
(Perkin-Elmer Biosystems) and the Prism dye terminator cycle-sequencing kit
(Applied Biosystems).
Construction of nrdDG insertion and deletion mutants. To create a disruption
of the S. aureus nrdD gene, an internal fragment (⬃900 bp) of the RN4220 nrdD
gene was amplified by PCR, using the forward primer (with an added PacI
restriction site) 5⬘-GCTGTTAATTAAGAACAACATAGAAATATAG-3⬘ and
the reverse primer (with an added NarI restriction site) 5⬘-TGAGGGCGCCCT
GTAAATACTGAACCAAATG-3⬘, and ligated into the PacI-NarI-digested integration vector pMUTIN-4 to generate the plasmid pMM-1. After electroporation into S. aureus RN4220 (44), pMM-1 is expected to undergo a single
reciprocal crossover event with the host genome, resulting in the insertion of the
plasmid in the chromosomal nrdD gene. Transformants were selected for on TSB
plates containing erythromycin (5). Integration of pMM-1 into the nrdD gene
was confirmed in one transformant, termed MMA6, by Southern blot analysis,
PCR, and DNA sequencing.
To obtain an internal deletion within the RN4220 nrdDG genes, a fragment
containing 951 bp of the 5⬘ untranslated region of the nrdD gene and 50 bp of the
upstream region (lacking the ⫺35 site of the promoter region) was amplified by
PCR using the forward primer (with an added PacI restriction site) 5⬘-GGGG
TTAATTAAGTGGTATAAAGTAATGAGTAG-3⬘ and the reverse primer
(with an added EcoRI restriction site) 5⬘-AAAAGAATTCAGTGTAACAACA
CCAAGATTAC-3⬘, and a fragment containing 309 bp of the 3⬘ portion of the
nrdG gene and 650 bp of the downstream region was amplified by PCR using the
forward primer (with an added EcoRI restriction site) 5⬘-TTTTGAATTCTGG
GCTAAGTCTATTAGGTGG-3⬘ and the reverse primer (with an added NarI
restriction site) 5⬘-CCCCGGCGCCATTAATACCAGTGATGATATC-3⬘. The
two fragments were ligated with the ⬃3.8-kb PacI-NarI fragment of pMUTIN-4
to give pMM-2 in E. coli XL1 Blue. The plasmid was cut with EcoRI and ligated
with the 2.27-kb ⍀km-2 cassette (38) to give pMM-3. The resulting plasmid was
electroporated into S. aureus RN4220, and transformants were selected for on
TSB plates containing erythromycin and kanamycin. The expected single integration event between pMM-3 and the host chromosomal region was confirmed
by PCR, and the strain was termed MM1B. To select for segregation of the
wild-type nrdDG alleles, one transformant was propagated for 200 generations in
TSB liquid medium containing kanamycin but lacking erythromycin and plated
on TSB plates containing kanamycin, and the colonies were screened for loss of
the erythromycin marker. Several kanamycin-resistant, erythromycin-sensitive
clones were isolated, and one, termed MM1C, was shown by PCR and DNA
sequencing to have the expected replacement of the⬃1.1-kb internal portion of
the nrdDG genes by the kanamycin cassette. The nrdD disrupted mutation (A6)
and the nrdDG deletion mutation (1C) were introduced into S. aureus SH1000
(rsbU⫹) by 11 phage transduction, and their presence was verified by PCR to
give MSA6 and MS1C, respectively.
Complementation of nrdDG mutants. For complementation of nrd mutants, an
⬃2.8-kb DNA fragment containing the promoter and structural coding regions of
the nrdDG genes was amplified by PCR, using a forward primer with an added
PstI restriction site and a reverse primer with an added XbaI restriction site, and
cloned into the vector pUC18 cut with PstI and XbaI. The resulting plasmid,
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pMM-4, was cut with HindIII and BamHI, and the fragment was ligated into the
E. coli shuttle vector pAUL-A (43) to give pMM-5. S. aureus strain RN4220
containing the deletion-kanamycin cassette substitution mutation (1C) of the
chromosomal nrdDG genes was electroporated with pMM-5, and transformants
were selected for on erythromycin plates. One of the transformants, termed
MM1C⫹, was tested for the presence of pMM-5 and its ability to grow under
anaerobic conditions in liquid medium and on plates.
RNA extraction. Total RNA was isolated as described previously (19) from S.
aureus exponential-phase cultures grown in TSB medium at 37°C. Cells (50 mg
[wet weight]) were lysed in 0.3 ml of TES buffer containing 100 g of lysostaphin
(Sigma) ml⫺1, and RNA was extracted using 1.5 ml of RNazol B (Tel-test). For
reverse transcription (RT)-PCR and primer extension, residual DNA was removed by treatment with RQ1 RNase-free DNase (Promega). RNA concentrations were determined by A260 measurements, and RNA integrity was analyzed
by agarose/formaldehyde gel electrophoresis (41).
Northern hybridization. Quantitation of nrdIEF, orf1, and nrDG mRNA levels
and sizes of transcripts in total RNA from S. aureus cultures grown under aerobic
and anaerobic conditions was performed by Northern blot analysis. Internal
fragments of the genes nrdD (nucleotides [nt] 1953 to 2149 of GenBank
AJ292926), nrdE (nt 1699 to 1972 of GenBank 292927), and nrdF (nt 3711 to
4088 of GenBank 292927) were amplified by PCR and labeled with the DIG PCR
synthesis kit (Roche Molecular Biochemicals). In some experiments, oligonucleotides labeled at the 3⬘ end were used as probes and labeled with the DIG
oligonucleotide 3⬘-end DNA labeling kit (Roche Molecular Biochemicals). Oligonucleotide probes for orf1 and the nrdIEF genes (positions are from GenBank
AJ292927) were as follows: orf1-rev, 5⬘-GATACCTTCCATTTGCTCAGTAC3⬘, complementary to nt 617 to 639; nrdI-rev, 5⬘-TCCAAATCCAATAGTGCC
AG-3⬘, complementary to nt 991 to 1011; nrdE-rev, 5⬘-CACAGCACCAGCAC
CAGGGCGTTGACC-3⬘, complementary to nt 3711 to 3735; and nrdF-rev,
5⬘-CGCGTGTATTTGCTCCATCATCGCC-3⬘, complementary to nt 1946 to
1972. Oligonucleotide probes for the nrdDG genes (positions are from GenBank
292926) were as follows: nrdD1-rev, 5⬘-CGTCAACGCGGTCAACCGTACAG
CCACC-3⬘, complementary to nt 698 to 715; and nrdG-rev, 5⬘-CGCCACCTA
ATAGACTTAGCCC-3⬘, complementary to nt 2385 to 2406. RNA samples (10
g) denatured in formaldehyde were loaded onto agarose gels, electrophoresed,
and transferred to Sartolon membranes (Sartorius) essentially as described previously (41). Prehybridization, hybridization with the DIG-labeled nrd-specific
probes in DIG-modified hybridization buffer plus 50% formamide solution, and
detection with the CSPD chemiluminescence system were carried out according
to the user’s guide (Roche Molecular Biochemicals).
Primer extension. Primer extension was carried out with avian myeloblastosis
virus (AMV) reverse transcriptase (Promega). Synthetic oligonucleotide primers
complementary to the N-terminal region were labeled at the 5⬘ end with
[␥-32P]ATP by T4 polynucleotide kinase (41), and 0.5 to 1 pmol (100,000 to
200,000 cpm) was mixed with 40 g of RNA in a final volume of 18.5 l
containing 4 l of 5⫻ AMV reverse transcriptase buffer and 2 l of deoxynucleoside triphosphates (dNTPs; 1 mM final concentration). The mixture was heated
to 80°C for 10 min and cooled, and polymerization was carried out at 42°C for 2 h
with 20 U (1 l) of AMV reverse transcriptase and 20 U (0.5 l) of RNasin
inhibitor (Promega). The reaction was stopped by the addition of 1 l of 0.5 M
EDTA. Free RNA was removed by incubation with 1 l of heat-inactivated
RNase A (Sigma) (10 mg ml⫺1) at 37°C for 30 min, and the DNA fragment was
purified by phenol extraction and ethanol precipitation. The primer extension
product was separated on a 6% denaturing polyacrylamide gel alongside sequencing reactions using the same oligonucleotide as a primer. The reverse
primers used in reactions were as follows: orf1-rev, nrdI-rev, and nrdF-rev,
described above, and nrdD2-rev, 5⬘-GCATCTGCAACATGCTTTGG-3⬘, complementary to nt 466 to 485 of GenBank AJ292926.
RT-PCR. Reactions were performed using Moloney murine leukemia virus
reverse transcriptase (Promega). Because S. aureus DNA has a low G⫹C content
(⬃40%), annealing of primers to RNA and the reverse transcriptase reaction
were performed together at 37C. Total RNA (10 g) in an 18-l final reaction
volume containing 5 pmol of reverse primer and 1 mM dNTPs was denatured for
10 min at 80C, 0.5 l (100 U) of reverse transcriptase and 0.5 l (20 U) of
RNasin were added, and the mixture was incubated at 37C for 2 h. Free RNA
was removed by digestion with 1 l of RNase A (10 mg ml⫺1), and the reaction
was stopped by addition of 180 l of TE (10 mM Tris-HCl [pH 8.0], 1 mM
EDTA). cDNA was phenol extracted, ethanol precipitated, and amplified in
PCRs containing (in a final volume of 50 l) 1 l of the cDNA sample, 5 l of
10⫻ PCR buffer, 3 l of 25 mM MgCl2, 1 l of dNTPs (10 mM), 0.4 l (2 U) of
Taq DNA polymerase (MBI Fermentas), and 50 pmol of each primer. The
mixture was heated for 3 min at 95°C; run in a thermal cycler for 29 rounds of 30 s
at 94°C, 30 s at 45°C, and 40 s at 72°C; and completed by being heated for 10 min
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at 72°C. The forward and reverse primers were as follows: orf1-for, 5⬘-TGTAC
TGAGCAAATGGAAG-3⬘ (nt 616 to 634), and nrdI-rev, 5⬘-TCCAAATCCAA
TAGTGCCAG-3⬘ (nt 992 to 1011); nrdI-for, 5⬘-ACTGGCACTATTGGATTT
GG-3⬘ (nt 991 to 1010), and nrdE-rev, 5⬘-CTTCTCTTCGTTTAGTGACC-3⬘ (nt
1273 to 1292); nrdE-for, 5⬘-TCTACACGTGAGTTAGCAAG-3⬘ (nt 3212 to
3231), and nrdF-rev, 5⬘-CCATCATCTGCTTGATGTG-3⬘ (nt 3632 to 3680) (the
numbers refer to the positions of nucleotides in the DNA sequence of GenBank
AJ292927). Control samples in which reverse transcriptase was omitted in RTPCRs and in which genomic DNA was used as a template in PCRs were run in
parallel with RT-PCRs.
Sequence analysis, database search, and deduced protein analysis. Sequence
entry, primary analysis, and ORF searches were performed using the National
Center for Biotechnology Information server ORF Finder (http://www.ncbi.nim
.nih.gov/gorf/.html) and the CloneManager 4.10 program. Primary sequences of
S. aureus class Ib and class III RNRs were identified in databases of the University of Oklahoma Advanced Center for Genome Technology (http://www
.genome.ou.edu/staph.html/) (strain NCTC8323), of The Institute for Genomic
Research (TIGR [http://www.tigr.org/]) (strain COL), and of the Staphylococcus
aureus Sequencing Group at the Sanger Centre (http://www.sanger.ac.uk
/Projects/S_aureus/) (EMRSA-16 strain 252 and MSSA strain 476) using BLAST
algorithms (BLASTn and tBLASTn) (1). Pairwise alignments were performed
with the BESTFIT and GAP programs of the Wisconsin Genetics Computer
Group package; multiple sequence alignments were made with the ClustalW
program, version 1.84 (20) using the EMBL ClustalW server (http://www2.ebi.ac
.uk/clustalw/?).
Other methods. Signals from Northern blots and primer extension analysis
were scanned and intensities were measured with the ImageMaster software
system (Pharmacia).
Nucleotide sequence accession numbers. The nucleotide sequences of the
DNA regions containing the S. aureus Oxford class Ib and class III RNR genes
have been deposited in the GenBank database with accession no. AJ292926
(class III RNR genes) and AJ292927 (class Ib RNR genes).

RESULTS
Chromosomal organization of the S. aureus class Ib and
class III RNR gene clusters and comparison with other eubacteria. The nucleotide sequence of the S. aureus Oxford DNA
region containing the class Ib RNR genes was determined; Fig.
1A shows the organization of genes in the nrdIEF operon. An
identical organization occurs in the S. aureus strains
NCTC8325, COL, EMRSA-16, MSSA (see Materials and
Methods), N315, and Mu50 (29), whose genomes have been
completely or nearly completely sequenced. The deduced
amino acid sequences of the S. aureus NrdE and NrdF proteins
share 62 and 54% sequence similarity with the corresponding
E. coli homologs and 74 and 68% similarity with the corresponding L. lactis homologs. Immediately upstream of nrdE
are located two short ORFs. The proximal ORF overlaps by 38
bp with nrdE and codes for a protein of 132 amino acids that
is conserved in eubacteria; it shares 51 and 55% similarity with
the E. coli and L. lactis NrdI homologs, respectively. The distal
orf1 in Oxford codes for a putative 37-amino-acid protein that
contains a pair of cysteines—CFVC—in the N-terminal portion resembling the redox-active domain present in NrdH and
glutaredoxin-like proteins. S. aureus EMRSA-16 contains an
identical ORF. The corresponding sequence of the S. aureus
RN4220 orf1 (GenBank AJ312387) differs in two positions
from that of Oxford; one nucleotide, a G, is replaced by a T,
eliminating a TGA translational stop codon; another nucleotide downstream, a T, is deleted, resulting in an ORF coding
for a putative 76-amino-acid protein. The same changes were
found in the orf1 genes of strains NCTC8325, COL, and
MSSA. Comparison of the deduced amino acid sequence of
orf1 with those of NrdH and glutaredoxins failed to reveal any
significant sequence similarity. A search of the S. aureus ge-
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nome databases subsequently revealed an ORF, well separated
from orf1, related to the L. lactis NrdH (GenBank X92690),
with which it shares 60% similarity.
Figure 1A shows a comparison of the S. aureus class Ib RNR
gene cluster with that present in the genomes of several A/Trich gram-positive bacteria. Southern blot analysis showed that
S. aureus, like E. coli and L. lactis, possesses single copies of the
nrdIEF genes (data not shown). In contrast, S. epidermidis,
Streptococcus pyogenes, and B. subtilis all possess two class Ib
RNR gene clusters. In S. epidermidis and B. subtilis, one of the
copies appears to have originated from a phage, and there are
other noticeable differences in their gene organizations.
The nucleotide sequence of the DNA region of S. aureus
Oxford containing the anaerobic class III RNR genes was
determined; Fig. 1B shows the organization of genes in the
nrdDG operon. The same arrangement occurs in the genomes
of each of the six S. aureus strains referred to above. Southern
blot analysis showed the presence in S. aureus of a single copy
of the nrdDG gene cluster (data not shown). The S. aureus
nrdD and nrdG genes encode proteins of 616 and 178 amino
acids, respectively. The deduced amino acid sequence of S.
aureus NrdD shares 70 and 79% sequence similarity with the E.
coli and L. lactis homologs, respectively; the deduced amino
acid sequence of S. aureus NrdG shares 55 and 63% sequence
similarity with the corresponding E. coli and L. lactis homologs.
Alignment of the S. aureus NrdD sequence with the sequences
of other bacterial NrdD proteins (data not shown) reveals that
the S. aureus NrdD and S. epidermidis NrdD polypeptides lack
an N-terminal segment (like the T4 phage homolog) of approximately 100 amino acids that determines a dATP binding
allosteric site (2) that is present in the E. coli, L. lactis, and S.
pyogenes NrdD proteins. This is shown schematically in Fig. 1B,
which also shows that the nrdD and nrdG genes in S. aureus
and S. epidermidis overlap (by 4 bp), while in L. lactis they are
separated (by 2 bp). Analysis of the genomes of three streptococcal strains (only one is shown in Fig. 1B) revealed the
presence of one or two ORFs separating the nrdD and nrdG
genes.
The S. aureus nrdDG gene cluster is essential for anaerobic
growth. To determine whether the S. aureus nrdDG genes are
essential for anaerobic growth, the nrdD gene was disrupted by
the insertion of plasmid pMM-1, which carries an internal
fragment of that gene. The correct integration of pMM-1 into
the chromosome was verified by PCR analysis and Southern
blotting (data not shown). Figure 2 shows the growth profiles
of RN4220 and the MMA6 mutant in liquid medium. Under
aerobic conditions, there was no discernible difference in the
rates and extents of growth, as measured by the OD600, between the parent and mutant strains, which reached values of
6 to 7. Under standard anaerobic conditions, RN4220 grew
more slowly (with a doubling time of 80 min compared with 40
min under aerobic conditions) and reached an OD600 of ⬃2,
whereas the MMA6 strain exhibited an extensive lag in growth,
after which the OD very gradually increased under prolonged
incubation (Fig. 2). The limited growth of the MMA6 mutant
may be a consequence of the fact that the growth conditions in
these experiments are not strictly anaerobic (microaerophilic)
and reflect residual activity of the class Ib RNR. This view is
supported by experiments in which the parent and the MMA6
mutant were spread on agar plates with or without 25 mM
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FIG. 1. Organization of the class Ib and class III RNR genes in S. aureus and other gram-positive bacteria. (A) Class Ib RNR genes. Gene
designations: nrdH, homolog of E. coli nrdH, which encodes a redoxin protein; nrdI, homolog of E. coli nrdI, which encodes a protein-stimulating
class Ib RNR activity; nrdE and bnrdE, homologs of E. coli nrdE, which encodes the ␣ subunit of class Ib RNR; nrdF and bnrdF, homologs of E.
coli nrdF, which encodes the ␤ subunit of class Ib RNR; ymzA, gene encoding a hypothetical protein containing a putative redox motif; grxS, gene
encoding a glutaredoxin-like protein; orf1, putative ORF (see the text); other ORFs encode hypothetical proteins of unknown function. The
positions of introns and regions encoding inteins are shown as grey boxes. (B) Class III RNR genes. Gene designations: nrdD, homolog of E. coli
nrdD, which encodes the ␣ subunit of class III RNR; nrdG, homolog of E. coli nrdG, which encodes the activating ␤ protein of class III RNR. The
directions of ORFs are indicated by arrows. See the text for other details.

hydroxyurea (HU), a potent inhibitor of class I RNRs (24, 47),
and were incubated in an anaerobic jar. In the absence of HU,
the parent strain formed normal-size colonies whereas the
MMA6 mutant grew slowly and formed small colonies. In the
presence of HU, the parent strain formed normal-size colonies
but the MMA6 mutant failed to form colonies. To corroborate
these findings, we constructed a deletion mutant in which a
portion of the nrdD and nrdG genes was replaced with a kanamycin cassette. The liquid growth profiles of the MM1C mutant are shown in Fig. 2. The growth profile of the MM1C
mutant under aerobic conditions was essentially the same as
that of the MM6 mutant; similarly, under standard anaerobic
conditions, no significant difference was evident in the growth

of the MM1C and MMA6 mutants. These observations establish that the S. aureus nrdDG genes are essential for anaerobic
growth. They are similar to those described for E. coli and L.
lactis, in which the growth deficiency of an nrdD mutant was
only apparent when strict anaerobic growth conditions were
employed (12, 50).
Inhibition of the S. aureus class Ib RNR in vivo by HU limits
aerobic growth. Repeated attempts to isolate insertional mutants in the nrdIEF genes were unsuccessful, presumably due
to the extreme sensitivity of the anaerobic RNR to oxygen.
Alternatively, we took advantage of the inhibition of class I
RNRs by HU to determine if the S. aureus class Ib RNR is
required for aerobic growth. Preliminary experiments showed
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FIG. 2. Growth of S. aureus RN4220 and class III RNR mutants under aerobic and anaerobic conditions in the presence or absence of HU.
The OD600 was used to follow the growth of cultures in TSB medium at 37°C with or without 50 mM HU. w.t., RN4220; A6, nrdD disrupted mutant
MMA6; 1C, nrdDG deletion mutant MM1C. The results are representative of three independent experiments. The gradual increase in the OD
values of the MMA6 and MM1C mutants in the anaerobic cultures after extensive incubation may be due to the entrance of trace amounts of
oxygen into the flasks over time.

that 50 mM HU prevented growth (formation of colonies) of S.
aureus in solid medium under aerobic conditions but did not
affect anaerobic growth, while the MMA6 and MM1C mutants
failed to grow in plates containing 50 mM HU under both
aerobic and anaerobic growth conditions. In liquid culture,
aerobically grown S. aureus cultures treated with 50 mM HU
were partly inhibited in growth and reached final OD600 values
of ⬃2 to 3 (Fig. 2, top) compared to untreated cultures, which
attained OD600 values of 6 to 7. The effect appears to be
specific for the class Ib RNR, since the same concentration of
HU did not affect the growth of RN4220 under anaerobic

conditions (Fig. 2, bottom). When the MMA6 and MM1C
mutants were grown aerobically in liquid medium containing
50 mM HU, the cultures reached the same OD as the parent
strain with 50 mM HU (Fig. 2, top). However, under anaerobic
growth conditions, this concentration of HU significantly extended the growth lag of the two mutants compared with that
observed in the absence of HU (Fig. 2, bottom), presumably
due to inhibition of residual activity of the class Ib RNR under
microaerophilic conditions. These results indicate that the S.
aureus class Ib RNR is necessary for normal growth under
aerobic conditions.
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FIG. 3. (A) Northern hybridization analysis of orf1 and nrdIEF transcripts in aerobic (a) and anaerobic (an) cultures of S. aureus RN4220. Total
RNA was electrophoresed, blotted, and hybridized to orf1-rev, nrdI-rev, nrdE-rev, and nrdF-rev probes (see Materials and Methods). The sizes
of transcripts in kilobases are shown on the left. The arrows indicate the positions of 16S and 23S rRNAs. (B) RT-PCR analysis to demonstrate
that the nrdIEF genes are coordinately transcribed independently of orf1. At the top is a schematic showing the organization of the orf1-nrdIEF
region and the positions of primers, indicated by solid arrows, used in the PCR analysis. The open arrows indicate the direction of transcription
of genes. Lanes 4, 5, and 6, RT-PCR using total RNA from anaerobically (microaerophilically) grown culture as a template and the primer pairs
nrdE-for and nrdF-rev, nrdI-for and nrdE-rev, and orf1-for and nrdI-rev, respectively, for amplification (see Materials and Methods); lanes 7, 8,
and 9, RT-PCR using total RNA from an aerobic culture as a template with the same pairs of primers, respectively; lanes 11, 12, and 13, direct
PCR using genomic DNA as a template with the same pairs of primers, respectively; lanes 1, 2, and 3, control PCR using total RNA as a template
without reverse transcriptase; lane 10, DNA molecular size markers.

Complementation of nrdDG. S. aureus MM1C was complemented in trans with the wild-type nrdDG alleles by introducing into that strain plasmid pMM-5, which carries an intact
copy of the nrdDG gene cluster. MM1C contains the 1C deletion that replaces part of the nrdD and nrdG genes with a
kanamycin cassette. Complementation was shown by the ability of pMM5 to permit growth on plates containing 50 mM HU
(to inhibit residual activity from the class Ib RNR) in an an-

aerobic chamber, conditions under which the MM1C mutant is
unable to form colonies (results not shown).
Northern blot analysis of nrdIEF and orf1 expression under
aerobic and anaerobic conditions. Northern blot analysis was
used to monitor transcription of the nrdIEF genes in S. aureus
RN4220. Figure 3A shows that an ⬃3.9-kb mRNA transcript
was detected in total RNA from cultures of RN4220 grown
under aerobic and anaerobic conditions using probes designed
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for the nrdI, nrdE, and nrdF genes. Unexpectedly, the level of
nrdIEF mRNA synthesized under anaerobic growth conditions
was about the same (in some cases up to twofold more) as that
synthesized under aerobic conditions. The same transcription
pattern was observed for S. aureus SH1000 (data not shown).
An orf1-specific probe detected an ⬃0.27-kb mRNA, indicating that nrdIEF and orf1 are independently transcribed. To
confirm these findings, RT-PCR was used to demonstrate that
nrdIEF and orf1 are separately transcribed and that nrdI, nrdE,
and nrdF are cotranscribed (Fig. 3B).
Primer extension analysis of orf1 and nrdIEF at low and
high oxygen concentrations and structure of the promoter
regions. Primer extension was used to monitor transcription of
the nrdIEF and orf1 genes in S. aureus RN4220 and in the
MMA6 mutant in response to changes in oxygen concentration. This was found to be a more sensitive method for quantifying promoter activity than Northern blot analysis. The intensities of the signals determined in these and subsequent
experiments reflect the levels of transcription initiating from
the specific promoters. Figure 4A shows transcription of the
nrdIEF and orf1 genes in cultures grown under aerobic and
anaerobic conditions. In RN4220, the level of nrdIEF transcription was ⬃1.5-fold higher under anaerobic conditions
than under aerobic conditions (as measured by densitometry),
in agreement with that found by Northern blot analysis. In the
MMA6 mutant, under aerobic growth conditions, the level of
transcription was about the same as that in the parent strain;
under anaerobic conditions, the MMA6 mutant exhibited an
⬃3- to 5-fold stimulation of transcription compared to that of
the parent strain. Thus, the effect of the A6 mutation on
transcription of nrdIEF genes results in up to a fivefold stimulation under anaerobic growth conditions compared to levels
under aerobic conditions. A similar increase was seen in
Northern blot analysis (data not shown). Transcription from
the orf1 promoter in RN4220 was about the same under aerobic and anaerobic growth conditions (Fig. 3 and 4); in the
MMA6 and MM1C mutants, it was stimulated severalfold under anaerobic conditions but not under aerobic conditions
(data not shown).
Figure 4B shows the nucleotide sequence of the nrdIEF and
orf1 promoter regions in S. aureus RN4220. Primer extension
analysis identified a single strong transcription start site and
several much weaker ones in the DNA region upstream of
nrdIEF structural genes. The 5⬘ end of the major transcript
maps 124 bp upstream of the predicted nrdI ATG start codon.
A ribosomal binding site, GAAGG, is located 7 bp upstream of
the start codon. The promoter region is A/T rich and contains
two inverted repeats. A 64-bp interrupted partially symmetrical sequence is located from 110 to 173 bp upstream of the
predicted nrdI translational start codon and overlaps the major
transcription start site and the ⫺10 and ⫺35 promoter recognition sequences; a second, 14-bp imperfect symmetrical sequence, CACTACATATAGTG (12 matching residues out of
14), is located from 197 to 210 bp upstream of the start codon.
The 5⬘ end of the orf1 transcript, ⬃270 nt in size, maps 390 bp
upstream of the predicted nrdI ATG start codon and terminates within the large 64-bp inverted repeat that spans the ⫺10
and ⫺35 sequences and the transcription start site of the major
nrdIEF promoter. Inspection of the sequence downstream of
the orf1 transcriptional start point failed to reveal a ribosomal
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binding site. A potential TTG translational start codon is indicated in Fig. 4B 10 nt downstream of the transcriptional start
site. The orf1 promoter region contains an 8-bp inverted repeat
interrupted by the sequence GTGTGTCT located between the
⫺10 and ⫺35 sequences. Further upstream, there is a 45-bp
region containing 89% AT.
Northern blot analysis of nrdDG gene expression under
aerobic and anaerobic conditions. Northern blot analyses of
nrdDG expression in total RNA from S. aureus RN4220 under
anaerobic growth conditions using probes specific for nrdD and
nrdG each revealed a signal corresponding to an mRNA of
⬃2.4 kb, indicating coordinate transcription of the two genes
(Fig. 5A). A transcript of the same size was detected in S.
aureus SH1000 (data not shown). When the same nrdD probe
was used to detect transcripts in the MMA6 and MM1C mutants, the levels were increased some three- to fourfold and
four- to sevenfold above that of the parent, respectively (Fig.
5A). In the MMA6 disruptant mutant, the mRNA terminates
within the pMUTIN-4 vector and results in a transcript of ⬃2.5
kb; in the MM1C deletion mutant, the mRNA terminates
within the stem-loop structure of the kanamycin resistance
gene (oriented opposite to that of nrdDG) and results in a
transcript of the expected size of ⬃1.1 kb. No transcripts were
detected in the MMA6 and MM1C mutants using an nrdG
probe specific for the 3⬘ end of the gene, confirming that a
single promoter transcribes both nrdDG genes. Under aerobic
growth conditions, this transcript was not detected in either the
parent or mutant strain.
Primer extension analysis of nrdDG at low and high oxygen
concentrations and structure of the promoter region. Primer
extension analysis of nrdDG expression in cultures of RN4220
and the MMA6 mutant grown under aerobic and anaerobic
growth conditions is shown in Fig. 5B. Primer extension analysis revealed a major and a minor transcript under anaerobic
conditions and the presence of a weak transcript under aerobic
growth conditions. In RN4220, nrdDG transcription was ⬃5- to
10-fold higher under anaerobic than under aerobic growth
conditions. In the MMA6 mutant, a further three- to fourfold
increase in nrdDG transcription occurred under anaerobic conditions compared with that of the parent strain. Compared to
Northern blot analysis, the more sensitive primer extension
method enabled detection of weak nrdDG transcripts under
aerobic conditions; no significant difference in transcription
was apparent between the MMA6 mutant and the parent
strain.
Figure 5C shows the nucleotide sequence of the nrdDG
promoter region. Primer extension analysis identified two transcription start sites in the DNA region upstream of nrdD. The
5⬘ end of the major transcript maps 29 bp upstream of the
ATG start codon; a second site corresponding to the minor
transcript maps 32 bp upstream of that codon. A ribosomal
binding site, with the same sequence as that in front of the nrdI
gene, is located 9 bp upstream of the start codon. The promoter region contains two inverted repeats, one an interrupted
symmetrical sequence of 29 bp located upstream of the ⫺35
sequence of the promoter and a second perfectly symmetrical
sequence of 12 bp, ACTATATATAGT, located between the
⫺35 and ⫺10 sequences of that promoter. The latter sequence
is very similar to the shorter of the two inverted repeats present
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FIG. 4. (A) Primer extension analysis of orf1 and nrdIEF genes. Total RNA was isolated from aerobic (a) and anaerobic (an) cultures of
RN4220 (WT) and the MMA6 mutant (A6). Primer extension was carried out with the primers orf1-rev and nrdI-rev (see Materials and Methods),
and the products were separated by electrophoresis under denaturing conditions alongside sequencing reactions using the same primers. The
arrows point to the nucleotides (labeled with an asterisk) of the orf1 and nrdIEF transcription start points. (B) Nucleotide sequence of the orf1
and nrdIEF promoter regions. Transcription start points are shown by bent arrows above the underlined boldface T nucleotide (for orf1) and G
nucleotide (for nrdIEF) start sites. The nrdI ATG translational start codon (underlined) and its ribosomal binding site are shown in boldface italic
letters; a putative orf1 translational start codon, TTG (underlined), and two in-frame cysteines are also shown in boldface italics. Putative ⫺10 and
⫺35 sequences are shown as boxed boldface italic letters. The pairs of opposing arrows placed beneath nucleotide sequences show three
inverted-repeat sequences. The circled nucleotides are those that are changed in the orf1 of some S. aureus strains (see the text); another feature
is a long A/T rich region (boldface roman letters) upstream of orf1.

in the nrdIEF promoter region (Fig. 4B). Upstream of the ⫺35
sequence is a long A/T-rich (⬃90%) region.
HU stimulates transcription of S. aureus class Ib and class
III RNR genes. HU inhibits the activity of class I RNR enzymes and was reported to stimulate in E. coli the transcription
of class Ia RNR (nrdAB) (13) and class Ib RNR (nrdEF) genes

(22, 34). To determine its effect on transcription of the S.
aureus nrdIEF operon, total RNA was isolated from an aerobically grown culture that had been grown in the presence and
absence of 50 mM HU and subjected to Northern blot analysis.
HU treatment caused more than a 5- to 10-fold increase in
transcription of the ⬃3.9-kb nrdIEF mRNA. The same RNA
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FIG. 5. (A) Northern hybridization analysis of nrdDG transcripts in aerobic and anaerobic cultures of S. aureus RN4220 and in MMA6 and
MM1C mutants (WT, A6, and 1C, respectively). Total RNA was electrophoresed, blotted, and hybridized to the probe nrdD1-rev (see Materials
and Methods). The sizes of transcripts in kilobases are shown on the left. (B) Primer extension analysis of nrdDG genes. Total RNA was isolated
from aerobic and anaerobic cultures of RN4220 and the MMA6 mutant. Primer extension was carried out with the primer nrd2-rev (see Materials
and Methods), and the products were separated by electrophoresis under denaturing conditions alongside sequencing reactions using the same
primer. The arrows show the nucleotides (labeled with asterisks) of the major (solid arrow) and minor (open arrow) nrdDG transcription start
points. (C) Nucleotide sequence of the nrdDG promoter region. Major and minor transcription start points are shown by solid and open bent
arrows, respectively, above the underlined boldface A nucleotide start sites. The nrdD ATG translational start codon (underlined) and its ribosomal
binding site are shown in boldface italic letters. Putative ⫺10 and ⫺35 sequences are shown as boxed boldface italic letters. The pairs of opposing
arrows placed beneath nucleotide sequences show two inverted-repeat sequences. A long A/T-rich region (boldface roman letters) is located
upstream of the ⫺35 sequence.

preparation was used to measure the amount of nrdDG transcription, which, as shown above, is barely detectable in aerobically grown cultures. In the presence of HU, a massive increase in transcription of the nrdDG gene cluster occurred
under aerobic growth conditions (data not shown). In other
experiments, similar large effects were found for HU on transcription of the thioredoxin (trxA) and thioredoxin reductase
(trxB) genes.

DISCUSSION
Class Ib oxygen-dependent RNRs are widespread among
prokaryotic organisms. The prototype is the E. coli NrdEF
enzyme that is encoded in an operon containing four genes,
nrdHIEF. In S. aureus, the class Ib RNR operon comprises the
nrdIEF genes only; an nrdH-like gene was located elsewhere in
the genome (see below). Comparison of the S. aureus class Ib
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RNR gene cluster with that of its close relative, S. epidermidis,
and those present in B. subtilis and S. pyogenes reveals other
differences in gene organization (Fig. 1A). Thus, each of the
last three gram-positive bacteria contains two class Ib RNR
gene clusters. One S. epidermidis cluster (strain RP62A [TIGR
database]) contains nrdIEF and orf1; a second contains an
additional ORF of unknown function coding for 148 amino
acids and located between nrdI and nrdE. Immediately downstream of nrdF is an ORF of unknown function coding for 200
amino acids followed by an ORF that codes for a putative
82-amino-acid glutaredoxin-like protein. The nrdE gene in this
cluster is unusual in that it contains a sequence coding for a
385-amino-acid intein in the N-terminal portion and a 1,160-bp
group I intron in the C-terminal portion. Group I introns were
previously reported to be present in phage RNR genes; in the
nrdB and nrdD/sunY genes of E. coli phage T4, which code for
class Ia and class III RNRs (15, 48, 54); and in the bnrdE and
bnrdF genes of the B. subtilis phage SP␤ (31). Moreover, the
nrdE gene of phage SP␤ codes for an in-frame intein of 386
amino acids that is remarkably similar to the S. epidermidis
intein and which shares the same splicing sites. These features
suggest the atypical S. epidermidis class Ib RNR gene cluster
may have originated by the insertion of a phage in its chromosome. Sequence analysis of the region containing this gene
cluster supports this idea, as do the recent finding of multiple
self-splicing introns in the genome of the S. aureus phage
Twort (30). Both S. pyogenes class Ib RNR gene clusters are
also unusual; one contains an ORF of unknown function located between nrdE and nrdF, and the other cluster has the
order of the nrdI and nrdF genes inverted.
The E. coli and S. enterica serovar Typhimurium nrdHIEF
genes, and presumably the corresponding L. lactis genes, are
transcribed from a common promoter; S. aureus orf1, which
immediately precedes nrdI, and nrdIEF are transcribed from
separate promoters. Initially, we thought that orf1 might code
for a small protein containing a redox-like domain—CFVC
(Fig. 4B)—with a function similar to those of the E. coli and L.
lactis NrdH proteins. However, several observations suggest
that the ⬃270-nt orf1 may determine a small nontranslated
RNA molecule rather than a polypeptide. We could not identify a ribosomal binding site in front of the potential orf1 TTG
or GTG translational start codons; also orf1 codon usage did
not conform to that present in typical staphylococcal ORFs.
Furthermore, comparison of orf1 nucleotide sequences from
different S. aureus strains revealed two variants, one with a G
or T nucleotide located 123 nt downstream of the transcription
start site, potentially creating a TGA translational stop codon,
and another with a T nucleotide present or absent at a position
138 nt downstream of the transcription start site, potentially
creating a frame shift (Fig. 4B). Subsequently, we identified in
the S. aureus genome databases an ORF, far removed from
orf1, coding for a protein with significant similarity to the L.
lactis NrdH redoxin protein. Structural analysis of the ⬃270-bp
orf1 transcript showed that it is capable of forming a molecule
with considerable secondary structure. The 3⬘ end of the orf1
RNA molecule overlaps the DNA region containing the
nrdIEF promoter and may fold to form a long stable doublestranded stem-loop structure (⌬G°, ⬃30 kcal/mol). Possibly, an
open form of the orf1 RNA molecule interferes with transcription from the nrdIEF promoter and thereby regulates its ac-
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tivity. Preliminary studies employing orf1-lacZ reporter gene
fusions indicate that orf1 RNA is not translated (unpublished
data).
Analysis of current prokaryotic genome databases shows
that class III RNR genes are organized in eubacteria in fundamentally the same way. In S. aureus, the nrdD and nrdG
genes overlap and form an operon. A similar situation is found
in other gram-positive bacteria, S. epidermidis and Bacillus
anthracis (TIGR), and in L. lactis and Enterococcus faecalis
(TIGR) the two genes are separated by a few nucleotides and
are presumably also cotranscribed. A notable exception is S.
pyogenes, in which the nrdD and nrdG genes are separated by
two ORFs that overlap one other and nrdG (10). One ORF
codes for a 311-amino-acid protein that is similar to the S.
enterica serovar Typhimurium MviM virulence factor (a putative oxidoreductase); the other ORF codes for a protein of
unknown function. Neither ORF was identified in S. aureus
genome databases. In some gram-negative bacteria, such as E.
coli, S. enterica serovar Typhimurium, and Pseudomonas
aeruginosa, the nrdD and nrdG genes are clustered but separated by more than 100 nt and may be transcribed from separate promoters.
Multiple inverted repeats are a feature of both the S. aureus
nrdIEF and nrdDG promoter regions. To date, promoter identification and transcription analysis of class Ib RNR genes have
been described for the E. coli, S. enterica serovar Typhimurium, and B. subtilis class Ib RNR gene clusters (22, 45) but
not for the class III nrdDG gene cluster. In this paper, we show
that the S. aureus nrdIEF and nrdDG genes are cotranscribed
from A-like promoters in ⬃3.9- and ⬃2.4-kb mRNAs and that
orf1 is independently transcribed in an ⬃0.27-kb mRNA. Inspection of the nrdIEF promoter region showed it to contain a
64-bp imperfect inverted repeat that spans the ⫺10 and ⫺35
recognition sequences; an identical inverted repeat was found
in each of the S. aureus strains sequenced in genome projects.
Upstream of the major promoter (within orf1) there is a nearly
perfect 14-bp inverted repeat, CACTACATATAGTG, positioned in what is possibly another promoter. Interestingly, the
5⬘ untranslated region of the L. lactis nrdHIEF gene cluster
contains a similar 14-bp inverted repeat (CACAACATATA
GTG) ⬃170 nt upstream of the nrdH ATG start codon. Sequence analysis of the nrdDG promoter region also revealed
two inverted repeats. Remarkably, one of the inverted repeats,
located between the ⫺10 and ⫺35 recognition sequences, is
the fully symmetrical form of the 14-bp inverted-repeat sequence present in the nrdIEF promoter region. We identified
the same inverted repeat in the S. epidermidis genome and a
very similar one in the B. anthracis genome in the predicted
nrdDG promoter regions. A second, shorter inverted repeat
occurs further upstream (Fig. 5C). While the significance of
the different inverted repeats within the nrdIEF and nrdDG
promoter regions is not clear, they may be implicated in the
regulation of the gene clusters and possibly in their response to
changes in oxygen concentration. Moreover, the fact that an
almost identical inverted repeat occurs in the S. aureus nrdIEF
and nrdDG promoters suggests that they may share some common regulatory features.
The results presented here establish the existence in S. aureus of control mechanisms that regulate the transcription of
the anaerobic nrdDG genes in response to the level of oxygen.
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Evidence for this is twofold. First, the class III RNR genes are
transcribed almost exclusively under anaerobic conditions. In
contrast, the class Ib RNR genes are transcribed at about the
same level under aerobic and anaerobic conditions. Thus, a
shift from high to low oxygen concentration during anaerobiosis has radically different effects on the transcription of class
Ib and class III RNR genes. Similar observations were obtained with S. aureus strain SH1000, a derivative of 8325-4, the
parent of RN4220 (28), showing that the findings presented in
this work are independent of the genetic background of
RN4220. S. aureus SH1000 contains an intact copy of the rsbU
gene, which is necessary for stress-induced activation of B and
is partly deleted in RN4220 (16). Second, nrdD A6 and nrdDG
1C mutations that abolish the anaerobic class III RNR activity
cause an increase in transcription of the nrdDG genes encoding
that RNR. If we assume that under anaerobic (or microaerophilic) conditions RNR activity is predominantly due to the
class III RNR (the class Ib RNR is unable to function efficiently under these conditions due to lack of formation of the
tyrosyl radical) and that inactivation of it greatly reduces the
pool of dNTPs and thereby retards DNA synthesis, then the
increased activity of the nrdDG promoter in the A6 and 1C
mutants implies the existence of a mechanism that upregulates
transcription of the class III RNR nrdDG genes in response to
depletion of dNTPs. This view is consistent with earlier observations that showed that reduction of the intracellular concentration of deoxyribonucleotides and inhibition of DNA synthesis in different bacteria resulted in an increase in RNR activity
(11). Moreover, under anaerobic (but not aerobic) conditions,
the same mutations also increase the expression of the class Ib
RNR genes. This result implies the existence of a general
feedback, or compensatory, mechanism that controls transcription from both promoters in response to changes in the anaerobic RNR activity. The finding that inhibition of the class Ib
RNR by HU resulted in increased transcription of the class Ib
and class III RNR genes under aerobic conditions supports
this idea.
Although the present study does not address the molecular
nature of the systems that control transcription of the nrdDG
genes in response to changes in oxygen concentration, it implies the existence of different genetic systems, possibly similar
to those that code for the Fnr and Arc proteins that regulate
the expression of many genes during anaerobiosis. Current
studies are aimed at identifying these control systems.
In conclusion, we note that in view of the recent emergence
of antibiotic resistance in S. aureus, the class III RNR may
provide an attractive target for the development of antistaphylococcal drugs because it is essential for anaerobic growth,
conditions that may favor pathogen colonization, and because
of its absence in the mammalian cell.
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and rifampin were added for synergy. Additional complications
were septic shock, respiratory failure due to extensive bilateral
lung cavitation, and thrombosis of the long saphenous vein.
Clinical improvement was gradual, with discharge from the
intensive care unit after 4 weeks and from the hospital after a
further 4 weeks of rehabilitation. The search for an underlying
predisposing condition, such as human immunodeficiency virus
infection, was negative.
The blood samples collected from the patient were inoculated into aerobic (BD Bactec Plus Aerobic/F) and anaerobic
(BD Bactec Lytic/10 Anaerobic/F) bottles and incubated in a
Bactec 9000 series blood culture system (Becton Dickinson
Company, Sparks, Maryland). The following day, pus and tissue specimens from the left hip joint were received and incubated on both blood agar (Columbia agar base with 5% defibrinated horse blood) and chocolate agar (Oxoid Australia,
Thebarton, South Australia, Australia) under aerobic, microaerophilic, and anaerobic conditions. Staphylococci were
recovered within 24 h from the anaerobic blood culture bottle,
but there was no growth in the aerobic bottle after 6 days of
incubation. The same organism was recovered from both pus
and tissue specimens inoculated on both media but only when
cultured under anaerobic conditions in an anaerobic incubator
(Forma Scientific Anaerobic System model 1024; Forma Scientific, Marietta, Ohio). An initial presumptive identification
as Staphylococcus aureus subsp. anaerobius was made using the
criteria described by Bannerman (1), in particular, gram-positive cocci in clumps, strict anaerobic growth, and positive tube
coagulase and DNase tests. The organism was resistant to
metronidazole and penicillin but susceptible to cefoxitin (and
hence flucloxacillin) and vancomycin on Kirby-Bauer disk susceptibility testing by the CLSI (formerly NCCLS) method (9).
Further biochemical testing to confirm the subspecies identification included conventional biochemical tests and commercial
identification systems (API 20A and API rapid ID32A) Vitek as
well as the anaerobic identification [ANI] card (bioMérieux,
Durham, North Carolina). The organism was not identified to
the species level with the Vitek ANI card (profile 1600014710)

CASE REPORT
A 45-year-old farmhand with no significant past medical
history presented with left hip pain that had been increasing
over 1 week. There had been no trauma to the hip. Clinical
examination in the emergency department revealed a fully
conscious man who was febrile (39°C), tachycardic (140 heartbeats/minute), and tachypneic (40 breaths/minute). He had
bibasal crackles in both lungs and epigastric tenderness. The
left upper thigh was swollen, warm, and tender, with induration
over the medial aspect, and marked pain was induced by movement of the left hip. There was evidence of phlebitis of the
superficial veins of the left leg and small left inguinal nodes.
Abnormal values on admission to the hospital are summarized
in Table 1. Of note were neutropenia, thrombocytopenia, abnormal liver function with evidence of coagulopathy, and
raised creatinine kinase levels. A chest radiograph showed
bibasal patchy alveolar infiltrates. He was treated with flucloxacillin and ciprofloxacin, with a presumptive diagnosis of septic
arthritis/psoas abscess and bronchopneumonia/acute lung injury. Over the next 12 h, the patient’s clinical state worsened,
with increasing shortness of breath, hypoxemia, and features of
a prerenal azotemia, necessitating transfer to the intensive care
unit. An increase in the swelling over the left leg was noted,
and a computed tomography scan indicated an effusion. An
urgent left hip arthrotomy and washout was performed. Pus
was drained from the hip capsule. Cultures of blood, pus, and
tissue from the left hip grew an obligately anaerobic Staphylococcus aureus sensitive to flucloxacillin and vancomycin. However, because the patient developed a generalized macularpapular rash in response to flucloxacillin, vancomycin was
substituted. In view of the severity of the illness, gentamicin
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In this case report, we describe the first instance of septicemia caused by an obligately anaerobic Staphylococcus aureus in a human. A 45-year-old man presented with septicemia, septic arthritis, and multiple
pulmonary abscesses, which were caused by an obligately anaerobic S. aureus. The clinical and microbiological
features that led to the diagnosis are discussed. Genotyping cannot at present reliably separate S. aureus subsp.
aureus from S. aureus subsp. anaerobius, but phenotypic characteristics suggest that the present isolate is a
previously undescribed strain of anaerobic Staphylococcus aureus.
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TABLE 1. Abnormal values on admission of the patient
to the hospital
Parameter (unit)

White cell count (109/liter)
Neutrophil count (109/liter)
Platelet count (109/liter)
International normalized ratio
Activated partial thromboplastin time (s)
Fibrinogen level (g/liter)
D-Dimer fibrinogen degradation products
(mg/liter)
␥-Glutamyl transpeptidase (U/liter)
Alanine aminotransferase (U/liter)
Aspartate aminotransferase (U/liter)
Albumin (g/liter)
Lactate dehydrogenase (U/liter)a
Creatinine kinase (U/liter)a
C-reactive protein (mg/liter)a
Troponin T (g/liter)
a

Patient’s
value

Normal
values

2.38
2.02
54
1.3
56
10.7
31.91

4–11
1.8–7.5
150–400
0.8–1.2
24–37
1.5–4.0
⬍2.0

202
162
193
27
447
679
460
0.1

0–60
0–55
0–45
34–48
110–230
0–270
⬍10
⬍1.5

Values were determined 6 h after admission.

Characteristic or
reaction

Colony pigment
Catalase
Oxidase
Aerobic growth
Anaerobic growth
Strict anaerobe
Tube coagulase
Clumping factor b
DNasec
Nitratec
Ureasec
Novobiocin resistant
Sucrosec
Maltosec
Lactosec
Mannosed
Trehalosed
Mannitold
Arginine utilizationd
Acetoin production
␤-Glucosidased
N-Acetylglucosamined

Growth characteristic or biochemical
reaction for a:
Laboratory
isolate

Saa

Saan

Ss

⫹
w
⫺
⫺
⫹
⫹
⫹
⫹
⫹
⫹
⫹
⫺
⫹
⫹
⫺
⫹
⫹
w
⫹
⫹
⫺
⫹

⫹
⫹
⫺
⫹
⫹
⫺
⫹
⫹
ND
⫹
d
⫺
⫹
⫹
⫹
⫹
⫹
⫹
⫹
⫹
⫹
⫹

⫺
⫺
⫺
(⫾)
(⫹)
⫾
⫹
⫺
ND
⫺
ND
⫺
⫹
⫹
⫺
⫺
⫺
ND
ND
⫺
⫺
⫺

⫺
⫺
⫺
(⫾)
⫹
⫾
⫺
⫺
ND
⫹
ND
⫺
⫺
⫺
⫺
(⫹)
⫺
⫺
⫹
ND
ND
ND

a
The growth characteristics and biochemical reactions for the Staphylococcus
isolated from blood cultures and tissue samples (laboratory isolate) were compared to the reactions published by Bannerman (1) for S. aureus subsp. aureus
(Saa), S. aureus subsp. anaerobius (Saan), and S. saccharolyticus (Ss). Symbol or
abbreviation: ⫹, 90% or more strains positive; ⫺, 90% or more strains negative;
w, weakly positive; d, 11 to 89% of strains positive; ⫾, 90% of strains weakly
positive; (⫾), 90% of strains weakly positive in a delayed reaction; (⫹), 90% or
more strains positive in a delayed reaction; ND, not determined.
b
Clumping factor detected with Serobact Staph latex (Oxoid Australia, Thebarton, South Australia, Australia).
c
Oxoid biochemical media and sugar set for gonococci incubated anaerobically (Oxoid Australia, Thebarton, South Australia, Australia).
d
Reactions obtained using API 20A, API rapid 32, and/or Vitek ANI card.

sion no. DQ 418781) exactly matched the sequence of one
strain of S. aureus subsp. aureus in the GenBank database and
closely matched several other strains with up to three base
mismatches. There is currently only one sequence for S. aureus
subsp. anaerobius in the database for which there was a single
base mismatch (strain CIP 103780; GenBank accession no.
AF325894). The same single base mismatch was determined
for another culture collection strain of S. aureus subsp. anaerobius (DSM 20714; A. Mellmann, personal communication). In
the absence of extensive sequence data, sequencing of the rpoB
gene was also unable to determine an identity for this isolate
beyond the species level.

Discussion. At initial isolation, this infection was thought to
be due to S. aureus subsp. anaerobius, a low-virulence organism
that is the etiological agent of abscess disease, a specific lymphadenitis of sheep and goats (3, 4). This led to detailed questioning of the patient’s relatives, who reported that he had
worked on a strawberry farm for the 2 months prior to the
illness. His job was to harvest the strawberries and prepare the
soil with sheep manure. He later revealed that on many occa-
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or the API rapid 32A system (profile 3002500000), as neither
test system contains anaerobic staphylococci in its database.
The API 20A system, which does provide data for anaerobic
staphylococci, gave a nondiagnostic profile (65104066). Conventional biochemical test results along with results from the
commercial kit systems were compared with those published by
Bannerman (1) for S. aureus subsp. aureus and S. aureus subsp.
anaerobius as well as Staphylococcus saccharolyticus, the only
other described anaerobic Staphylococcus species (Table 2). S.
saccharolyticus was excluded, as it does not produce coagulase
and is negative for sucrose and maltose fermentation. S. aureus
subsp. aureus and S. aureus subsp. anaerobius could not be
differentiated. The biochemical phenotype of this organism
therefore represents a previously undescribed strain of an
obligately anaerobic S. aureus that is weakly catalase positive, positive for clumping factor, tube coagulase positive,
and positive for DNase, nitrate, urease, mannose, trehalose,
and N-acetylglucosamine (Table 2).
The isolate was further characterized by performing partial
sequencing of both the 16S rRNA gene and the RNA polymerase B gene (rpoB). The rpoB gene has been reported to
offer greater discrimination between Staphylococcus species
than the 16S rRNA gene (5). Briefly, DNA was extracted from
growth of the isolate on the agar plate using PrepMan Ultra
reagent according to the manufacturer’s instructions (Applied
Biosystems, Foster City, California). Portions of the 16S rRNA
gene were amplified using universal primers under conditions
that had been developed in-house (unpublished), and the resultant amplicons were sequenced on an Applied Biosystems 3700
capillary sequencer. The 958-base-pair sequence (GenBank
accession no. AY859409) exactly matched the sequences of
several strains of S. aureus subsp. aureus as well as a strain of
S. aureus subsp. anaerobius in the GenBank database (National
Center for Biotechnology Information, National Library of
Medicine, Bethesda, Maryland). Sequencing of this part of the
gene identified the isolate to the species level as S. aureus but
was unable to distinguish between subspecies. Likewise, a portion of the rpoB gene was amplified (8) and sequenced as
described above. The 815-base-pair sequence (GenBank acces-

TABLE 2. Comparison of growth characteristics and biochemical
reactions for the Staphylococcus isolate from the patient and
two S. aureus subspecies and S. saccharolyticus
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ously as infecting humans. The features mentioned above suggest that the present obligately anaerobic isolate of S. aureus is
a mutant or variant strain of S. aureus subsp. anaerobius or an
undescribed subspecies of S. aureus.
Panton-Valentine leukocidin gene testing was kindly performed by
Mark Woolley, Flinders Medical Centre, Bedford Park, South Australia, Australia. Sequence data for S. aureus subsp. anaerobius rpoB gene
and helpful comments were kindly provided by Alexander Mellmann
(University Hospital, Münster, Germany).
There was no financial support for this article, and none of the
authors had any conflicts of interest.
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sions he worked in the fields without wearing gloves and often
sustained injuries from thorns, which probably provided the
portal of entry.
From microbiological and clinical perspectives, there were a
few unusual characteristics to his illness. First, the isolate grew
only under strict anaerobic conditions, in contrast to S. aureus
subsp. aureus, which grows under both aerobic and anaerobic
conditions, and S. aureus subsp. anaerobius, which may grow
under microaerophilic conditions (1). Second, catalase activity,
a feature of S. aureus subsp. aureus but not of S. aureus subsp.
anaerobius, was only weakly exhibited by this organism (11).
Though catalase activity has been proposed to play a role in the
virulence of S. aureus subsp. aureus (11), severe human infections by catalase-negative S. aureus have been reported in the
literature (2, 6, 10). There was no obvious underlying illness
that predisposed him to such a dramatic multisystemic infection. S. aureus subsp. anaerobius has been shown to produce
extracellular toxins and enzymes like S. aureus subsp. aureus
(11). It is possible that the organism isolated from the patient
shares with S. aureus subsp. anaerobius and S. aureus subsp.
aureus the ability to produce toxins that may have contributed
to the observed manifestations in this individual. On further
analysis, our isolate was positive for the Panton-Valentine leukocidin gene when tested by the method of Lina et al. (7). This,
along with possibly other unidentified virulence factors, may
have played a part in this patient’s illness, particularly the
extensive bilateral pulmonary cavitation, as this toxin has been
associated with severe hemorrhagic staphylococcal pneumonia
in young adults (7).
This organism had phenotypic features that did not match
exactly those of either S. aureus subsp. aureus, S. aureus subsp.
anaerobius, or S. saccharolyticus. Genetic testing could not
differentiate between either of the two subspecies of S. aureus.
Unfortunately, only a limited number of 16S rRNA and rpoB
gene sequences are available to assess both the identity and
divergence between subspecies of S. aureus. These gene targets
will be of only limited usefulness within this species until they
are sequenced for more strains.
S. aureus subsp. anaerobius had never been reported previ-
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A laboratory-scale anaerobic sequencing batch reactor
was used to treat a model substrate mixture representing
pharmaceutical wastewater at an organic loading rate
of 2.9 g COD/(L d). After reaching stable operation the reactor
was first exposed to low (1 mg/L) and, subsequently, to
high (200 mg/L) concentrations of the antibiotic erythromycin.
The addition of low levels of erythromycin resulted in a
significant but limited reduction of biogas production by 5%
and the higher level of erythromycin did not impact
biogas production further, suggesting that a substantial
fraction of the microbial populations in the ASBR were
resistant to the antibiotic. Effluent soluble COD could not be
accounted for in measured volatile fatty acids, perhaps
suggesting the production of soluble microbial products. In
batch tests evaluating the specific methanogenic activity,
conversion of the model substrate mixture was only
slightly affected by the presence of erythromycin. However,
the conversion of butyric acid was inhibited when
erythromycin was present. After 47 days of exposure to
erythromycin, the conversion of butyric acid was inhibited
to a lesser extent, suggesting the development of antibiotic
resistance in the biomass. Exposure to antibiotics can affect
specific substrate degradation pathways, leading to the
accumulation of volatile fatty acids, soluble microbial products,
and potentially to overall system instabilities.

1. Introduction
Concentrations of antibiotics and synthetic antimicrobial
drugs from ng/L up to a few µg/L have been observed in
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wastewater (1-5) and surface waters (1, 6, 7). However,
certain point sources such as waste streams and effluents
generated by hospitals, pharmaceutical production facilities,
concentrated animal feeding operations, and aquaculture
may have much higher antimicrobial concentrations, on the
order of a few mg/L (8). For some antimicrobials, biological
wastewater treatment can result in a significant removal;
most of this removal is assumed to be due to sorption of
hydrophobic compounds to biomass or sludge rather than
biodegradation (1, 8-11). As antimicrobials, by definition,
inhibit microbial activities, their presence in waste streams
may negatively affect biological wastewater treatment processes either by direct inhibition of pollutant degradation or
by influencing the composition of the microbial community
and potentially creating system instabilities (12, 13). The
current study is focused on evaluating the effect of the
antibiotic erythromycin on anaerobic biological wastewater
treatment (see ref 14 for definitions of antibiotic and
antimicrobial).
Erythromycin is a macrolide antibiotic (C37H67NO13)
produced by an actinomycete (Saccharopolyspora erythraea).
Macrolides consist of macrocyclic lactone structures and
prevent bacterial growth by binding to the 23S ribosomal
RNA and inhibiting protein synthesis. Mechanisms of
resistance to macrolides include efflux of the antimicrobials
and alteration of the target site (through methylation of a
specific nucleotide in the 23S ribosomal RNA) so that it can
no longer bind the antimicrobials. Macrolides are relatively
broad-spectrum antimicrobials, affecting Gram-positive and
Gram-negative bacteria, although Gram-positive organisms
are generally more susceptible (15). For the macrolide
erythromycin, Oleinick (16) lists inhibitory concentrations
ranging from 0.01 to 10 mg/L and from 0.1 to >200 mg/L for
selected pure cultures of Gram-positive and Gram-negative
organisms, respectively. Depending on the concentration of
erythromycin and the type of organism, erythromycin can
be bacteriostatic or bacteriocidal (17-19). Pure cultures of
methanogens have been shown to be resistant to erythromycin and most other macrolides, although some inhibition
by tylosin (also a macrolide) has been reported (20, 21).
Previous research on the influence of antimicrobials on
anaerobic treatment systems has not been conclusive. For
example, Poels et al. (22) observed no effect of chloramphenicol, while Camprubi et al. (23) and Sanz et al. (24)
observed strong inhibition by chloramphenicol during
anaerobic batch experiments. Furthermore, Sanz et al. (24)
reported strong inhibition of anaerobic batch tests in the
presence of chlortetracycline, while Camprubi et al. (23)
observed a much less substantial impact of the addition of
chlortetracycline in similar experiments. These apparent
contradictory results, obtained with nonmacrolide antimicrobials, were likely due to differences in experimental
procedures, including sources of biomass, concentrations
of antimicrobials, durations of antimicrobial exposures, and
sensitivity of analyses used to measure effects. Previous
studies with erythromycin have not observed inhibition using
short-term anaerobic experiments (20-24), but predictions
from short-term experiments have been shown to underestimate longer-term effects of antimicrobials (25). For
tylosin, a related macrolide, Marounek (26) and Masse (27)
did not observe any inhibitory effects on anaerobic digestion,
while Loftin (28) demonstrated significant inhibition at 10
mg/L of tylosin. In anaerobic systems, where multiple
biodegradation pathways can be present, short-term inhibition of certain microbial populations may not result in a
noticeable decrease in biogas production. However, longVOL. 40, NO. 12, 2006 / ENVIRONMENTAL SCIENCE & TECHNOLOGY
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TABLE 1. Organic Components and Concentrations of Model
Wastewater
components

concentration, g/L

COD, g/L

3.4
5.2
1.3
0.84
0.25
0.22

7.1
5.5
2.0
1.5
0.5
0.5

ethanola
acetic acida
propionic acida
butyric acid
valeric acid
2-propanol
total

17.2

a

The concentrations of ethanol, acetic, and propionic acid during
the first 20 days of operation were 34, 35, and 11 g/L, respectively,
resulting in an influent COD of 127.5 g/L.

term exposure to antimicrobials may result in the accumulation of intermediate products and/or shifts in microbial populations, which can negatively affect anaerobic
treatment performance.
The purpose of this study was to evaluate the influence
of the presence of erythromycin on the anaerobic treatment
of a model pharmaceutical wastewater in an anaerobic
sequencing batch reactor (ASBR). Inhibition was assessed
during long-term operation of an ASBR with erythromycin
in the influent and in short-term batch experiments seeded
with biomass collected from the ASBR during different
operational phases. The inhibitory effect of erythromycin
was evaluated by monitoring biogas production and accumulation of individual volatile fatty acids (VFAs). Removal
of erythromycin was evaluated based on measured bulk phase
concentrations of erythromycin.

2. Materials and Methods
2.1. Anaerobic Sequencing Batch Reactor (ASBR) and ASBR
Operation. An ASBR with a liquid volume of 5 L was operated
at 35 °C. The reactor was operated with a 24-hour cycle
consisting of fill (5 min of static fill and 5 min of mixed fill),
react (22 h 40 min), settle (1 h), and decant (10 min) phases.
The reactor was mixed using a six-bladed rushton impeller
at 250 rpm for 5 min every 30 min. The system was inoculated
with granular sludge obtained from a full-scale upflow
anaerobic sludge blanket (UASB) reactor treating brewery
wastewater (Anheuser Busch Brewery, St. Louis, Missouri)
resulting in an initial biomass concentration of 30 g/L of
volatile suspended solids (VSS). The ASBR was fed a model
wastewater with a total chemical oxygen demand (COD) of
17 200 mg/L that resembled the wastewater from a pharmaceutical industry (Table 1). Inorganic nutrients (NH4Cl,
76.5 mg/g COD and KH2PO4, 10 mg/g COD), trace elements
as mg/g COD (K2HPO4, 25; FeCl3, 1.0; CaCl2‚2H2O, 2.1; MgSO4‚
7H2O, 2.1; MnCl2‚2H2O, 0.34; CoCl2‚6H2O, 0.092; NiSO4‚6H2O,
0.076; ZnSO4, 0.059; Na2MoO4‚2H2O, 0.082; CuCl2‚2H2O, 0.016;
H3BO3, 0.020), yeast extract (36 mg/L), and peptone (36 mg/
L) were added to the wastewater. The pH of the model
wastewater was adjusted to 7 through addition of NaOH and
KOH (1:1 molar ratio). The pH in the reactor was not adjusted
and varied from 7.2 to 8.5.
The reactor was operated with an organic loading rate
(OLR) of 3.0 g COD/(L d) for the first 20 days of operation.
Subsequently, the OLR was reduced and then increased again
in a stepwise manner, while ensuring that VFA accumulation
did not occur, resulting in OLRs of 0.4, 1.0, 2.2, and 2.9 g
COD/(L d) for days 21-43, 44-89, 90-103, and 104-167,
respectively. During the stepwise increases, the influent
substrate concentrations were kept constant and the increased OLRs were achieved by decreasing the hydraulic
retention times from 42, to 17, to 8, to 6 days for the respective
periods. The solids retention time was approximately 140
days throughout the study and was calculated based on VSS
3972
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lost in the effluent and removed during sampling. Starting
on day 120, erythromycin (Abbott, North Chicago, IL) was
added to the influent at a concentration of 1 mg/L. On day
155, the influent concentration of erythromycin was increased
to 200 mg/L.
2.2. Batch Experiments. Batch tests to determine the
specific methanogenic activity (SMA) were performed using
the method described by Jawed and Tare (29). In brief,
biomass was sampled from the ASBR and washed with
deionized water, which had previously been purged with
nitrogen. Some of the biomass samples from the ASBR were
stored at 4 °C for less than 43 days without any apparent
effect on the microbial activity. Twelve mL of granular
biomass (with approximately 70 g VSS/L) and 90 mL of
substrate solution were added to a 120-mL serum bottle.
SMA tests were organized based on a two-way factorial design
where one factor was the concentration of erythromycin
added and the other factor was the composition of the
substrate solution (e.g., individual VFAs or the complete
model wastewater fed to the ASBR at their concentrations
given in Table 1). Erythromycin was not added or was added
at final concentrations of 1, 10, 50, 100, 150, 200, or 500 mg/
L. The initial erythromycin concentrations in the substrate
were verified by analyzing substrate samples collected prior
to the addition of the substrate solution to the biomass.
Methane production was measured by liquid displacement
using a 2-N KOH solution as CO2 scrubber and bromothymol
blue as a pH indicator.
2.3. Analytical Methods. Biogas production by the ASBR
was monitored using a wet-test gas meter (Schlumberger
Industries, Dordrecht, The Netherlands). The methane
content in the biogas was measured using a gas chromatograph (Perkin-Elmer AutoSystem, Downers Grove, IL)
equipped with a GS-Q fused silica megabore column, 30m,
ID 0.53 mm (Agilent Technologies, Palo Alto, CA), and a flame
ionization detector (Perkin-Elmer, Norwalk, CT). VFA levels
were determined with a high-pressure liquid chromatograph
(HPLC) (Waters 486) using a 712 WISP autosampler (Waters,
Milford, MA), an Aminex HPX-87H ion Exclusion column of
300 mm × 7.8 mm (Bio-Rad, Hercules, CA) with 0.005-N
H2SO4 as the mobile phase and a flowrate of 0.7 mL/min,
and a UV detector. Suspended solids (SS), VSS, and soluble
COD were determined according to Standard Methods (30).

3. Results and Discussion
3.1. ASBR Performance. 3.1.1. Substrate conversion and
biogas production. The performance of the ASBR for days
104-167, during which the OLR was 2.9 g COD/(L d), is shown
in Figure 1 (results for the complete operational period are
provided as Supporting Information in Figure S1). Soon after
the OLR was increased from 2.2 to 2.9 g COD/(L d) (on day
104), stable performance was observed, with an average
effluent soluble COD of 111 ( 33 mg/L corresponding to a
removal of 99.4% and an average biogas production of 6.8
( 0.49 L/d [days 104-119] (note: averages are given ( one
standard deviation for the time period indicated in [.]). During
this period, the methane content in the biogas averaged 78
( 8.3%. This corresponds to an average specific methane
production of 0.36 L methane per g COD removed, which is
consistent with values reported in the literature (31).
Starting on day 120, 1 mg/L of erythromycin was added
to the influent of the ASBR to evaluate the influence of
relatively low levels of erythromycin on reactor performance.
After an initial adjustment period, the effluent soluble COD
stabilized at 907 ( 52 mg/L [days 135-154], an increase of
roughly 800 mg/L, corresponding to an average COD removal
efficiency of 94.7%. and the biogas production decreased to

FIGURE 1. Reactor performance between days 104 and 167: (a) effluent soluble COD (b) and biogas production (0) for ASBR operation
without erythromycin, with low influent erythromycin concentrations (1 mg/L) and high influent erythromycin concentrations (200 mg/L);
(b) effluent concentrations of volatile fatty acids: acetic acid (b), butyric acid (O), isobutyric acid (4); (c) valeric acid (×), isovaleric
acid (9), and caproic acid (3). Results for the entire period of operation are provided as Supporting Information in Figure S1.
6.2 ( 0.27 L/d [days 135-154]. When the influent erythromycin concentration was increased from 1 to 200 mg/L on
day 155, a further increase of the effluent soluble COD was
observed, up to 1214 mg/L, but the biogas production
remained at 6.2 ( 0.11 L/d [days 155-167] (Figure 1a). A
substantial fraction of the added erythromycin was neither
degraded nor adsorbed with effluent concentrations up to
0.4 and 150 mg/L for influent erythromycin concentrations
of 1 and 200 mg/L, respectively (see also Supporting
Information). Thus, the second increase in the effluent soluble
COD can be attributed to the added erythromycin (note: the
COD of erythromycin is 2.03 g COD per g erythromycin). The
reactor had been inoculated with granular sludge. Throughout the entire period of reactor operation these granules
remained stable and no significant dispersed growth and
biofilm formation on the reactor walls was observed.
3.1.2. Volatile fatty acids (VFA). During the period with an
OLR of 2.9 g COD/(L d) and before erythromycin was added,
the total VFA concentration in the effluent averaged 103 (
23 mg/L as HAc [days 104-119] and valeric acid and isovaleric
acid were the dominant VFAs (Figure 1c). It should be noted
that in the first three months of operation, valeric acid, acetic
acid, and caproic acid were high with total VFA concentrations

up to 12 000 mg/L as HAc (Figure S1b,c, Supporting
Information). Formic acid and propionic acid levels were
usually below the detection limit of 1 and 2.5 mg/L,
respectively, and never exceeded 12 mg/L [days 104-167]
(data not shown). When erythromycin was added to the
influent, starting on day 120, an increase in the concentration
of butyric acid and a transient increase in the concentration
of valeric acid were observed (Figure 1b,c). However, this
observed increase in VFA concentrations did not account for
the observed increase in effluent COD (Figure 1a). Even the
highest total VFA concentration in the effluent of 182 mg/L
as HAc [day 141] still accounted only for a fraction of the
observed effluent soluble COD of 617 mg/L on that day. On
average, only 31 ( 16% [days 135-167] of the effluent soluble
COD was accounted for by the measured VFA. When the
concentration of erythromycin was increased to 200 mg/L,
the concentrations of acetic acid, butyric acid, iso-butyric
acid, and valeric acid increased (Figure 1b,c). The observed
discrepancy between measured VFA and soluble COD in the
effluent suggests that the increase of the effluent soluble
COD did not result from residual substrate or measured
metabolic intermediates. The increase could instead reflect
the increased production of soluble microbial products
VOL. 40, NO. 12, 2006 / ENVIRONMENTAL SCIENCE & TECHNOLOGY
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FIGURE 2. ASBR performance for days 111 (a,b: before the addition of erythromycin) and 154 (c,d: 1 mg/L of erythromycin in the influent).
Profiles are shown for volatile fatty acids: acetic (b), propionic (4), butyric (O), valeric (×), and caproic (3) (a, c); and for COD (b),
cumulative biogas production (O), and pH (9) (b, d).
(SMP). The term SMP is used for the pool of organic
compounds that result from substrate metabolism and
biomass decay excluding known intermediates such as VFAs
(32). The composition of SMP is generally system specific
and not well characterized, however, increased SMP production has been observed in anaerobic systems that were
exposed to toxic compounds or other stress conditions (33).
To investigate the dynamics within a single cycle, VFA
concentrations were measured during the 24-hour ASBR cycle
and are reported in Figure 2(a) for a cycle before erythromycin
addition and Figure 2(b) for a cycle after erythromycin had
been added to the influent substrate (additional cycles in
Figure S 2, Supporting Information). Most of the soluble COD
removal and biogas production took place during the first
10 h of the cycle, and the pH profiles reflect these process
dynamics. First, the pH decreased, presumably due to the
fermentation of ethanol and 2-propanol. Fermentation
products for alcohols may include acetic, propionic, butyric,
and caproic acids in addition to hydrogen (34, 35). Ethanol
and 2-propanol were not quantified as separate compounds,
so the kinetics of their removal cannot be directly evaluated,
but their conversion was supported by the observed soluble
COD removal and biogas production. Consumption of
alcohols is also supported by the increase in the concentrations of acetic and propionic acids during the first few hours
of the ASBR cycle (Figure 2a). Subsequently, the pH increased,
as VFAs were converted to biogas, and reached a plateau at
approximately 10 h, consistent with the end of biogas
production and the disappearance of VFAs. Based on the
data in Figure 2, the addition of erythromycin had only a
limited effect on the rates of substrate conversion. COD
degradation and methane production were completed hours
before the end of the cycle confirming that the observed
increase in effluent COD was not due to slower utilization
of the original substrates. In all the monitored cycles the
levels of valeric and caproic acids increased toward the end
of the cycles. We speculate that this increase either reflects
the conversion of remaining alcohols or other unidentified
intermediates or a metabolic shift during this part of the
cycle.
3.2. Specific Methanogenic Activity. 3.2.1. Utilization of
individual VFAs. It was anticipated that different microbial
populations in the anaerobic food web would differ in their
3974
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sensitivity toward erythromycin. To further investigate this,
the effects of erythromycin on the utilization of particular
substrates was evaluated using SMA tests with biomass
collected from the ASBR before the addition of erythromycin
(Figure 3). When the model wastewater (Table 1) was used,
high concentrations of erythromycin (200 and 500 mg/L)
had a clear, but limited influence on methane production
(Figure 3a). The initial and final concentrations of individual
VFAs in this test are shown in Table S1 (Supporting
Information). The removal of acetic acid was not affected
even in the presence of very high concentrations of erythromycin, presumably because it was accomplished by
methanogenic archaea resistant to erythromycin. However,
the erythromycin addition had a substantial effect on the
removal of butyric acid and appeared to result in an increase
in the net production of valeric acid (Table S1, Supporting
Information). Caproic acid accumulated independent of the
erythromycin concentration. When these effects were further
examined using individual VFAs as the sole substrate,
inhibition of butyric acid (Figure 3d) and valeric acid (Figure
3e) utilization was confirmed. Furthermore, partial inhibition
of biogas production from acetic acid (Figure 3b) and
propionic acid (Figure 3c) was observed. Some of the SMA
tests were replicated (e.g., Figure 3b) and replicates were
generally in good agreement. Results from additional SMA
tests performed with lower initial substrate concentrations
confirmed these findings and have been provided as Supporting Information (Figure S3).
Considering these results in the context of activities of
populations in the anaerobic food web, two important points
can be made. First, as noted above, it was anticipated that
processes only involving methanogens, such as the utilization
of acetate by aceticlastic methanogens, would continue after
erythromycin addition, and indeed this was supported by
initial tests with mixed model substrate. However, when acetic
acid was used as the sole substrate, the addition of erythromycin affected the specific methane production rate (Figure
3b). Two possible explanations for this result are as follows:
(i) at the high concentrations of erythromycin used here, the
methanogens were also affected by erythromycin, or (ii)
acetate was also utilized by homoacetogenic bacteria, and
these bacteria were affected by erythromycin. Homoacetogenic bacteria are capable of producing hydrogen and CO2

FIGURE 3. Specific methanogenic activity (SMA) using (a) mixed reactor influent, (b) acetic acid, (c) propionic acid, (d) butyric acid, and
(e) valeric acid as the sole substrate, and (f) blank. Initial substrate concentrations were 17.2 g COD/L for all tests except for (f). SMA
tests were performed without (b), with 1 mg/L (3), with 10 mg/L (+), with 200 mg/L (×), or with 500 mg/L (O) of erythromycin. Biomass
in these SMA tests had not previously been exposed to erythromycin and had been sampled directly from the reactor except for the
following cases: in (b) 17 d storage for 0 mg/L erythromycin, 6 d storage for 500 mg/L, (d) 34 d storage for 10 mg/L, 43 d storage for 1 and
200 mg/L, (f) 7 d storage for 0 mg/L.
from acetate (36) and thus produce the substrate for hydrogen
utilizing methanogens. However, limited information is
available on the relative importance of this pathway in the
anaerobic food web. Previous studies have shown that the
indirect production of methane from acetate via homoacetogenic bacteria and hydrogenotrophic methanogens is
substantial for thermophilic conditions or in systems with
high ammonia levels (36, 37). Second, the decreased utilization of other VFAs in the presence of erythromycin (propionic,
butyric, and valeric acid) is consistent with the fact that these
substrates are used by bacteria, and furthermore, agrees with
the general observation that erythromycin is more effective
against Gram-positive bacteria (16). VFAs are not directly
used by methanogens, but serve as substrates for proton
reducing syntrophic bacteria. Because different groups of
syntrophic bacteria use specific VFAs, accumulation of
particular VFAs may provide information on the erythromycin
sensitivity of relevant syntrophs. Specifically, butyric and
valeric acids are utilized by Gram-positive saturated fatty
acid-beta oxidizing bacteria such as Syntrophomonas species,
while propionic acid is most often utilized by Gram-negative
bacteria (e.g., Syntrophobacter species), predicting a more
dramatic effect on the utilization of butyric and valeric acids
than on the use of propionic acid (38). These predictions
were supported by the data in the current study, as butyric
acid utilization was inhibited at lower concentrations of
erythromycin, while some methane production was observed
when propionic acid was used as the substrate even in the
presence of 500 mg/L of erythromycin (Figure 3).
In comparing these SMA results with the operation of the
ASBR, there are three striking differences. First, propionic
acid utilization decreased during SMA experiments in the
presence of erythromycin (Table S1, Supporting Information,
Figure 3c) but in the ASBR effluent propionic acid was below
12 mg/L as HAc during the entire period from day 104-167.
This apparent inhibition of propionic acid utilization during
the SMA tests is likely due to the high initial substrate
concentrations in the SMA tests compared to the concentrations encountered at the start of the ASBR cycle. Second,
butyric and valeric acid utilization was inhibited by the
presence of erythromycin in SMA experiments, but based on

the cycle profiles these compounds were utilized in the ASBR
during operation with erythromycin. This could be due to
the development of resistant microbial populations in the
ASBR over time. Third, the production of valeric and caproic
acids was higher during the batch tests (Table S1, Supporting
Information) than in the ASBR reactor (Figure 1b). The
production of valeric and caproic acid, and presumably also
SMPs, could be the result of a stress response during batch
experiments. Feast and famine conditions during SMA tests
can cause such stress responses (39, 40). The differences
between SMA tests and ASBR reactor operation results
support the observation of Kümmerer (25) and others that
short-term assays are not sufficient to investigate the effect
of antimicrobials on complex microbial systems. Mechanisms
of inhibition during short-term test conditions may be
different from effects occurring during long-term operation.
Biomass in the ASBR can adjust by shifts in populations or
by developing resistance in response to the presence of
antimicrobial compounds. In addition, SMA tests often are
performed using higher substrate concentrations to allow
for reliable methane measurements. Overall, SMA tests are
a helpful tool to explain specific aspects of inhibition, but
they cannot replace evaluating the effect of antimicrobials
during long-term exposure.
3.2.2. Development of Resistant Biomass. A key problem,
both for the use of short-term studies to evaluate inhibition
and for the comparison of reactor operation and SMA tests,
is that short-term experiments neglect any effects of adaptation of the biomass. In general terms, biomass can adapt to
antimicrobials through genetic and physiological changes
(e.g., transfer of resistance genes), community shifts (e.g.,
resistant populations present at low abundance can become
dominant), or the formation of larger microbial aggregates
or biofilms providing a microenvironment inside of the
aggregate that protects biomass from bulk phase antimicrobials. Any of these mechanisms may result in improved
performance in the continued presence of the antimicrobial.
We, therefore, sought to examine whether improved performance in the presence of erythromycin could be observed,
without distinguishing between these two mechanisms. In
this work, the possible development of erythromycin resisVOL. 40, NO. 12, 2006 / ENVIRONMENTAL SCIENCE & TECHNOLOGY
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FIGURE 4. Specific methanogenic activity (SMA) using butyric acid
for biomass that had been exposed to erythromycin in the ASBR
(biomass sampled on day 167). SMA tests were performed without
the addition of erythromycin (9) or with 500 mg/L of erythromycin
(0).Biomass in these SMA had been stored for 8 d.
tance was evaluated by comparing SMA results using biomass
samples that had not been exposed to erythromycin (Figure
3d) with SMA results obtained with biomass that had been
exposed to erythromycin during ASBR operation (Figure 4).
SMA tests using butyric acid as the substrate resulted in
significant methane production in the absence of erythromycin for both types of biomass samples. This indicates that
saturated fatty acid-beta oxidizing bacteria responsible for
converting butyric acid remained active after the addition of
erythromycin. However, the maximum specific rate of
methane production was substantially lower for biomass
exposed to erythromycin, suggesting the relative abundance
of these bacteria had decreased. Biomass samples collected
from the ASBR before and after addition of erythromycin
responded very differently in SMA tests with butyrate as the
substrate in the presence of erythromycin. Biomass that had
been exposed to erythromycin exhibited a much higher
specific rate of methane production in the presence of
erythromycin. Thus for the saturated fatty acid-beta oxidizing
bacteria, long-term exposure to erythromycin resulted in an
adaptation which could be caused either by the development
of resistance in existing bacteria or by an increase in the
abundance of resistant populations. However, this increased
resistance to erythromycin was not universal for all populations, since the COD removal efficiency and biogas production in the ASBR did not recover for the duration of the
experiment (Figure 1).
3.3. Evaluating the Effect of Antibiotic Addition. In this
work, the addition of erythromycin to an ASBR resulted in
a decrease of COD removal from 99.4% to 94.7%. This appears
to contradict previous reports that erythromycin does not
affect anaerobic treatment (20-24). However, these differences can be explained by carefully evaluating experimental
conditions and parameters measured in the different studies.
Hilpert et al. (20) determined that only one of 10 pure cultures
of methanogens tested showed a slight inhibition of growth,
and Hummel et al. (21) found no inhibition of polypeptidesynthesis systems of two methanogens in vitro in the presence
of erythromycin. Both studies thus demonstrated the resistance of methanogens to erythromycin, but did not study a
complex community as examined in this work. Poels et al.
(22) evaluated relatively low erythromycin concentrations of
up to 4 mg/L. Furthermore, the methods used by Poels et al.
(22) and Camprubi et al. (23) may not have been sensitive
enough to detect partial inhibition. In the work of Sanz et
al. (24), inhibition was defined as more than 10% inhibition
of VFA consumption, and by this criterion the results
presented in the current study would also have been
interpreted as no inhibition. Furthermore, all of the previous
studies were done in short-term, batch experiments (ranging
from hours to a few days), and therefore, may have
underestimated inhibitory effects as some mechanisms
3976
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responsible for inhibition take time to develop (25). Finally,
evaluations based on methane production and COD removal
alone may not reveal the accumulation of minor compounds,
which in the long run may interfere with treatment performance. Our results suggest that anaerobic treatment in the
presence of erythromycin is possible during a period of at
least seven weeks, and likely much longer, although a slight
reduction in COD removal was observed, perhaps reflecting
increased SMP production. In addition, the SMA results
suggested that during the seven weeks of operation the
biomass developed erythromycin resistance. Determining
the precise nature of the partial but consistent inhibition or
SMP production was beyond the scope of the current study,
and therefore, it is difficult to predict whether reduced
performance or instabilities would develop over longer time
periods.
This work produced questions for further study related
to the physiology and ecology of this anaerobic treatment
process. One question relates to the role of valeric and caproic
acids, which accumulated both in SMA tests and toward the
end of ASBR cycles. Another finding raises the possibility
that aceticlastic methanogens and homoacetogens are
coexisting and competing for substrate, as suggested by the
partial inhibition of acetate utilization despite the resistance
of methanogens to erythromycin. Finally, the SMA tests
clearly indicated a decrease in the sensitivity of the biomass,
but no increase in reactor performance was observed. This
further supports that the observed increase in effluent COD
was due to a stress response resulting in increased SMP
production rather than incomplete degradation of substrates
or intermediates such as VFA. In this work, the effect of a
single antibiotic on anaerobic treatment was evaluated in a
synthetic wastewater, and even in this relatively simple system
the results were complex. The effects of the presence of
individual and mixtures of antimicrobials on wastewater
treatment systems depend not only on inhibition and
resistance mechanisms but also on the wastewater matrix,
the composition of the microbial community, biotic and
abiotic degradation of antimicrobials, and sorption of
antimicrobials, and requires further evaluation.
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(8) Kümmerer, K. Drugs in the environment: emission of drugs,
diagnostic aids and disinfectants into wastewater by hospitals
in relation to other sources - a review. Chemosphere 2001, 45
(6-7), 957-969.
(9) McArdell, C. S.; Molnar, E.; Suter, M. J. F.; Giger, W. Occurrence
and fate of macrolide antibiotics in wastewater treatment plants
and in the Glatt Valley Watershed, Switzerland. Environ. Sci.
Technol. 2003, 37 (24), 5479-5486.
(10) Giger, W.; Alder, A. C.; Golet, E. M.; Kohler, H. P. E.; McArdell,
C. S.; Molnar, E.; Siegrist, H.; Suter, M. J. F. Occurrence and fate
of antibiotics as trace contaminants in wastewaters, sewage
sludges, and surface waters. Chimia. 2003, 57 (9), 485-491.
(11) Kim, S.; Eichhorn, P.; Jensen, J. N.; Weber, A. S.; Aga, D. S.
Removal of Antibiotics in Wastewater: Effect of Hydraulic and
Solid Retention Times on the Fate of Tetracycline in the Activated
Sludge Process. Environ. Sci. Technol. 2005, 39 (15), 5816-5823.
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