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Abstract The common understanding of the function of

RecD, as derived predominantly from studies in Esche-

richia coli, is that RecD is one of three enzymes in the

RecBCD double-stranded break repair DNA recombination

complex. However, comparative genomics has revealed

that many organisms possess a recD gene even though the

other members of the complex, recB and recC, are not

present. Further, bioinformatic analyses have shown that

there is substantial sequence dissimilarity between recD

genes associated with recB and recC (recD1), and those

that are not associated with recBC (recD2). Deinococcus

radiodurans, known for its extraordinary DNA repair

capability, is one such organism that does not possess

either recB or recC, and yet does possess a recD gene. The

recD of D. radiodurans was deleted and this mutant was

shown to have a capacity to repair double-stranded DNA

breaks equivalent to wild-type. The phylogenetic history of

recD was studied using a dataset of 120 recD genes from

91 fully sequenced species. The analysis focused upon the

role of gene duplication and functional genomic context in

the evolution of recD2, which appears to have undergone

numerous independent events resulting in duplicate recD2

genes. The role of RecD as part of the RecBCD complex

appears to have a divergence from an earlier ancestral

RecD function still preserved in many species including D.

radiodurans.
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Introduction

There are two known types of RecD: recD1 and recD2

(Rocha et al. 2005). The only biological context for our

understanding of RecD comes primarily from the study of

recD1, most notably in Escherichia coli, in which it func-

tions as part of the RecBCD heterotrimer consisting of three

polypeptides, RecB, RecC, and RecD. The heterotrimer

complex is involved in homologous recombination, and

possesses a number of catalytic activities that are used to

initiate the repair of both double-stranded DNA breaks

(DSBs) and single-stranded DNA gaps (SSGs), which are

generated during the course of DNA replication or exposure

to DNA-damaging agents (Chedin and Kowalczykowski

2002; Spies and Kowalczykowski 2005). E. coli, isolated in

1885, has been used as a model organism as a result of the

fact that it grows quickly in easy to make media, and

because of its presence as an enteric symbiote of humans.

As a model system, it has been used to study gene structure

(Benzer 1961), recombination (Emmerson 1968), and his-

torical contingent evolution (Blount et al. 2008).

In E. coli, the RecBCD complex as a whole binds tightly

to dsDNA ends, and using a combination of helicase and
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30 ? 50 nuclease activities, digests away the DNA until a

Chi, crossover hotspot instigator [50-GCTGGTGG-30] is

encountered. At this point, RecBCD pauses, switches the

polarity of its nuclease activity and creates a 30 ssDNA tail.

RecA is then loaded onto the ssDNA by RecBCD, and

carries out strand invasion of homologous dsDNA to ini-

tiate homologous recombination (Singleton et al. 2004).

The E. coli RecD protein has been shown to be a DNA-

dependent ATPase, as well as a 50 ? 30 helicase (Dill-

ingham et al. 2003; Taylor and Smith 2003). Genetic

studies in E. coli have revealed that the RecB and RecC

gene products are necessary for the repair of DSBs in E.

coli. Deletion of either recB or recC increases sensitivity to

DNA-damaging agents, such as UV radiation and mito-

mycin C (Emmerson 1968; Howard-Flanders and Theriot

1966; Spies and Kowalczykowski 2005; Willetts and

Mount 1969). In contrast, E. coli cells deleted for recD

display no obvious phenotypes when exposed to DNA-

damaging agents. They do, however, exhibit higher levels

of plasmid instability than wild-type cells (Biek and Cohen

1986). Although recD null E. coli cells lack ATP-depen-

dent nuclease activity, they are proficient for DSB repair

and catalyze homologous recombination at high rates in a

Chi independent manner (Amundsen et al. 1986; Biek and

Cohen 1986; Lovett et al. 1988). It should be noted that

homologous recombination in these recD mutants is

dependent on the functions of RecBC and the RecJ

nuclease (Lloyd et al. 1988; Lovett et al. 1988).

Results from many genome sequencing projects as well

as other studies have revealed that the recB, recC, and recD

genes are conserved in many bacteria (Rocha et al. 2005).

However, some bacteria, such as Bacillus subtilis, do not

contain recB and recC genes. Instead, these bacteria con-

tain a two subunit helicase/nuclease enzyme, AddAB,

which functions in a similar manner to the RecBCD

complex in that it recognizes an organism-specific Chi site,

and uses a cognate RecA protein. The AddA subunit dis-

plays regions of homology to the RecB subunit, including

an ATP-binding motif, several potential helicase motifs as

well as the nuclease domain, whereas the AddB subunit

does not appear to share substantial homology to either the

RecC or RecD subunit (Chedin and Kowalczykowski 2002;

Yu et al. 1998). The RecDs of several other organisms

(almost exclusively RecBC organisms closely related to E.

coli) have been deleted or mutated with a variety of phe-

notypes as is examined in ‘‘Discussion’’ section (Bidle and

Bartlett 1999; Chaussee et al. 1999; Khairnar et al. 2008;

Kickstein et al. 2007; Mehr and Seifert 1998; Miesel and

Roth 1994; Regha et al. 2005; Servinsky and Julin 2007;

Zhou et al. 2007).

An analysis of the recD sequence from many species,

taking care to include representative members of recBC

species, addAB species, and as many cases as possible of

species that contained recD in the absence of recBC or

addAB was made. Evidence was found to suggest that recD

had been the subject of numerous independent events that

result in duplicate recD within the same genome through-

out various bacterial lineages including at least one very

ancient event. Gene duplication has been widely observed

in many lineages and hypothesized as a major driver of the

evolution of novel function (Zhang 2003). Alternative

hypotheses have suggested that purifying selection would

prevent duplicate genes that were not already bi-functional

from developing novel functions (Hughes 1994). To

explore the role of recD outside the recBCD pathway as

understood in E. coli and to understand the role of gene

duplication in recD evolution, we studied the recD of

Deinococcus radiodurans because of its remarkable DNA

repair activity coupled with the dissimilarity of its RecD

sequence from homologs in other species.

Deinococcus radiodurans is among a small number of

known organisms that do not contain recB and recC or addA

and addB genes, but still contain RecD (Rocha et al. 2005;

White et al. 1999). This Gram-positive bacterium is highly

resistant to large doses of ionizing and ultraviolet radiation as

well as other DNA-damaging agents. While its DNA suffers

numerous DSBs upon exposure to these agents, the organism

has the remarkable ability to restore its genome without any

apparent mistakes (Battista 1997). The molecular basis of

this DNA repair is at present poorly understood, although a

novel mechanism has been proposed (Slade et al. 2009).

Phylogenetic analysis of the D. radiodurans recD gene

indicates that it is divergent from all other known recD

sequences, therefore we created a D. radiodurans strain that

is null for the recD gene. We tested the ability of this strain to

withstand several kinds of DNA-damaging agents. We found

that, compared to wild-type, the mutant strain was able to

repair DSBs from ionizing radiation, and hydrogen peroxide

with unchanged kinetics. Its growth was also insensitive to

the presence of hydroxyurea relative to wild-type.

The results, presented below, suggest that the RecD of

D. radiodurans is not essential to DSB repair. Phylogenetic

analysis suggests that our understanding of recD biology

related to DSB repair may only be applicable to the shorter

(recD1) recBC-associated version of the gene. The longer

(recD2) version of the gene appears to represent a more

ancestral form.

Materials and Methods

Bioinformatic Dataset Construction

Bioinformatic investigations of various recD sequences

were performed to further elucidate the differences between

recD’s role in the presence of recBC, in the presence, of
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addAB, and alone. To do so, a dataset of various recD protein

sequences was constructed. Initially, recDs were selected

from the species analyzed for the presence or absence of

various DNA repair enzymes in Rocha et al. 2005. This

initial list of recDs was then augmented by searching the

functional annotation database on the CMR (Peterson et al.

2001) with the intent of including a representative recD from

each of the frequently used bacterial phylogenetic subdivi-

sions as described in Ciccarelli et al. (2006). Additional

sequences were selectively added from COG0507 (Tatusov

et al. 2003), PF04257 (Finn et al. 2008), and from NCBI

annotation searches. Genes that were annotated as ‘‘RecD,’’

‘‘Exonuclease V, alpha subunit,’’ ‘‘RecD/TraA,’’ or ‘‘TraA’’

were initially included. In genomes where a recD was not

annotated as present, or where the annotation of a potential

recD was ambiguous, a BLAST search was performed

versus the genome in question using the E. coli recD as a

query, and the expect value set to 1,000, or by alignment, see

below. Likewise, the presence or absence of recB, recC,

addA, and addB were confirmed by BLAST searches in

addition to using the genome annotations. Due to their high

similarity with addA & addB, rexA & rexB were treated as

addAB for the purpose of this analysis.

Several RecD sequences were initially included in the

dataset but then removed upon closer examination.

Sequences that upon alignment clustered by neighbor

joining closely with the F plasmid traA or traI genes were

removed from the data set. This was because they did not

align convincingly with other sequences annotated as recD.

The Archaea Methanocaldococcus jannaschii has a recD

gene, encoded at locus MJ1519, while it clustered in the

general vicinity of the Mycoplasma recDs on the tree, it

had no close neighbors, and the decision was made to limit

the analysis to bacterial lineages. The final version of the

dataset contained 120 recD genes from 91 species; see

Table S1 in the Supplementary Data.

In the Genbank annotation of the Bacillus halodurans C-

125 genome (BA000004.3 GI:47118318), a Bacillus Fir-

micute (Takami et al. 2000), the recD gene is truncated. In

the CMR annotation, there are instead two side by side recD

genes. For this reason, the sequence of the B. halodurans

recD was checked. Genomic DNA was amplified and

sequenced. The forward and reverse primer sequences for

both amplification and sequencing were 50-ctcattcctaagatt-

attcagc-30 and 50-tgaatgaacctgattttatggc-30, respectively.

Two separate amplification reactions were sequenced from

both forward reverse primers. All sequences agreed that the

single nucleotide frame shift mutation in the completed

genome sequence was not present. For this reason, the

composite amino acid sequence of the two B. halodurans

recD genes was used in the phylogenetic analysis.

Many organisms contributed two or three separate recD

genes to the dataset. Each recD gene is referred to in this

article after the name of the species it came from. Multiple

genes from the same species were assigned a number, with

the shortest sequence from a given species receiving the

number ‘‘1,’’ the next shortest sequence receiving the

number ‘‘2,’’ and so forth. For a complete description of all

sequences added to the dataset, see Table S1 in the Sup-

plementary Data.

Phylogenetic Analysis

The recD sequences in the above described dataset are

from a very diverse collection of bacterial species, and

their sequences are highly divergent. Therefore, in order to

reduce noise in the phylogenetic signal, only strongly

aligning positions were used for phylogenetic analysis. An

alignment was constructed using ClustalX v1.83 (Thomp-

son et al. 1997) using default settings, and then manually

edited. Aligned positions where the alignment quality was

manually determined to be poor, where sequence conser-

vation was extremely low, or which contained a prepon-

derance of gap characters were deleted. This resulted in a

collection of aligned recD amino acid positions, containing

267 informative positions, corresponding to the following

amino acid positions of the E. coli recD: 156–188, 198–

219, 237–245, 256–289, 292–314, 350–380, 437–465,

476–489, 493–503, 529–554, 560–595, 596–600, plus a

small number of additional positions that did not align with

the E. coli sequence mostly at the N-terminal side of the

alignment. The regions that remain in the edited alignment

are predominantly in the helicase domain, and are struc-

turally conserved between the E. coli and D. radiodurans

proteins (Saikrishnan et al. 2008).

A phylogenetic tree was constructed using the maxi-

mum likelihood method as implemented in the Phylip

phylogenetic package (Felsenstein 1989) using default

parameters except as noted here. Hundred bootstrap rep-

licates were used to evaluate these trees. Automation of

bootstrapping was carried out using the phylipfasta script

written by Jonathan Badger (personal communication).

Branch lengths were inferred by using Tree Puzzle

(Schmidt et al. 2002) with the default options set. A

neighbor joining tree constructed from the same align-

ment had a similar topology to the maximum likelihood

tree (data not shown). The tree was rendered with the use

of the software package Dendroscope (Huson et al.

2007).

Bacterial Strains

The bacterial strains used in this study are D. radiodurans

R1 (obtained from ATCC, Manassas, VA), SV1

(R1DrecD), described below and rec30 (Moseley and

Copland 1975) (kindly provided by Dr. John Battista).
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Creation of the recD Knockout Vector

The knockout vector was created by first ligating dou-

ble-stranded (ds) oligonucleotides 50-cggaattcatttaaarcgc

gaggcctcgagcggccgcggctagcagatctgttaacgagctcggtacccc-30

into EcoRI/KpnI cleaved pGEM3Zf (Promega Corp) to

add a multiple cloning region. A second multiple cloning

region was then added to the above product by ligating

ds-oligonucleotides 50-cccaagcttgatcatcgatatcgggcccgttaa

cggcgccgcatgcctgcagaa-30 at the HindIII and PstI sites to

yield pGEMSV. The chloremphenicol marker was ampli-

fied using pRAD1 (Meima and Lidstrom 2000) (a kind gift

from Dr. Mary Lidstrom) as template and oligonucleotides

50-cgggatcccccgggtcgttctgacgctcc-30 and 50-ggggtaccttacgc

cccgccctgccactc-30 as primers and then ligated into BamHI/

KpnI cleaved pGEMSV to yield pGEMSVCm. Five hun-

dred base pairs (bp) of upstream and downstream sequen-

ces of recD were amplified using R1 wild-type genomic

DNA as template and oligonucleotides 50-ccatcgatgcaactt-

caaagtgcgggg-30 and 50-cgggatccgccaggcaggatagcgcgg-30,
and oligonucleotides 50-gaaggcctgcgaccgcgctcacgttg-30 and

50-ggggtaccgacgccttaagagttctg-30, respectively, as primers.

The recD upstream and downstream sequences were

sequentially ligated into pGEMSVCm cleaved by BamHI/

ClaI and KpnI/StuI, respectively. The chloramphenicol

marker was then replaced from this vector by cleaving with

KpnI and BamHI, making the cleaved vector blunt-ended

and ligating it to a blunt-ended fragment containing a

kanamycin marker (from pET28a, Novagen) under the

control of the D. radiodurans groEL promoter to yield

pGEMSVKanRecDDownUp.

Creation of a recD Deletion Strain

To begin to characterize RecD in D. radiodurans, we

created a knockout strain in which the entire recD open

reading frame (ORF) was replaced by a kanamycin resis-

tance gene (kan) by homologous recombination. PCR as

well as Southern blot analysis were performed to confirm

the deletion of recD and to ensure that the kan marker had

integrated solely into the recD locus (Supplementary Data,

Figure S1).

The recD null strain was created as described by Earl

et al. with some modifications (Earl et al. 2002).

pGEMSVKanRecDDownUP was first passaged through

E. coli INV110 (Invitrogen, Carlsbad CA) to obtain un-

methylated DNA. The plasmid was then cleaved with

BclI and StuI and the resulting linear 2.5 kb fragment

containing the kan marker, flanked by D. radiodurans

sequences to the left and right of the recD gene, was

used to transform competent R1 wild-type cells as

described by Masters et al. (1991). Transformants were

selected on TGY agar plates containing 5 lg/ml kana-

mycin. Several individual transformants were grown to

saturation in TGY broth containing 5 lg/ml kanamycin

and used to inoculate TGY broth containing 25 lg/ml

kanamycin. The resulting saturated cultures were then

plated on TGY agar media containing 25 lg/ml kana-

mycin and resulting individual colonies were screened by

PCR for recD null mutants.

After obtaining the appropriate results, the recD null

strain was observed under the microscope and evaluated

for growth. The mutant cells appeared to be slightly larger

than the isogenic recD? cells and they grew a little slower

than wild-type with a doubling time of app. 110 min versus

90 min, respectively.

Ionizing Radiation Experiments

Cultures each of exponential (*0.2 OD600) wild-type and

recD null cells were exposed to a 60Co source (Gammacell

model 220 s/n 232, MDS Nordion at NIST, Gaithersburg,

MD) at 4�C at a rate of 2.97 kGy/h.

Recovery experiments were performed by harvesting,

washing once with PBS and exposing exponential (*0.2

OD600) wild-type and recD null cultures in PBS to

2,000 Gy of c radiation as above. The cells were then

diluted into TGY broth and incubated at 30�C. At the

indicated times, aliquots were harvested and genomic DNA

from an equivalent number of cells was isolated in agarose

plugs as described by Mattimore and Battista (1996). The

genomic DNA was analyzed by pulsed-field gel electro-

phoresis (PFGE) with 0.59 TBE (Tris–borate–EDTA) at

4 V/cm2 and 14�C with a 10- to 60-s ramp for 22 h. DNA

was visualized by staining with ethidium bromide.

Hydrogen Peroxide Experiments

The indicated amounts of hydrogen peroxide were added

directly to exponential (*0.2 OD600) wild-type and recD

null cultures and incubated at 30�C for 30 min. The cells

were then harvested, washed once with TGY broth, and

allowed to recover in TGY broth at 30�C. At the indicated

times, aliquots were removed, processed, and analyzed by

PFGE as above.

Hydroxyurea Experiment

Ten-fold serial dilutions of exponential (*0.2 OD600)

wild-type, recA mutant (rec30), and recD null cultures

were spot-plated onto TGY agar media containing the

indicated amounts of hydroxyurea and then grown at 30�C

for several days.
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Results

Gene-Length, and Phylogenetic Analysis of recD

As Rocha et al. pointed out, recD genes seem to exist in

two different types, which they referred to as recD1 (short

sequence, present in recBC organisms) and recD2 (longer

sequence containing an additional N-terminal domain, and

present in recBC minus organisms). In this article, we have

used amino acid length to assign most RecDs as either

‘short’ (less than 655 amino acids and more than 450) or

‘long’ (more than 710 amino acids). These criteria classify

113 of 120 recD genes from the 91 species included in our

dataset in a manner that approximately mirrors the Rocha

et al. recD1 and recD2 classifications. A phylogenetic

analysis of recD protein sequences from selected organ-

isms demonstrates that, as a whole, short E. coli-like rec-

BC-associated recDs, and long recDs are phylogenetically

distinct from one another. One of the most striking quali-

ties of our phylogenetic analysis is that many organisms

have multiple copies of the recD gene, and that different

copies from the same genome often do not phylogeneti-

cally segregate together (Fig. 1).

Ciccarelli et al. identified Thermoanaerobacter teng-

conge as the modern organism most proximal to the last

universal common bacterial ancestor (Ciccarelli et al.

Fig. 1 Maximum likelihood phylogenetic tree derived from a partial

alignment of 120 recD genes from 91 bacterial species. Each recD
gene is labeled by its species of origin. Multiple recD genes from the

same organism were prefixed with a number followed by a | character

for readability. Numbers were assigned to recD genes from the same

species in order of shortest amino acid sequence to longest. Each label

is also color coded, with background color representing the presence

or absence of the recBC or addAB genes, and the foreground color
representing whether a gene belongs to the short recD1 (450–655

amino acids) or long recD2 (more than 710 amino acids) classifica-

tions of recD. Organisms, which have had their recD genes knocked

out or mutated in the literature, are marked with a star. One such

organism, Neisseria gonorrhoeae, is not represented in this dataset

because its genome is not completely sequenced and thus a

determination of the presence of recBC or addAB could not be made

with certainty. However, the related species Neisseria meningitidis is

marked with a star in its place. For details concerning the sequences

represented in this tree, see supplementary data
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2006). This was based upon a tree constructed from an

alignment of concatenated highly conserved proteins. This

is in keeping with the belief that the last bacterial common

ancestor was a thermophile even if that may not have been

the case for the last common ancestor of Archaea and

Bacteria (Boussau et al. 2008). T. tengconge along with the

Clostridium species make up what we refer to as ‘‘root

ward Firmicutes.’’ Three root ward Firmicutes (Clostrid-

ium thermocellum, Clostridium acetobutylicum, and T.

tengconge) have two recD genes each. In most of these

three species, both of their genes are, by length, of the long

(recD2) type; one copy of their recD genes segregates with

the other root ward Firmicutes in the tree, and the other

copy is relatively divergent and not clearly a member of

any group of recDs. The fact that C. acetobutylicum and T.

tengconge both have a diverged and undiverged copy of

recD suggests that an ancient gene duplication occurred in

the last bacterial ancestor. The C. thermocellum divergent

copy clusters relatively close to the other root ward firmi-

cutes, but with low bootstrap support. It may represent a

more recent duplication of the recD gene, or a less

diverged product from the same the ancient gene duplica-

tion that gave rise to the diverged copies of C. acetobu-

tylicum and T. tengconge. The root ward Firmicutes do not

have recBC, but instead have addAB.

Conversely, the Chlamydia species are recBC organ-

isms; they each possess a long and a short recD. In the

phylogenetic tree (Fig. 1), their long recDs are phyloge-

netically distinct with high bootstrap support from other

long recD sequences The short Chlamydia recDs are also a

phylogenetically distinct group, but cluster with the (also

short) recDs from Gamma Proteobacter such as E. coli.

The internal branching pattern of the long Chlamydia

recDs is identical to the internal branching pattern of the

short Chlamydia recDs. Clearly, there was a single gene

duplication event in a common ancestor of the Chlamydia.

Similar to the Chlamydia species, there is another col-

lection of recBC organisms, composed mostly of Chlorobi-

um but also some Delta proteobacteri. Most of this

Chlorobium-like group of species (Pelobacter propionicus,

Pelodictyon phaeoclathratiforme, Geobacter bemidjiensis,

Chlorobium phaeobacteroides, Chlorobium limicola,

Chlorobium tepidum, and Chlorobaculum parvum) have

both a short recD gene that clusters with Proteobacter recD’s

such as E. coli, and a long recD. Two of them, P. propionicus

and P. phaeoclathratiforme, also have a third copy of recD,

which in both cases is a long that clusters close to the other

long copy from those genomes. Interestingly, several related

species to the Chlorobium-like group have recDs that cluster

with the long Chlorobium recDs (Geobacter lovleyi, Pros-

thecochloris aestuarii, and C. phaeobacteroides BS1).

However, these three species do not have short recD genes,

and also do not have copies of recB or recC. This correlation

is especially striking in the case of C. phaeobacteroides BS1

(different strain of the other C. phaeobacteroides), which

does have recBC and a short recD. Whereas the short recD

genes from the Chlorobium-like group and those from the

Chlamydia species both group with the Proteobacter recD’s,

the longs of these two species do not show a strong phylo-

genetic relationship. The internal branching patterns of the

long Chlorobium-like recDs are very similar to those of the

short Chlorobium-like recDs. This again suggests a single

event in the common ancestor of the Chlorobium-like spe-

cies leading to duplicate genes. However, the third copy in P.

propionicus and P. phaeoclathratiforme argues that at least

one additional duplication event must have occurred in a

common ancestor to those two species.

The gene duplication event(s) that happened in a com-

mon ancestor of the Chlamydia species, the common

ancestor of the Chlorobium-like species, and the common

ancestor of C. thermocellum, C. acetobutylicum, and T.

tengconge, may be a separate, or they may all be the same

event preserved in different lineages.

Nine other species have duplicate recD genes. In six of

those (Mycoplasma mobile, Mycoplasma mycoides, Acary-

ochloris marina, Methylobacterium extorquens, Acidiphilium

cryptum, and Methylobacterium 4-46), the duplicate genes

cluster with the other gene of the same organism. A. marina

has three such recD genes that all cluster together phyloge-

netically; two of them are plasmid copies. Candidatus Des-

ulforudis audaxviator, Desulfovibrio desulfuricans, and

Desulfococcus oleovorans, each have one long recD gene that

are weakly related to one another, and at least one other rel-

atively divergent long recD, and in the case of D. oleovorans,

a short copy of the gene that clusters with the Proteobacter.

The simplest way to account for these nine organisms with

two or three recD genes is to posit multiple independent gene

duplication events in various lineages and points in history. In

the cases of M. mobile, M. mycoides, and M. extorquens, these

gene duplications seem to have been accompanied by trun-

cations leading to recD genes that are dramatically shorter

(204, 318, and 192 amino acids, respectively) than those of

the long (greater than 710 amino acids) or short (between 450

and 655 amino acids) classifications.

The recD of B. halodurans, a B. Firmicute, as annotated in

the reference genome (Takami et al. 2000), initially appears

to be an additional example of a truncated recD gene. Upon

further investigation, it became apparent that a single

nucleotide mutation had caused a frame shift that split the

recD gene into two slightly overlapping reading frames of

391 amino acids each. Both ORFs retained high conservation

on the nucleotide and amino acid levels to closely related

recD genes from Bacillus anthracis and B. subtilis. Due to

this conservation and the single nucleotide nature of the

frame shift mutation, B. halodurans strain JCM 9153 was

acquired from ATCC, and the sequence of the region of the
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B. halodurans recD containing the frame shift mutation was

amplified and sequenced. The frame shifting single nucleo-

tide insertion was not detected and thus determined to be a

sequencing error. Therefore, the full length 744 amino acid

sequence of the B. halodurans recD was used in the analysis.

Many organisms have a recD gene without having either

addAB or recBC. All organisms with recD and with out

recBC or addAB have recDs of the long type dissimilar

from that of E. coli. One such organism is D. radiodurans.

The recD of D. radiodurans (715 amino acids long) is very

divergent from most other recD sequences in the tree with

its only close neighbor being Deinococcus geothermalis.

The absence of the addAB or recBC genes, combined with

the extraordinary DNA repair capacity of D. radiodurans,

suggest that a knock out of the RecD in D. radiodurans

would be informative of the role of RecD in organisms

significantly different from E. coli.

Repair of Double-Stranded Breaks from Ionizing

Radiation

Given the importance of the E. coli RecBCD enzyme in

DNA repair (Spies and Kowalczykowski 2005), we asked

whether the RecD protein of D. radiodurans played a

similar role. To directly evaluate whether the recD mutant

strain was able to repair DSB damage of its genomic DNA

in response to c radiation, wild-type and recD deletion cells

were exposed to 2,000 Gy of ionizing radiation and then

allowed to recover in TGY liquid media. At various time

points, aliquots were removed and chromosomal DNA was

isolated for analysis by PFGE. Figure 2 clearly shows that

the DNA of both wild-type and recD null cells were sim-

ilarly fragmented at this dose of radiation. However, by

90 min post-irradiation, both wild-type and mutant cells

had begun to repair their genomes as indicated by the

appearance of some reformed chromosomes (shown by *,

Fig. 2). After 2� h of recovery, the chromosomes were

repaired effectively in both strains, strongly suggesting that

the RecD of D. radiodurans is not necessary for the repair

of DSBs resulting from ionizing radiation.

Repair of Double-Stranded Breaks from Hydrogen

Peroxide

As DSBs are the major form of DNA damage by ionizing

radiation, the results from the experiments above raised the

possibility that in D. radiodurans, RecD, in general, may

not be required for their repair. A simple prediction of this

idea is that recD null cells should also be somewhat tol-

erant to other agents that primarily cause DSBs. To test this

possibility, we first queried the degree to which wild-type

and recD null cells were able to withstand exposure to

hydrogen peroxide, which cleaves DNA via a free radical

mechanism (Imlay and Linn 1988). In these assays, we

incubated either wild-type or recD deletion cells with

various concentrations of hydrogen peroxide for 30 min.

The hydrogen peroxide was then removed and the cells

were allowed to recover in rich liquid media. Similar to the

previous recovery experiment, chromosomal DNA was

isolated at appropriate time points and analyzed by PFGE.

At all concentrations of hydrogen peroxide tested, chro-

mosomal DNA from both wild-type and recD null cells

was fragmented (Fig. 3). The degree of fragmentation

corresponded to the concentration of hydrogen peroxide;

progressively more fragmentation of DNA was observed

with higher concentrations of hydrogen peroxide. The

mutant cells showed no reduced capacity to repair these

hydrogen peroxide induced DSBs. These hydrogen perox-

ide induced DSBs may be a primary lesion, or they may be

a secondary consequence of base excision repair acting on

damaged bases, however, the exact mechanism of the

creation of the DSBs is irrelevant to the observation that

the recD null cells repair the damage with kinetics equiv-

alent to the wild-type. This DNA repair capacity exists

regardless of the over-all sensitivity of the organism to

hydrogen peroxide, which we do not test here.

Lack of Sensitivity of the recD Deletion Strain

to Hydroxyurea

As another test, we compared the relative sensitivities of

either wild-type, recA mutant (rec30) or recD null cells to

Fig. 2 RecD is not required for DSB repair from ionizing radiation in

D. radiodurans. Exponentially growing cells were exposed to

2,000 Gy of IR at 4�C and then recovered in TGY liquid media at

30�C. At the indicated times, samples were removed, genomic DNA

was isolated in agarose plugs, and analyzed by pulsed-field gel

electrophoresis (PFGE). The markers are those derived from

Saccharomyces cerevisiae genomic DNA. Reformed chromosomes

are denoted by an *
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hydroxyurea, which can produce DSBs by stalling DNA

replication complexes. This was done by spot-plating 10-

fold serial dilutions of each strain onto TGY agar media

containing different amounts of the drug and allowing the

cells to grow for several days. Qualitatively, the wild-type

strain began to show appreciable sensitivity to 2 mg/ml

hydroxyurea and was severely sensitive to 3 mg/ml

hydroxyurea. On the other hand, the rec30 strain demon-

strated sensitivity at the lowest concentration of HU tested

(0.5 mg/ml) and showed almost no growth on plates

containing 3 mg/ml hydroxyurea, reflecting the central role

of RecA in DNA repair (Fig. 4). The recD null cells did not

show any increased sensitivity to hydroxyurea above that

of wild-type cells. Together, the results from the ioniziing

radiation experiment and this experiment suggest that

RecD may not be necessary for the repair of DSBs in D.

radiodurans.

Discussion

The bacterial RecBCD enzyme, a complex of three sub-

units encoded by the recB, recC, and recD genes, is

required for nearly all of the recombination processes that

involve a DSB. The enzyme utilizes its multiple activities,

that include DNA-dependent ATPase, DNA helicase,

ssDNA endo- and exonuclease, and dsDNA exonuclease,

to generate ssDNA which is necessary for RecA to catalyze

strand exchange for homologous recombination (Spies and

Kowalczykowski 2005). Several genetic studies have

described phenotypes associated with mutations in the

recD gene. As far as we can ascertain, with the exception

of two organisms [Neisseria gonorrhoeae (Chaussee et al.

1999; Mehr and Seifert 1998) and D. radiodurans (this

article, (Khairnar et al. 2008; Servinsky and Julin 2007;

Zhou et al. 2007)], these studies have focused on organisms

that belong to the class of gamma proteobacteria, which

includes the bacterial model organism E. coli (Amundsen

et al. 1986; Bidle and Bartlett 1999; Biek and Cohen 1986;

Kickstein et al. 2007; Lovett et al. 1988; Miesel and Roth

1994; Regha et al. 2005). Our analysis of these studies, as

well as our own, suggests that the recD mutant phenotypes

may be classified into several groups. Furthermore, our

analysis also suggests that RecD may have evolved dif-

ferent functions in various organisms.

Fig. 3 RecD is not required for

DSB repair from hydrogen

peroxide in D. radiodurans. The

recD deletion strain is better

able to withstand exposure to

hydrogen peroxide. Exponential

wild-type and recD deletion

cells were exposed to various

concentrations of hydrogen

peroxide for 30 min at 30�C and

then allowed to recover in TGY

liquid media lacking peroxide.

At the indicated times, samples

were analyzed as described in

Fig. 2. The markers are a 50 kb

ladder derived from

bacteriophage k DNA.

Reformed chromosomes are

denoted by an *

Fig. 4 The recD deletion strain is no more susceptible to hydroxy-

urea than wild-type. Ten-fold serial dilutions of exponential wild-

type, rec30, and recD deletion cells were spot-plated onto TGY agar

media containing the indicated amounts of hydroxyurea and then

allowed to grow at 30�C for 2–4 days
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The first phenotypic group, represented by the E. coli

and Salmonella typhimurium, is one in which recD mutant

strains behave similarly to wild-type. Although the ATP-

dependent exonuclease activity is abolished in recD

mutants of both these organisms, they are viable and

respond to DNA-damaging agents, such as ultraviolet

radiation, as well as wild-type (Amundsen et al. 1986; Biek

and Cohen 1986; Lovett et al. 1988; Miesel and Roth

1994). These strains are proficient in recombination;

however, the exchanges occur near double-stranded ends

independently of Chi sites (Chaudhury and Smith 1984;

Lovett et al. 1988; Miesel and Roth 1994; Thaler et al.

1989). As stated earlier, recombination in these strains is

dependent on the activities of RecBC and the RecJ nucle-

ase (Lloyd et al. 1988; Lovett et al. 1988). Another

organism that belongs to this group is Acinetobacter baylyi,

in which a recD deletion does not compromise viability,

efficiency of DNA transformation or response to UV

radiation when compared to wild-type (Kickstein et al.

2007). It should be pointed out that this insensitivity to the

loss of the RecD activity is in the presence of the RecBC

activities. Simultaneous loss of all these activities is asso-

ciated with a dramatic reduction in the ability to repair

DSBs. We do not place D. radiodurans in this phenotypic

class because it does not have the recBC genes.

The second phenotypic group is characterized by a

requirement for a function of RecD for viability when an

extremophilic organism is exposed to its challenging

environment. This property is observed in the deep-sea

bacterium Photobacterium profundum SS9 and the Ant-

arctic psychrotrophic bacterium Pseudomonas syringae

Lz4W. In the case of P. profundum SS9, the recD gene was

first identified by its ability to complement the pressure-

sensitive phenotype of mutant EC1002 (Bidle and Bartlett

1999). Subsequent experiments demonstrated that mutant

EC1002 contains a G-to-A transition at nucleotide position

258 in the recD coding sequence resulting in the creation of

a stop codon at amino acid position 86. The same study

also showed that two other independent recD mutations in

SS9 severely affect growth at high pressure. The E. coli

recD is unable to complement the high-pressure growth

defect of EC1002. On the other hand, the SS9 recD gene

allows growth at high pressure when placed into a recD

mutant strain of E. coli, suggesting that SS9 RecD has an

activity at high pressure that is not provided by E. coli

recD. In the Antarctic bacterium P. syringae Lz4W, Regha

et al. have identified several gene disruption recD mutants

that do not grow at 4�C, indicating that a functional RecD

is essential for growth at that temperature (Regha et al.

2005). These mutants are surprisingly more sensitive to

mitomycin C and UV radiation than wild-type. In addition,

they do not display a corresponding morphological change

in cell size, like wild-type Lz4W, when cells are shifted to

growth at 4�C. P. syringae recD complements the exonu-

clease deficiency of recD mutants of E. coli in plaque size

assays; however, E. coli recD fails to complement either

the cold-sensitive phenotype of a P. syringae recD mutant

or the increased sensitivity of UV radiation, suggesting that

even P. syringae Lz4W RecD may possess a different

activity than E. coli RecD.

Our results as well as others with recD mutants in D.

radiodurans suggest a third phenotype (this article,

(Khairnar et al. 2008; Servinsky and Julin 2007; Zhou et al.

2007) and also raise the possibility of a new function for

RecD. In contrast to the E. coli recD null mutant, which

respond similarly to wild-type when exposed to a variety of

DNA-damaging agents (Biek and Cohen 1986; Lovett et al.

1988), D. radiodurans recD mutant strains show a variety

of responses to different DNA-damaging agents (Khairnar

et al. 2008; Servinsky and Julin 2007; Zhou et al. 2007).

Servinsky and Julin (2007) and Zhou et al. (2007) have

shown that D. radiodurans recD mutants are more sensi-

tive to UV radiation and hydrogen peroxide than wild-type.

Servinsky and Julin have also shown that their recD mutant

is more sensitive than wild-type to ionizing radiation

(Servinsky and Julin 2007). However, two other groups

have reported no difference in sensitivity to ionizing radi-

ation between a recD mutant strain and wild-type (Khair-

nar et al. 2008; Zhou et al. 2007). Although, we do not

understand the difference in results, we believe the defect

in recD mutant strains is not related to its ability to repair

the resulting DSBs. CHEF Gel analysis revealed that

chromosomes broken by exposure to either 2 kGy of ion-

izing radiation or various concentrations of hydrogen per-

oxide are repaired with similar kinetics in a recD deletion

strain we created and a wild-type strain (Figs. 2, 3).

However, D. radiodurans recD mutants do not respond

more sensitively than wild-type to all types of DNA-

damaging agents tested. For example, Servinsky and Julin

have shown that their recD mutant responds similarly to

wild-type to exposure to mitomycin C or methyl meth-

anesulfonate (Servinsky and Julin 2007). In addition, our

own recD deletion responds like wild-type when grown on

media that contains hydroxyurea (Fig. 4). In summary, the

third recD mutant phenotype is characterized by a lack of

essential function at an organism’s natural environment

(different from P. profundum, P. syringae, and E. coli, etc.)

and increased sensitivity to selective groups of DNA-

damaging agents (different from E. coli), leading to the

possibility of an unrelated function to that of E. coli for the

protein.

The recD mutants of N. gonorrhoeae presented a

dilemma as to which phenotypic group they belong. Two

groups have reported apparently conflicting results. One,

Chaussee et al. (1999), found that an insertional recD

mutant in strain MS11 is viable, does not affect survival
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following UV exposure and reduces pilin phenotypic var-

iation. In contrast, Mehr and Seifert 1998 found that

although viable, a disrupted recD in human isolate FA

1090 1-81-S2 is more sensitive than wild-type to both UV

and ionizing radiation and does not affect pilin antigenic

variation. Thus, one study, the former, places Neisseria

gonorrheae in the first phenotypic group which includes E.

coli while the latter study places Neisseria gonorrheae in

the same group as D. radiodurans. Regardless, RecD

appears to have a spectrum of biological roles in different

organisms.

To understand these diverse functions of recD, it is

necessary to place it within its evolutionary context. Based

upon the phylogenetic tree of recDs, and the multiple

copies of the recD gene in certain lineages, correlated

against the presence of recBC and addAB, it is clear that

recD has undergone several duplications and truncations in

various bacterial lineages. These duplications could have

occurred by two mechanisms: recombination within a

single ancestral cell followed by divergence of the two

copies, or acquisition of a divergent copy by lateral transfer

from another organism. Due to their high degree of

sequence similarity, the three copies of A. marina recD

seem a likely candidate for the first mechanism of dupli-

cation, whereas the second copy of the D. desulfuricans

recD, which is very divergent from the other two copies

from D. desulfuricans, appears to be an example of the

lateral transfer mechanism of gene duplication.

It is also clear that the short version of recD is an

adaptation to its participation in the RecBCD complex.

Although the absence of addAB is a prerequisite for the

presence of recBC, the presence of addAB in an organism

does not entirely correlate to the copy number or length of

the recD in that same organism. It appears that the diver-

gence of the duplicated recD into the version associated

with the RecBCD complex was gradual with numerous

stable intermediates remaining to this day in which the

short RecBC adapted version of the gene coexists with one

or more long copies.

The simplest explanation for most of multiple-copy

recD organisms is that a single extremely ancient dupli-

cation event occurred in a Firmicute-like ancestor common

to all current bacterial species. Different parts of the

aftermath of that gene duplication are preserved in the

phylogenetic record: C. acetobutylicum, C. thermocellum,

and T. tengconge preserve a state similar to what must have

been present just after this duplication event, with a long

recD gene that is similar to other Clostridium species, and

the other copy diverging. Next, many Chlorobium-like

species and the Chlamydia species have acquired recBC

and simultaneously specialized one copy of recD into a

short form, while still retaining a relatively un-diverged

long recD. Finally, proteobacter, such as E. coli, have

further specialized by losing their long recD, retaining only

their short recBC adapted copy. This sequence of events,

inferred from the phylogenetic tree, (Fig. 1) is in keeping

with the theory that following gene duplication, one of the

gene copies is free to diverge and acquire new roles

(Hughes 1994; Zhang 2003).

The recD of D. radiodurans is phylogenetically unre-

lated to most other recDs. It is possible that although

divergent, the recD of D. radiodurans has retained the

ancestral Firmicute-like activity of long recDs such as

Clostridium tetani. Alternatively, it may have acquired a

new function altogether. Regardless, the phylogenetic, and

in vivo evidence suggest that the familiar recD function, as

derived from E. coli, is not applicable to D. radiodurans.

The ancestral recD function is associated with the long

form of the recD gene as seen in species like C. tetani and

remains largely uninvestigated.

It can be inferred that M. mobile and M. mycoides have

also independently duplicated, and then truncated, their

pre-existing copies of recD with the loss of addAB, most

likely a result of the gene loss common in intracellular

parasites (Hutchison and Montague 2002). The Myco-

plasma, however, did not simultaneously acquire recBC, so

shortened recDs may not be entirely a result of special-

ization to recBC. This is further confirmed by the example

of M. extorquens, which appears to be another independent

example of duplication and truncation, this time in the

presence of addAB.

It is striking that so many distantly related species con-

tain multiple copies of recD. Distantly related species could

share the trait of containing multiple recDs for two reasons:

they have all inherited duplicate copied from a common

ancestor, or because second and third copies were acquired

separately in different lineages. While the central nodes of

the tree are not well supported by bootstrap, except the node

differentiating the short recDs (recD1) from other recDs

(recD2 and unclassified), many of the local nodes are well

supported. This is significant because it suggests that at least

some of these duplications must have been independent

events. Even if we assume that only one ancient duplication

took place giving rise to the duplicate copies in C. acet-

obutylicum, C. thermocellum, and T. tengconge, the

Chlorobium-like species, the Chlamydia species, and the

short recD in D. oleovorans, that still leaves 12 duplicate

copies of recD in various species un-accounted for as well

as a third copy in Chlorobium-like species P. propionicus.

In two of those cases, A. marina and Acidiphilium crytum,

the additional gene can be accounted for by the fact that the

duplicates are encoded on plasmids. Some of these species

with multiple copies of recD can be accounted for by pos-

iting a relatively recent common ancestor in which the

duplication occurred because the duplicate copies are of

very similar sequence. Thus, the duplicate genes in the
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M. mobile and M. mycoides may be from a single event.

Likewise, the duplicate copies in M. extorquens and

Methylobacterium 4-46, may be separate descendents of a

single gene duplication or lateral transfer from a closely

related species. The third copies in P. phaeoclathratiforme

and P. propionicus, may be descendents of the same event,

but the third copy in D. desulfuricans appears to be quite

recent due to the high degree of conservation between the

first and third copies. The three copies of recD in D. oleo-

vorans, are harder to account for due to their relative

divergence from on another, but may account for yet

another independent event, probably a lateral transfer.

Regardless of what its exact function may be, the long

recD retains a helicase domain suggesting that even in the

absence of recBC it is a recombination or repair protein.

Although pure traA sequences were screened from the data

set many of the retained recD sequences are annotated as

‘‘recD/traA.’’ TraA is a strand and site specific knickase,

sometimes referred to as a ‘‘relaxase,’’ associated with the

replication and transmission of conjugative plasmids. A

conjugative mechanism may account for some of the

duplications, particularly those on or related to plasmid

encoded copies of recD. However, it does not account for,

the Mycoplasma duplicate genes, and the third copies in D.

desulfuricans, P. propionicus, and D. oleovorans. Nor can it

account for the ancient duplication, which we theorize gave

rise to the short recD1 copes in the Chlorobium-like spe-

cies, the Chlamydia species and the divergent copies in C.

acetobutylicum, C. thermocellum, and T. tengconge. That

makes at least four and perhaps as many as seven separate

events leading to duplicate genes in the phylogenetic history

of recD2. Others have characterized a similar tendency of

recD1 to be subject to duplication or lateral transfer as part

of the acquisition or duplication of the recBCD gene com-

plex. It has been hypothesized that the recBCD complex

may influence the lateral transfer of the genes encoding it

(Cromie 2009). That recD2 may also display this charac-

teristic in the absence of recBC is interesting.

Due to the intermediates that appear to have been pre-

served from the ancient gene duplication and adaptation to

recBC, and because of the many more recent independent

duplication events that it has undergone, recD is an ideal

model for the exploration of gene duplication as a pre-

cursor to acquisition of new function. To that end, it would

be interesting to compare and contrast various aspects of

the biology of both recD copies in such organisms as C.

acetobutylicum and Clostridium tepidum with one another

as they represent different stages of recD’s evolution away

from the presumed ancestral state similar to the recD as

represented in the undiverged copies of recD in root ward

Firmicutes organisms like C. tetani. As each of these

organisms retain an undiverged copy, the new function and

the ancestral function can be compared directly. Just as

intermediate states in recD’s evolution appear to have been

preserved in the biological diversity of bacterial genomes,

one would expect the corresponding changes in the folded

structure of the protein, its expression and regulation, and

is binding partners to also be preserved. The study of recD,

outside of the proteobacter clade represents an opportunity

to understand the acquisition of new function with regards

to the larger genomic context as well as gene duplication.

Acknowledgments This research was supported by the Office of

Science (BER), U.S. Department of Energy, Grant No. DE-FC02-

02ER63453. We graciously acknowledge Dr. John Battista and Dr.

Mary Lidstrom for generously providing reagents. We thank Mr. Jim

Puhl of NIST for his help with the ionizing radiation experiments. We

are grateful to members of the Synthetic Biology group at the J. Craig

Venter Institute, especially Dr. John Glass, Dr. Chuck Merryman and

Ms. Cindi Pfannkoch for stimulating discussions. We thank Mikkel

Algire and Radha Krishnakumar for critical reading of this manu-

script. We thank Jonathan Badger for his phylipFasta script and

general help and advice on constructing a recD phylogeny.

References

Amundsen SK, Taylor AF, Chaudhury AM, Smith GR (1986) recD:

the gene for an essential third subunit of exonuclease V. Proc

Natl Acad Sci USA 83:5558–5562

Battista JR (1997) Against all odds: the survival strategies of

Deinococcus radiodurans. Annu Rev Microbiol 51:203–224

Benzer S (1961) On the topography of the genetic fine structure. Proc

Natl Acad Sci USA 47:403–415

Bidle KA, Bartlett DH (1999) RecD function is required for high-

pressure growth of a deep-sea bacterium. J Bacteriol 181:2330–

2337

Biek DP, Cohen SN (1986) Identification and characterization of

recD, a gene affecting plasmid maintenance and recombination

in Escherichia coli. J Bacteriol 167:594–603

Blount ZD, Borland CZ, Lenski RE (2008) Historical contingency

and the evolution of a key innovation in an experimental

population of Escherichia coli. Proc Natl Acad Sci USA

105:7899–7906

Boussau B, Blanquart S, Necsulea A, Lartillot N, Gouy M (2008)

Parallel adaptations to high temperatures in the Archaean eon.

Nature 456:942–946

Chaudhury AM, Smith GR (1984) A new class of Escherichia coli
recBC mutants: implications for the role of RecBC enzyme in

homologous recombination. Proc Natl Acad Sci USA 81:7850–

7854

Chaussee MS, Wilson J, Hill SA (1999) Characterization of the recD

gene of Neisseria gonorrhoeae MS11 and the effect of recD

inactivation on pilin variation and DNA transformation. Micro-

biology 145(Pt 2):389–400

Chedin F, Kowalczykowski SC (2002) A novel family of regulated

helicases/nucleases from Gram-positive bacteria: insights into

the initiation of DNA recombination. Mol Microbiol 43:823–834

Ciccarelli FD, Doerks T, Von Mering C, Creevey CJ, Snel B, Bork P

(2006) Toward automatic reconstruction of a highly resolved

tree of life. Science 311:1283–1287

Cromie GA (2009) Phylogenetic ubiquity and shuffling of the

bacterial RecBCD and AddAB complexes. J Bacteriol 191(16):

5076–5084

370 J Mol Evol (2009) 69:360–371

123



Dillingham MS, Spies M, Kowalczykowski SC (2003) RecBCD

enzyme is a bipolar DNA helicase. Nature 423:893–897

Earl AM, Rankin SK, Kim KP, Lamendola ON, Battista JR (2002)

Genetic evidence that the uvsE gene product of Deinococcus
radiodurans R1 is a UV damage endonuclease. J Bacteriol

184:1003–1009

Emmerson PT (1968) Recombination deficient mutants of Esche-
richia coli K-12 that map between thyA and argA. Genetics

60:19–30

Felsenstein J (1989) PHYLIP—Phylogeny Inference Package (Ver-

sion 3.2). Cladistics 5:164–166

Finn RD, Tate J, Mistry J, Coggill PC, Sammut SJ, Hotz H-R, Ceric

G, Forslund K, Eddy SR, Sonnhammer EL, Bateman A (2008)

The Pfam protein families database. Nucleic Acids Res

36:D281–D288

Howard-Flanders P, Theriot L (1966) Mutants of Escherichia coli K-

12 defective in DNA repair and in genetic recombination.

Genetics 53:1137–1150

Hughes AL (1994) The evolution of functionally novel proteins after

gene duplication. Proc Biol Sci 256:119–124

Huson DH, Richter DC, Rausch C, Dezulian T, Franz M, Rupp R

(2007) Dendroscope—an interactive viewer of large phyloge-

netic trees. BMC Bioinform 8:460

Hutchison CA, Montague MG (2002) Mycoplasmas and the minimal

genome concept. In: Razin S, Herrmann R (eds) Molecular

biology and pathogenicity of mycoplasmas. Plenum Pub Corp,

Jerusalem, pp 221–253

Imlay JA, Linn S (1988) DNA damage and oxygen radical toxicity.

Science 240:1302–1309

Khairnar NP, Kamble VA, Misra HS (2008) RecBC enzyme

overproduction affects UV and gamma radiation survival of

Deinococcus radiodurans. DNA Repair (Amst) 7:40–47

Kickstein E, Harms K, Wackernagel W (2007) Deletions of recBCD

or recD influence genetic transformation differently and are

lethal together with a recJ deletion in Acinetobacter baylyi.
Microbiology 153:2259–2270

Lloyd RG, Porton MC, Buckman C (1988) Effect of recF, recJ, recN,

recO and ruv mutations on ultraviolet survival and genetic

recombination in a recD strain of Escherichia coli K12. Mol Gen

Genet 212:317–324

Lovett ST, Luisi-DeLuca C, Kolodner RD (1988) The genetic

dependence of recombination in recD mutants of Escherichia
coli. Genetics 120:37–45

Masters CI, Smith MD, Gutman PD, Minton KW (1991) Heterozy-

gosity and instability of amplified chromosomal insertions in the

radioresistant bacterium Deinococcus radiodurans. J Bacteriol

173:6110–6117

Mattimore V, Battista JR (1996) Radioresistance of Deinococcus
radiodurans: functions necessary to survive ionizing radiation

are also necessary to survive prolonged desiccation. J Bacteriol

178:633–637

Mehr IJ, Seifert HS (1998) Differential roles of homologous

recombination pathways in Neisseria gonorrhoeae pilin anti-

genic variation, DNA transformation and DNA repair. Mol

Microbiol 30:697–710

Meima R, Lidstrom ME (2000) Characterization of the minimal

replicon of a cryptic Deinococcus radiodurans SARK

plasmid and development of versatile Escherichia coli–D.
radiodurans shuttle vectors. Appl Environ Microbiol

66:3856–3867

Miesel L, Roth JR (1994) Salmonella recD mutations increase

recombination in a short sequence transduction assay. J Bacteriol

176:4092–4103

Moseley BE, Copland HJ (1975) Isolation and properties of a

recombination-deficient mutant of Micrococcus radiodurans. J

Bacteriol 121:422–428

Peterson JD, Umayam LA, Dickinson TM, Hickey EK, White O

(2001) The comprehensive microbial resource. Nucleic Acids

Res 29:123–125

Regha K, Satapathy AK, Ray MK (2005) RecD plays an essential

function during growth at low temperature in the antarctic

bacterium Pseudomonas syringae Lz4W. Genetics 170:1473–

1484

Rocha EP, Cornet E, Michel B (2005) Comparative and evolutionary

analysis of the bacterial homologous recombination systems.

PLoS Genet 1:e15

Saikrishnan K, Griffiths SP, Cook N, Court R, Wigley DB (2008)

DNA binding to RecD: role of the 1B domain in SF1B helicase

activity. EMBO J 27:2222–2229

Schmidt HA, Strimmer K, Vingron M, von Haeseler A (2002) TREE-

PUZZLE: maximum likelihood phylogenetic analysis using

quartets and parallel computing. Bioinformatics 18:502–504

Servinsky MD, Julin DA (2007) Effect of a recD mutation on DNA

damage resistance and transformation in Deinococcus radiodu-
rans. J Bacteriol 189:5101–5107

Singleton MR, Dillingham MS, Gaudier M, Kowalczykowski SC,

Wigley DB (2004) Crystal structure of RecBCD enzyme reveals

a machine for processing DNA breaks. Nature 432:187–193

Slade D, Linder A, Paul G, Radman M (2009) Recombination and

replication in DNA repair of heavily irradiated Deinococcus
radiodurans. Cell 136:1044–1055

Spies M, Kowalczykowski SC (2005) Homologous recombination by

the RecBCD and RecF pathways. In: Higgins NP (ed) The

bacterial chromosome. ASM Press, Washington, DC, pp 389–403

Takami H, Nakasone K, Takaki Y, Maeno G, Sasaki R, Masui N, Fuji

F, Hirama C, Nakamura Y, Ogasawara N, Kuhara S, Horikoshi K

(2000) Complete genome sequence of the alkaliphilic bacterium

Bacillus halodurans and genomic sequence comparison with

Bacillus subtilis. Nucleic Acids Res 28:4317–4331

Tatusov RL, Fedorova ND, Jackson JD, Jacobs AR, Kiryutin B,

Koonin EV, Krylov DM, Mazumder R, Mekhedov SL, Nikols-

kaya AN, Rao BS, Smirnov S, Sverdlov AV, Vasudevan S, Wolf

YI, Yin JJ, Natale DA (2003) The COG database: an updated

version includes eukaryotes. BMC Bioinformatics 4:1–14

Taylor AF, Smith GR (2003) RecBCD enzyme is a DNA helicase with

fast and slow motors of opposite polarity. Nature 423:889–893

Thaler DS, Sampson E, Siddiqi I, Rosenberg SM, Thomason LC,

Stahl FW, Stahl MM (1989) Recombination of bacteriophage

lambda in recD mutants of Escherichia coli. Genome 31:53–67

Thompson JD, Gibson TJ, Plewniak F, Jeanmougin F, Higgins DG

(1997) The ClustalX windows interface: flexible strategies for

multiple sequence alignment aided by quality analysis tools.

Nucleic Acids Res 25:4876–4882

White O, Eisen JA, Heidelberg JF, Hickey EK, Peterson JD, Dodson

RJ, Haft DH, Gwinn ML, Nelson WC, Richardson DL, Moffat

KS, Qin H, Jiang L, Pamphile W, Crosby M, Shen M,

Vamathevan JJ, Lam P, McDonald L, Utterback T, Zalewski

C, Makarova KS, Aravind L, Daly MJ, Fraser CM et al (1999)

Genome sequence of the radioresistant bacterium Deinococcus
radiodurans R1. Science 286:1571–1577

Willetts NS, Mount DW (1969) Genetic analysis of recombination-

deficient mutants of Escherichia coli K-12 carrying rec muta-

tions cotransducible with thyA. J Bacteriol 100:923–934

Yu M, Souaya J, Julin DA (1998) The 30-kDa C-terminal domain of

the RecB protein is critical for the nuclease activity, but not the

helicase activity, of the RecBCD enzyme from Escherichia coli.
Proc Natl Acad Sci USA 95:981–986

Zhang J (2003) Evolution by gene duplication: an update. Trends Ecol

Evol 18:292–298

Zhou Q, Zhang X, Xu H, Xu B, Hua Y (2007) A new role of

Deinococcus radiodurans RecD in antioxidant pathway. FEMS

Microbiol Lett 271:118–125

J Mol Evol (2009) 69:360–371 371

123


	The Evolution of RecD Outside of the RecBCD Complex
	Abstract
	Introduction
	Materials and Methods
	Bioinformatic Dataset Construction
	Phylogenetic Analysis
	Bacterial Strains
	Creation of the recD Knockout Vector
	Creation of a recD Deletion Strain
	Ionizing Radiation Experiments
	Hydrogen Peroxide Experiments
	Hydroxyurea Experiment

	Results
	Gene-Length, and Phylogenetic Analysis of recD
	Repair of Double-Stranded Breaks from Ionizing Radiation
	Repair of Double-Stranded Breaks from Hydrogen Peroxide
	Lack of Sensitivity of the recD Deletion Strain �to Hydroxyurea

	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


