
dues S408, P409, K417, K420, and Y477.
This site is located on the side of the knob,
maps to a single monomer, and does not
overlap two adjacent monomers. This finding
implies that the trimeric knob binds to three
CAR molecules independently, and it agrees
with a determination of the molecular mass of
the Ad12 fiber knob complexed with the IgV
domain of the CAR protein (24).

The fiber knobs of the CAR-binding se-
rotypes display profound dissimilarity of the
loops (distal DE, distal FG and HI) that sur-
round the critical residues, which indicates a
potential role for these structures in avoiding
neutralizing immunity. An analogous situa-
tion may exist for the human immunodefi-
ciency virus gp120 envelope glycoprotein
(25–27) and the sialic acid binding site of the
hemagglutinin protein of influenza viruses
(28, 29).

Our experiments with the vector Adf.F-
(TAYT-HA) demonstrate the feasibility of
combined CAR-binding ablation and simul-
taneous retargeting to a new receptor by in-
troduction of new targeting sequences to an
adenovirus vector fiber protein. Incorporation
of this concept into adenoviral gene therapy
vectors will lead to the development of safer,
targeted vectors capable of delivering thera-
peutic genes to tissues with the highest pos-
sible specificity.

Note added in proof: Bewley et al. (30)
have analyzed the crystal structure of the
CAR-recognizing Ad12 fiber knob com-
plexed with the D1 domain of the CAR pro-
tein. Their study confirms that the fiber AB
loop plays an essential role in the interaction
with the cellular receptor protein, CAR.
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The complete genome sequence of the radiation-resistant bacterium Deino-
coccus radiodurans R1 is composed of two chromosomes (2,648,638 and
412,348 base pairs), a megaplasmid (177,466 base pairs), and a small plasmid
(45,704 base pairs), yielding a total genome of 3,284,156 base pairs. Multiple
components distributed on the chromosomes and megaplasmid that contribute
to the ability of D. radiodurans to survive under conditions of starvation,
oxidative stress, and high amounts of DNA damage were identified. Deinococcus
radiodurans represents an organism in which all systems for DNA repair, DNA
damage export, desiccation and starvation recovery, and genetic redundancy
are present in one cell.

Deinococcus radiodurans is a Gram-positive,
red-pigmented, nonmotile bacterium that was
originally identified as a contaminant of irradi-

ated canned meat (1). It has been isolated
worldwide from locations rich in organic nutri-
ents, including soil, animal feces, and processed
meats, as well as from dry, nutrient-poor envi-
ronments, including weathered granite in a dry
Antarctic valley, room dust, and irradiated med-
ical instruments (2). All species in the genus
Deinococcus, in particular D. radiodurans, are
extremely resistant to a number of agents and
conditions that damage DNA, including ioniz-
ing and ultraviolet (UV) radiation and hydrogen
peroxide (3). Deinococcus radiodurans is the
most radiation-resistant organism described to
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date; exponentially growing cells are 200 times
as resistant to ionizing radiation and 20 times as
resistant to UV irradiation (as measured by
survival) as Escherichia coli (4). This resis-
tance may be a side effect of mechanisms that
are designed to allow survival of periods of
extended desiccation (5). The radiation resis-
tance of D. radiodurans makes it an ideal can-
didate for bioremediation of sites contaminated
with radiation and toxic chemicals. We selected
D. radiodurans (type strain R1) for sequencing
because, among six closely related species of
radioresistant Deinococci (1), it is the only rep-
resentative that is naturally transformable and
therefore amenable to genetic manipulation.

The D. radiodurans genome sequence was
determined by the random whole-genome shot-
gun method as described previously (6). The
assembled nucleotide sequence, restriction
maps, Southern (DNA) hybridizations, and op-
tical map confirm that the genome is composed
of four circular molecules: chromosome I
[2,648,638 base pairs (bp)], chromosome II
(412,348 bp), a megaplasmid (177,466 bp), and
a plasmid (45,704 bp) (Tables 1 to 5 and Figs.
1 and 2). Genes for amino acid utilization, cell
envelope formation, and transporters are encod-
ed on chromosome II, indicating that it is likely
essential. Putative origins of replication were

found on chromosomes I and II by correlating
oligomer skew analysis (7) with the presence of
certain genes (dnaA and dnaN for chromosome
I and parA for chromosome II). We were un-
able to identify a likely origin of replication for
the megaplasmid or the plasmid either by oli-
gomer skew analysis or by sequence similarity
with predicted origins of the chromosomes.

A statistical analysis program (8) to predict
coding regions was applied to the D. radio-
durans sequence, and predicted coding regions
were analyzed as previously described (6). The
genome contains 3187 open reading frames
(ORFs), with an average size of 937 bp, repre-
senting 91% of the genome (Tables 1 to 5 and
http://www.tigr.org/tdb/mdb). A total of 2185
ORFs (69%) matched sequences available in
public databases, of which 1674 were placed in
a biological role classification scheme adopted
from (9), and 511 matched hypothetical pro-
teins; 1002 have no database match (Figs. 1 and
2 and Table 2). Gene families within D. radio-
durans were identified with PSI-BLAST (10).
A total of 1665 (52%) genes were placed into
95 families. The two largest families are the
P-loop nucleotide binding proteins (11), with
120 representatives, and the helix-turn-helix
family (of DNA binding proteins), with 72
members.

Phylogenetic studies of highly conserved
genes have suggested that the Deinococci are
most closely related to the Thermus genus and
that these two lineages form a eubacterial phy-
lum (12). To determine the extent of this rela-
tionship, we compared the 175 currently avail-
able Thermus thermophilus proteins against D.
radiodurans and against all other complete ge-
nome sequences (13). The majority (143 of
175) are most similar to a D. radiodurans pro-
tein, indicating that the Thermus and Deionoc-
cous lineages share extensive similarity
throughout their genomes and are even more
closely related than was previously suggested.
The observation that all members of the Ther-
mus genus are thermophilic and some Deino-
cocci are slightly thermophilic (14) suggests
that the common ancestor of the Deinococcus-
Thermus group was thermophilic. Because
growth at high temperature can also cause ex-
tensive damage to cellular components, the ex-
treme resistance of the Deinococci may have
originated through modification of systems that
evolved for resistance to heat.

Of the proteins in D. radiodurans that are
the most similar to T. thermophilus proteins, all
except one are encoded by genes on chromo-
some I. Thus, it is possible that only chromo-
some I shares a common ancestry with the
Thermus lineage and the smaller genetic ele-
ments may have been acquired separately. This
possibility is supported by the finding that each
genetic element has statistically distinct nucle-
otide composition (15), which can be an indi-
cation of different evolutionary origins (16).

Table 1. General features of the D. radiodurans genome.

Molecule Length

Average
ORF

length
(bp)

Protein
coding
regions

GC
content

Repeat-
content

Chromosome I 2,648,638 913 90.8% 67.0% 1.8%
Chromosome II 412,348 1,044 93.5% 66.7% 1.4%
Megaplasmid 177,466 1,100 90.4% 63.2% 9.2%
Plasmid 45,704 928 80.9% 56.1% 13.0%
All 3,284,156 937 90.9% 66.6% 3.8%

Table 2. Predicted protein coding region sequences of the D. radiodurans genome.

Molecule

With a database match
No

database
match

TotalIdentified
by database

match

Putative
function
assigned

Function
unknown

Conserved
hypothetical

Chromosome I 1812 1211 145 456 821 2633
Chromosome II 255 186 22 47 114 369
Megaplasmid 94 80 9 5 51 145
Plasmid 24 16 5 3 16 40
All 2185 1493 181 511 1002 3187

Table 3. Stable RNAs and genome coordinates of the D. radiodurans genome.

Stable
RNAs

Genome coordinates

16S rRNA 84,836–86,337; 2,285,518–2,287,019; 2,467,934–2,469,435
23S rRNA 252,343–254,285; 2,245,319–2,246,194; 2,585,058–2,585,933
5S rRNA 254,392–254,515; 2,245,090–2,245,213; 2,584,828–2,584,951
tRNAs 49 (see Fig. 1 for genome locations)

Table 4. Repeat elements of the D. radiodurans
genome.

Repeat Length Copies

SRE 160 84
SMR1 139 41
SMR2 114 92
SMR4 147 7
SMR5 215 38
SMR7 140 18
SMR8 131 24
SMR9 105 6
SMR10 60 6
Total 316

Table 5. Insertion elements of the D. radiodurans
genome.

Insertion
element

Length Copies

IS2621 1322 15
IS4 1207 14
TCL121 1073 3
TCL9 1048 5
TCL23 1069 3
IS3 1304 1
IS200dr ;1700 15
AR-like 1000 2
Total 61
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Fig. 1. A circular representation of the D. radiodurans genome. The locations of predicted coding regions color-coded by biological role, repeats,
insertion (IS) elements, rRNA genes, tRNA genes, sRNA genes, and transporters are indicated on the four circular molecules of D. radiodurans.
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Compositional differences are present even
though some gene exchange has occurred be-
tween these molecules (Figs. 1 and 2). The
possibility of acquisition by horizontal transfer
of the smaller elements is consistent with the
observation that D. radiodurans is one of the
most transformable species known (17).

The ability to survive the potentially dam-
aging effects of ionizing and ultraviolet irradi-
ation and desiccation can be the result of three
mechanisms: prevention, tolerance, and repair.
Scavenging oxygen radicals is an important
component of prevention because oxygen rad-
icals are a key intermediate in the damage to
cells caused by ionizing and UV radiation and
desiccation. Several such prevention genes are
present in the D. radiodurans genome, includ-
ing two catalases, one of which has been shown
to be induced after exposure to ionizing radia-
tion (18), multiple superoxide dismutases
(SOD), and a homolog of the DPS protein in E.
coli. Catalase and SOD mutants of D. radio-
durans are more sensitive to ionizing radiation
than the wild type (19), indicating that preven-
tion is a component of resistance in this species.

Although prevention and tolerance mecha-
nisms likely contribute to the resistance of D.
radiodurans, the main component of its resis-
tance is a highly efficient DNA repair system
(20). For example, after the induction of hun-
dreds of double-stranded breaks by 1.75 Mrads
of ionizing radiation, in a little over 24 hours,
most cells restore the genome without rear-
rangement or increased mutation frequency.
Only a limited amount is known about the
molecular mechanisms of repair in this species.
Analysis of the genome sequence of D. radio-
durans identifies a nearly full suite of potential
DNA repair activities (Table 6), including nu-
cleotide excision repair (a UvrABCD system
and a UVDE system that likely correspond to
the UV endonuclease a and b activities, respec-
tively), base excision repair (nine DNA glyco-
sylases and an apurinic-apyrimidinic endonu-
clease), mismatch excision repair (MutL and
MutS), and various aspects of recombinational
repair (for example, RecA, RuvABC, and
SbcCD). Although recA mutants are highly ra-
diation-sensitive (21), this sensitivity may be
due to recA-based transcriptional regulation as
in E. coli and not recA-based recombination.
The only major repair processes for which ho-
mologs are not present are alkylation transfer
and photoreactivation; this finding is consistent
with experimental studies (22).

Essentially all of the DNA repair genes
identified in D. radiodurans have functional
homologs in other prokaryotic species, suggest-
ing that this complement of genes alone is not
sufficient to explain the organism’s extreme
resistance. However, D. radiodurans displays a
high amount of redundancy in DNA repair
genes. No other species studied to date encodes
as many DNA glycosylases, MutY-Nths, and
UvrAs; of the bacteria for which complete ge-

nomes are published, only Bacillus subtilis has
both UvrABCD and UVDE pathways for nu-
cleotide excision repair, only E. coli has both
uracil DNA glycosylase and a G:U glycosylase
(23), and no species has two different 8-oxo-
guanine glycosylases (24). Deinococcus radio-
durans also encodes 23 genes with a signature
sequence of the Nudix family of nucleoside

triphosphate pyrophosphorylases (25), which is
more than any other prokaryote. Some mem-
bers of the Nudix family (for example, MutT of
E. coli) limit mutations by hydrolyzing oxi-
dized products of nucleotide metabolism that
are mutagenic when misincorporated into the
genome. Thus, the extra Nudix family members
may be partly responsible for D. radiodurans’

Table 6. DNA repair genes and pathways encoded by D. radiodurans.

Pathway
Predicted biochemical activities and comments

Genes in D. radiodurans

Nucleotide excision repair
UvrABCD Corresponds to UV endonuclease a; uvrA 5 mtcAB, uvrD 5 irrB

(31)
Transcription repair coupling

MFD Experiments suggest that this process may not be present (34)
UV excision repair

UVDE Corresponds to UV endonuclease b (uvsCDE)
Base excision repair

AlkA 3-methyl-guanine glycosylase
MPG-3MG 3-methyl-guanine glycosylase
Ung Uracil DNA glycosylase
Mug G:U mismatch glycosylase
Ung2 Uracil DNA glycosylase? (35)
MutM-Fpg FAPY and 8-oxo-guanine DNA glycosylase
MutY-Nth-1 Likely a G:A glycosylase because most similar to MutYs
MutY-Nth-2 Thymine glycol glycosylase from (36)?
MutY-Nth-3 Second FAPY glycosylase from (36)?
MutY-Nth-4 Unknown

AP endonuclease
Xth May also be an exonuclease

Mismatch excision repair
MutLS Absence of MutH suggests different strand recognition system

than E. coli
Recombinational repair

Initiation
RecFJNRQ Nearly complete RecF pathway (RecO missing)
RecD Absence of RecB and RecC orthologs suggests that this gene

functions differently than in E. coli
SbcCD Homology to Rad50/MRE11 suggests a role in DSB repair (37)

Recombination
RecA Recombinase; may also regulate transcription of other genes

Resolution
RuvABC Likely redundant to the RecG pathway (38)
RecG Likely redundant to RuvABC pathway (38)

DNA polymerases
PolA Repair replication polymerase (39)
PolC Chromosomal replication polymerase
PolX DNA polymerase of unknown function (PolX family)

Ligation
DnlJ Ligation activity is required for all excision and recombinational

repair pathways
dNTP pools, cleanup

MutT and Nudix family dNTP cleanup; more copies than any other prokaryote
NrdEFI Ribonucleotide reductase
NrdX Ribonucleotide reductase

Induction
LexA Transcription repressor, possibly for SOS response

Other
RadA/SMS DNA damage response?
HepA Likely role in transcription or DNA repair (or both); member of

SNF2 family (24)
MutS2 Possible role in recognizing mismatches but not likely involved in

mismatch repair (24)
XseA Exonuclease VII subunit (but XseB is absent)
UvrA2 Export of damaged DNA?
Extracellular nucleases Degradation of exported DNA?
SSB Single-strand DNA binding protein
CinA May recruit RecA to cell membrane
XerD Site-specific recombinase
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unique capability to resist the induction of mu-
tations by a broad range of mutagenic agents
(26). Many of the extra copies of genes in D.
radiodurans (for example, the Nudix family,
MutY-Nth, and SodC) are the result of very
recent gene duplication events (Fig. 2) (27).

The polyploid nature of D. radiodurans
(with logarithmically growing cells containing 4
to 10 genome equivalents) is likely an important
component of its efficient homologous recom-
bination-based repair of DNA double-strand
breaks. Another important component may be
the presence of DNA repeat elements scattered
throughout the genome (Fig. 1 and Table 4).
These repeats satisfy several expected require-
ments for involvement in recombinational re-
pair, including that they are intergenic, they
are ubiquitous in the chromosomes and the
megaplasmid, and they occur at a frequency that
is comparable to the number of double-stranded
DNA breaks that can be tolerated by D. radio-
durans. A possible function of the repeats may
be in regulating DNA degradation after damage.
DNA degradation after the introduction of dou-
ble-strand breaks is an integral part of the DNA
repair process in D. radiodurans; however, the
extent of DNA degradation appears to be limit-
ed by an inhibitory protein (IrrI) that is activated
shortly after DNA damage (28). A binding ac-
tivity from soluble cell extracts, with specificity
for the genomic repeat sequences, was identified
experimentally (29). The binding of this factor
to the repeats may prevent exhaustive chromo-
somal degradation after radiation exposure.
Binding activity increased to a maximum 3
hours after DNA damage, continued at that level
to 7 hours, and then decreased gradually to
uninduced levels after 24 hours.

A unique mechanism may contribute to D.
radiodurans’ resistance to DNA damage; this
organism transports damaged nucleotides out of
the cell (30), which potentially prevents their
reincorporation into the genome (4). The pres-
ence of two UvrA homologs in D. radio-
durans may in part explain this unique export
activity. Many UvrA homologs [including
the UvrA1 of D. radiodurans (31)] are in-
volved in the recognition of DNA damage for
nucleotide excision repair. It has been pro-
posed that some UvrA homologs may have an
additional role in the export of DNA damage
because they are closely related to ABC trans-
porter proteins and because UvrA serves as a
site for the attachment of nucleotide excision
repair to the cell membrane in E. coli (24).
UvrA2 may be involved in the export process in
D. radiodurans (possibly as a component of a
nucleotide transporter complex) because it is
most closely related to the DrrC protein of
Streptomyces peucetius (http://www.tigr.org/
;jeisen/UvrA/UvrA.html), which probably
functions to transport antibiotic daunorubicin
out of the cell (32).

Recovery from extreme conditions may
also require an increase in the de novo syn-

thesis or import of precursors to (i) regenerate
new complex molecules that have been dam-
aged and (ii) provide a source of alternative
energy when environmental conditions (such
as desiccation) are accompanied by a reduc-
tion in nutrients. Chromosome II and the
megaplasmid contain sets of specialized
genes that likely play a role in these types of
cellular responses after exposure to extreme
physiological conditions (Figs. 1 and 2).

A number of genes found on chromosome II
and the megaplasmid may provide the cell with
noncarbohydrate, nitrogenous precursors for
protein production. One source of such com-
pounds could be from the proteins of cells that
did not survive the stress condition. Together,
chromosome II and the megaplasmid encode
two of the three candidate hemolysins in the
genome and four of the nine extracellular pro-
teases. Chromosome II and the megaplasmid
also have operons for three ABC transport sys-
tems likely to import amino acids: one with
homology to the branch-chain amino acid trans-
porter, livFGHK; a second that may import
peptide fragments; and a third with broad sub-
strate specificity, perhaps importing proline and
glycine-betaine. These proteins may work in
concert with an alanine/glycine permease to
supply amino acids from the environment. Sev-
eral genes on chromosome II encode proteins
that are involved in production of ammonia
through the action of urease; these proteins
include xanthine permease and xanthine dehy-
drogenase, which produce urate, and an ABC
transporter with specificity for urea. Ammonia
represents the key intermediate for assimilation
of nitrogen into amino acids. Typically, in bac-
teria the first step of ammonia assimilation into
amino acids occurs through glutamine syn-
thetase, an enzyme that converts ammonia and
glutamate to glutamine. A potential source
of glutamate may be through the degrada-
tion of 4-aminobutyrate and histidine by means
of pathways encoded by genes on chromosome
II. This pathway for ammonia utilization is
consistent with experimental evidence in which
D. radiodurans is not able to grow on minimal
media containing ammonia as the sole nitrogen
source but will grow on minimal media supple-
mented with the amino acids cysteine, glu-
tamine, and histidine.

Other proteins encoded on chromosome II
and the megaplasmid are involved in generation
of cellular energy and may play important roles
in the recovery of D. radiodurans from pro-
longed periods of desiccation or starvation (or
both). Several proteins encoded on chromo-
some II are involved in fatty acid degradation
and, in E. coli, act to convert fatty acids to the
energy source acetyl–coenzyme A, usually after
other carbon sources have been exhausted. The
only carbohydrate-transporting phosphoenol-
pyruvate:phosphotransferase system in D. ra-
diodurans is specific for fructose and is encod-
ed on the megaplasmid. The energy for fructose

uptake is provided by phosphoenolpyruvate, an
intermediate in glycolysis. Transport and phos-
phorylation of fructose will promote a feed
forward metabolic loop that may be used to
generate adenosine triphosphate and the re-
duced form of nicotinamide adenine dinucleo-
tide as D. radiodurans recovers from desicca-
tion or other forms of cellular stress.

The megaplasmid contains genes that likely
participate in restoration of damaged DNA by
synthesis of deoxynucleotide triphosphates
(dNTPs) (the class Ib ribonucleotide reductase
and a cofactor thioredoxin) or dNTP precursors
(for example, a periplasmic alkaline phospha-
tase that generates orthophosphate). The
megaplasmid also encodes an extracellular nu-
clease, highly specific for single-stranded DNA
and RNA, which is immediately released and
activated after radiation exposure (33). The 59-
mononucleotides so generated may be imported
by means of a putative purine permease found
on chromosome II.

Analysis of the D. radiodurans genome
reveals that nearly 30% of the total number of
genes encoding proteins with regulatory
functions (39 of 140) including transcription
factors, response regulators, and kinases are
found on chromosome II and the megaplas-
mid. The role of these regulatory proteins is
not known; however, their localization on the
smaller genetic elements suggests that they
may be involved in regulating expression of
genes for stress responses. This segregation
of potential stress recovery genes may reflect
the fact that the smaller genetic elements
were acquired from other species or that they
are under different regulatory controls as
compared with the genes on chromosome I.
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Species Diversity and Invasion
Resistance in a Marine

Ecosystem
John J. Stachowicz,1* Robert B. Whitlatch,1 Richard W. Osman2

Theory predicts that systems that are more diverse should be more resistant
to exotic species, but experimental tests are needed to verify this. In experi-
mental communities of sessile marine invertebrates, increased species richness
significantly decreased invasion success, apparently because species-rich com-
munities more completely and efficiently used available space, the limiting
resource in this system. Declining biodiversity thus facilitates invasion in this
system, potentially accelerating the loss of biodiversity and the homogeniza-
tion of the world’s biota.

Along with habitat modification, the intentional
or accidental introduction of new species by
humans is a leading cause of the global biodi-
versity crisis (1). Because biological invasions
can dramatically alter community composition
and ecosystem function (2–4) and cause con-
siderable economic damage (5), there is sub-
stantial interest in understanding why and how
successful invasions occur. Although all sys-
tems do not appear to be equally invasible (3, 6,
7), factors determining the susceptibility of a
community to invasion remain unclear. Theory
predicts that species-rich communities should
be less susceptible to invasion because of a
more complete utilization of resources (6, 8, 9),

but data in support of this prediction have been
elusive (10). Some observational studies do
support a positive relation between biodiversity
and invasion resistance (7, 8), but others do not
(11). However, the large number of uncon-
trolled factors in these studies makes interpret-
ing these findings difficult; manipulative exper-
iments are needed to assess the effect of species
richness on invasion success more directly.
Studies of terrestrial grasslands and aquatic mi-
crobial communities in laboratory microcosms
have demonstrated that species-rich communi-
ties are more resistant to being invaded by
additional species than are species-poor com-
munities (12). However, no studies have inves-
tigated this relation by using exotic species that
currently pose an invasion threat to natural sys-
tems, and few studies offer evidence for the
mechanisms underlying these patterns.

A growing number of marine invertebrates
have been introduced to the coastal waters of
southern New England (13). In some habitats,

these species have invaded successfully and
reduced the abundance of native species,
whereas in others, they have been unsuccessful
and the native community remains unchanged
(14). Some of these invaders have become
locally dominant space holders, including the
colonial ascidian Botrylloides diegensis, native
to the Pacific Ocean (13). By introducing inva-
sive species recruits (,1 week old) into exper-
imentally assembled epifaunal communities
with varying numbers of native species, we
tested the effects of native community species
richness on the ability of Botrylloides to invade
coastal habitats.

Experimental communities were composed
of zero to four native species (Fig. 1). This
range of diversity treatments was selected be-
cause most of the space in undisturbed areas
that were equal in size to our communities (100
cm2) was occupied by three to four species.
Each community consisted of 25 2-cm-by-2-cm
tiles that fit on tracks bolted to a larger substrate
(10 cm by 10 cm). Native sessile invertebrates
were cultured on tiles in the field by allowing
individuals to settle on tiles, then these tiles
were “gardened” weekly to remove all other
species except the target species. Once a single
tile was covered by an individual or colony of a
native species, a number of such tiles were
arranged to produce communities with the de-
sired species richness (Fig. 1). Five Botryl-
loides recruits were interspersed throughout
each community so that there was only one
individual in each row and column of the five-
by-five grid of tiles that composed the commu-
nity (Fig. 1). The remaining 20 tiles in each
community were covered by native species. In
multispecies communities, available space was
divided equally among native species, and the
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