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(§V), the optimum is (again) wheredIn S/0ln V = — l ontheln §,
In V trade-off surface. This result is derived, but not really under-
stood, in ref. 6.

It seems that several classic problems in life-history evolution
yield a universal trade-off slope of — 1 at the optimum because
aggregated fitness (Box 1) is naturally expressed as a product of two
allocation alternatives (E versus B, b versus S, S versus V). Life
histories are often treated as complex objects, with numerous
possible age-dependent trade-offs”*". The approach here reduces
them to just a few aggregate variables (S, b, E)°. Although we
sacrifice all information about age-dependent allocation
decisions”®, we gain in finding general rules (hypotheses) about
the shape of aggregate (average) trade-off surfaces at the equili-
brium. I do not know of any data on trade-offs precise enough to
test these differential-invariant predictions, particularly for the size/
number or reproductive effort problems’. Theory for the optimal
age at first reproduction using R, as a fitness measure often
implicitly invokes the minus-one rule as an intermediate step in
the prediction of attributes such as optimal adult body mass®”'"%.
Thus the minus-one rule is tested, at least qualitatively, whenever

Box 1 Fitness is a product

The ‘net reproductive rate’ Ry, is defined as R, = J-: 100-bexax, and
calculates the average number of daughters produced over a female's
lifespan. (/(x) is the probability of being alive at age x; b(x) is the daughters
produced at age x who are alive atindependence from mother; b > 0 only
ifx > o, the age at first birth, measured from independence). Now, write
b)) =b(y) fory =x — a and denote /(x) forx > a as/(x) = S(ax)-e ** ¥ =
S(a)-e *¥. (Notice that ¢(y) is zero at y = 0 and is increasing with y;
A — logle))iay = agy)lay, SO dplay is the instantaneous mortality rate at
age y.) S(a) is the chance of living from independence to «. Ry can be
written for this general life history as

Ry = S(e) Kb(v)'e““”dy @

Recall from the stable age distribution theory that the proportion of the
breeding lifespan spent between ages y and y +dy (the probability
density function for the adult ages) is given by

=
iy
J e fdy
0
Now, multiply equation (2) by (1), written as
re “dy
0

to yield

= e~ =
Ry =S(e) I b ———dy (J e“‘“”dy) ®
0 J e ‘W’dy 0
0
S(a) is the chance of living to reproduce at age «; while the term in
square brackets is simply b, the average rate of production of offspring
over the reproductive adult life, and the term in curved brackets is simply

E(a), the expectation of further life at age «, the average length of the adult
lifespan. So equation (3) is really

Ro = S(a)-b-E(a) ()

Equation (4) applies to any age structured life history; R, is the simple
product of three aggregated terms, each an average. For equation (4) to
be used as a fitness measure, the population must not be growing. This
makes R, = 1 for typical individuals owing to density dependence®. But
mutant individuals may have their own R, # 1, and it is fitness and trade-
offs for mutants which are discussed here. Thus we use Ry, equation (4),
as a fitness measure, with the condition that it must equal unity at the
optimum, when mutants are the same as typical’.
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these predictions work out. See, for example, the successful predic-
tion of the heights and slopes of the between-species lifespan
allometries for various mammal groups (ref. 6, p. 96; ref. 16). Of
course, there are many qualitative (and a few quantitative) tests of
product maximization for evolution of sex allocation®®.

The procedure described here is to reduce darwinian fitness to a
function of a few aggregate variables, hoping to find a general form
for fitness (here a product) which then yields general rules for the
equilibrium. The trick is worth trying for other problems in
phenotypic evolution. Economists often use this procedure and,
indeed, production or utility function in the form of products are
common; X,-X,, or more generally X;- X7 (see any advanced text on
price theory; Aand Dare > 0 and scale the relative productive value
of inputs to X; and X,, respectively). Then products like that of
equation (1) may often characterize fitness in non-growing popula-
tions with reproductive structure even more complex than simply
age. O
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Access to mineral nitrogen often limits plant growth, and so
symbiotic relationships have evolved between plants and a variety
of nitrogen-fixing organisms. These associations are responsible
for reducing 120 million tonnes of atmospheric nitrogen to
ammonia each year. In agriculture, independence from nitrogenous
fertilizers expands crop production and minimizes pollution of
water tables, lakes and rivers. Here we present the complete
nucleotide sequence and gene complement of the plasmid from
Rhizobium sp. NGR234 that endows the bacterium with the ability
to associate symbiotically with leguminous plants. In conjunction
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with transcriptional analyses, these data demonstrate the presence
of new symbiotic loci and signalling mechanisms. The sequence
and organization of genes involved in replication and conjugal
transfer are similar to those of Agrobacterium, suggesting a recent
lateral transfer of genetic information.

Many dissimilar organisms live in close association with one
another. Nitrogen-fixing symbioses, in which auxotrophs exchange
carbohydrates for organic nitrogen with diazotrophs, dominate
numerous ecological niches. Members of the plant family Legumi-
nosae, in association with the soil bacteria Azorhizobium,
Bradyrhizobium and Rhizobium, are responsible for most of the
nitrogen fixed biologically. Plant roots excrete a variety of sub-
stances, some of which (especially flavonoids) coordinate the
expression of rhizobial nodulation (nod) genes'. In turn, the Nod
proteins direct synthesis of lipochito-oligosaccharidic Nod factors,
which initiate nodule formation and allow rhizobia to enter the
plant*’. Continued exchange of symbiotic signals is necessary for
nitrogen fixation*.

As a general rule, symbiotic genes are plasmid borne in Rhizobium
species and are located on the chromosome in Azo( Brady) rhizobium
strains. To study the molecular control of broad host range in
associations between legumes and Rhizobium, we use the fast-
growing Rhizobium sp. NGR234 (ref. 5). This bacterium nodulates
more than 110 genera of legumes, as well as the non-legume
Parasponia andersonii (S. G. Pueppke and W.J.B., unpublished
data), and possesses a large plasmid (pNGR234a) that carries
most symbiotic determinants®. Using dye terminators and a ther-
mostable sequenase’, we sequenced 20 cosmids from the canonical
ordered library?, selected to cover pPNGR234a.

The symbiotic replicon is 536,165 base pairs long (92% of the
genome of Mycoplasma genitalium’®). A total of 416 open reading
frames (ORFs) were predicted to encode proteins (Fig. 1, Table 1),
139 of which show no similarity to any known protein. An
additional 67 gene fragments were detected that seem to be
remnants of functional genes. Many of these have clearly been
disrupted by mobile elements. Collectively, potential genes and gene
fragments make up 418 kilobases (78% of the replicon). This gene
density is slightly lower than that of other bacterial genomes such as
Bacillus subtilis, Escherichia coli and Haemophilus influenzae'® (85—
92%; 1. Moszer, personal communication), mostly because of the
numerous insertion sequences and of their recombinatorial nature.
No genes essential to transcription, translation or primary meta-
bolism were found, which is consistent with the observation that
NGR234 can be cured of its plasmid, giving strain ANU265 (ref. 11).

In total, 85 proteins belong to families that are represented more
than once, even after discounting the many insertion-sequence
encoded proteins or those involved in transposition, integration
and recombination. There are some large families, including the five
members of the short-chain dehydrogenase/reductases', one of
which (y4vl) contains two homologous domains; four complete
and one partial ABC-type transporter operons that each encode at
least one ABC-type permease and ABC-type ATP-binding proteins;
four cytochrome P450s; and three members of the peptidase family
S9A.

Highest similarities were found with proteins of other rhizobia
and agrobacteria. Only two eukaryotic proteins are highly homo-
logous to pNGR234a counterparts. A glutamate dehydrogenase
(y4uF) is significantly more closely related to the mitochondrial
form than to that of prokaryotes or to archaea. As mitochondrial
proteins are thought to originate from ancestral bacteria, y4uF
could thus represent a new subclass of prokaryotic glutamate
dehydrogenases. A small protein (y4sK), which belongs to a
family (Prosite:PDOC00838) of uncharacterized proteins found in
a variety of prokaryotes and eukaryotes, is more closely related to
the known mammalian members of this family than to that of other
prokaryotes.

Replication of pNGR234a probably begins at oriV, which is
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located within the intergenic sequence between the repC (y4cl)-
and repB (y4cJ)-like genes. This locus is highly similar (69-71%) to
the origins of replication of Agrobacterium and Rhizobium plasmids
(Fig. 2). In Agrobacterium, these intergenic sequences are the
determinants of incompatibility. RepABC of pNGR234a are 40—
60% identical to those of pTiB6S3 (a Ti-plasmid), pRiA4b (an Ri-
plasmid) and pRL8JI (a cryptic Rhizobium plasmid). A 12-bp
portion of the origin of transfer (oriT) is identical to that of
pTiC58 of A. tumefaciens, and highly similar to those of RSF1010
(E. coli) and pTF1 ( Thiobacillus ferrooxidans). This sequence corre-
sponds to the oriTof plasmids containing the ‘Q-type nick-region’
(Fig. 3). Adjacent to this cluster are another 21 predicted genes that
are homologous to the conjugal transfer genes of Agrobacterium Ti-
plasmids. By marking the nodD2 gene (y4xH), we were able to
demonstrate high-frequency conjugal transfer of pPNGR2344 into
ANU265. Conjugal transfer of Ti plasmids in Agrobacterium is
controlled by a family of N-acyl-L.-homoserine lactone auto-
inducers''. By using established methods", we found similar
molecules, which interact with the Agrobacterium traR gene pro-
duct, in supernatants of NGR234 cultures.

Carbohydrates are not only constituents of the rhizobial cell wall:
they are also morphogens. Short, N-acylated tri- to pentamers of
N-acetyl-p-glucosamine (Nod factors) trigger nodulation responses
in homologous legumes at very low concentrations'’. Thus elements
of the biosynthetic pathways leading to cell walls or to Nod factors
are common. Most differences are found in the later stages of the
pathways that yield specific cell-wall components or Nod factors.
Yet even here, the distinction between structural and symbiotic
carbohydrates is blurred. Specific extracellular polysaccarides (EPS)
are required for nitrogen fixation in certain legume—Rhizobium
associations'.

As befits a symbiotic replicon, only 10 ORFs with similarities to
polysaccharide synthesis genes (sensu stricto) are plasmid borne
(Table 1). Sequences homologous to exo genes are clearly located on
the chromosome (X.P. and V. Viprey, unpublished data). Although
loci with weak homologies to nod-box::psiB of R. leguminosarum,
and exoX of R. meliloti exist on pNGR234a (y4iR, and y4xQ
respectively), these are regulatory rather than structural.

Except for nodE, nodG and nodPQ, which are on the chromo-
some, most Nod-factor biosynthetic genes are plasmid borne, and
are regulated by four transcriptional regulators of the lysR family:
nodD1 (y4al), syrM1 (y4pN), nodD2 (y4xH) and syrM2 (y4zF).
Most nod genes share a conserved promoter sequence called the nod
box. NodC (an N-acetylglucosaminyltransferase), which is the first
committed enzyme in the Nod-factor biosynthetic pathway, is part
of the hsnlll locus: nodABCIJnolO and noeE are responsible for
synthesis of the core Nod factor as well as the adjunction of 3-(or
4)-O-carbomoyl-, 2-O-methyl-, and 4-O-sulphate-"7 groups,
respectively (Fig. 4). The hsnl locus encodes enzymes involved in
fucosylation of NodNGR factor'®. NodS and NodU (hsnll) N-
methylate and 6-O-carbamoylate NodNGR factors respectively”’,
whereas nolL is probably an acetyltransferase.

We found 12 additional nod box-like sequences. Among these,
two are upstream of the transcriptional regulators, syrM2 and y4xI,
and three (y4hM, fixF and y4iR) control expression of genes
involved in polysaccharide metabolism. Transcription analysis sug-
gests that at least 11 of the 17 putative nod boxes are symbiotically
active (Fig. 1). Many nod box-dependent genes are under the direct
control of NodD1, but y4wM is modulated by NodD2 (data not
shown). The presence of both a nod box and a NifA-o™*-type
promoter upstream of y4vC suggests a new system of transcrip-
tional regulation involving both flavonoid induction and expression
in nodules (Fig. 5).

In contrast to the mosaic structure of the nod loci, pNGR234a
contains a single large cluster of 43 nifand fix genes, including nifA
(y4uN), which encodes a ¢™*-dependent regulator. NifA contains
two highly conserved regions, a carboxy-terminal part involved in
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Figure 1 Genetic map of the symbiotic replicon pNGR234a. Each line represents
42kb. ORF names (for example, y4aB) or the names of genes (for example, shc)
correspond to those in Table 1. The third letter in each ORF name corresponds to
one of 26 segments (A to Z), each of which is 21 kb in length except segment Z,
which comprises 11,125bp. The fourth letter of the ORF name indicates the
position of the ORF within each segment (for example, y4gl is located on segment
G between y4gH and y4gJ). Genes positioned on top of each line are transcribed
from left to right, whereas those placed below the lines are encoded by the
complementary strand. Colour-coded boxes represent putative coding regions
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(and gene fragments) grouped according to their presumed functions, except for
those involved in nodulation, polysaccharide synthesis, nitrogen fixation, and
plasmid-related functions, which are grouped according to their phenotypic class
(see Table 1). Positions of the origins of replication and transfer are marked oriV/
and oriT, respectively. Regions homologous to consensus sequences of nod-
box- and NifA-¢> dependent promoters are marked with a black arrowhead
followed by nod and nif, respectively. Positions of insertion- and mosaic-
sequences are annotated with lines (for example, ISH10b, NGRIS4a or MSH22).
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DNA binding, and a central domain that interacts with an alter-
native sigma factor (6°*) of the RNA polymerase. Mutation of rpoN
(which encodes o°*) causes a Fix~ phenotype on NGR234 hosts™.
Genes involved in the synthesis of the MoFe—nitrogenase complex
are also present, including two identical copies of the nifKDH genes
(nifHDK1 and nifHDK2)*'. Other nif and fix genes are involved in
elaboration of the electron-transport complex (fixA, fixB), of
various cofactors required for nitrogen fixation (fixC, nifB, nifE,
nifN) and in the syntheses of ferredoxins (fdxB, fdxN and fixX).
Although not directly involved in the fixation process, mutation of
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Figure 2 Multiple alignments of the nucleotide sequence of the replication origins
of: the Ri plasmid of Agrobacterium rhizogenes (pRiA4b); the symbiotic replicon of
NGR234 (pNGR234a); the Ti plasmid of A. tumefaciens BS63 (pTiBS63); and
pRL8IJI of R. leguminosarum bv.leguminosarum (pRL8JI). Gaps introduced to give
the best sequence alignments are marked with hyphens.

type Ill secretion system

500,000 syrM2

nitrogen fixation

300,000 hsnil

Figure 4 Circular representation of pPNGR234a. Outer and inner concentric circles
indicate coding regions identified on the plus and minus strands, respectively.
Within these predicted genes, those coloured in yellow correspond to ORFs that
belong to insertion-like elements. Thin concentric black lines represent mosaic
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the plasmid-borne copy of dctA (dctAl, y4vF) also impairs nitrogen
fixation™.

In addition, 17 new genes expressed in nodules are part of this nif
and fix cluster (y4vC to y4v], with the exception of dctAl, y4wA to
y4wG, y4wl, y4w] and y4xQ; see Fig. 5). The predicted functions of
six of these (y4vD, nifQ, y4vG, y4vl, y4v] and y4wF) suggest a role in
electron transport and oxidation-reduction, but another five are
not homologous to any database entry. It thus seems likely that most
of the proteins necessary for bacteroid development and synthesis of
the nitrogen-fixing complex are coded by pNGR234a, although

1 10

20 30
pNGR234a CAGGATGTCGCGACAGCGACGTAITAATTGCGCCCT|GGA
pTiC58 CAAGGCGTCGCGTCAGCGACGTATAATTGCGCCCTITGG
RSF1010 CCAG1‘TT(‘TCGAAGAGAAACCGGTAAHTG'C(}C(‘(‘T(‘,(‘C
i
pTF1 GGGTAATC'I:CGAAGAGATTACTCJ‘AAGTQL'G&ETJTGC

Figure 3 Multiple DNA sequence alignments of loci containing the origin of
transfer of: the symbiotic plasmid of NGR234 (pNGR234a); the Ti plasmid of A.
tumefaciens C58 (pTiC58); a mobilizable plasmid of E. coli (RSF1010) and a
mobilizable plasmid of Thiobacillus ferrooxidans (pTFl). Major conserved
nucleotide residues are boxed. Known ‘nick’ sites corresponding to the
nucleotide positions where the specific plasmid strand is cleaved are marked
with black boxes. Sequence features in the trailing portion of the oriT sites include
inverted repeats, which are marked with horizontal arrows.

536,165

hsnl / nodD1

cyt P-450 cluster

sequences as well as complete or partial insertion sequence-like repeats. Major
gene clusters are highlighted as thick black concentric lines (for example, hsn,
host specificity of nodulation loci).
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Table1 Functional and phenotypic classification of the predicted proteins encoded by pNGR234a

general statistics

proteins sorted according to phenotypic classes

other proteins

total number of predicted proteins 416 functional class number of proteins functional class number of proteins
mear;liength of the putative proteins 308 aa nodulation various enzymatic functions 59
(smallest: 43 aa, largest: 1197 aa) enzymes 14
putate subcelerlacatons of e ranserptonal eguiators : ransport &
ins: N
~ cytoplasmic 329 E:Eggxﬁﬁ?ﬁions ; protein export/secretion 8
- transmembrane (inner membrane) 62 i
- periplasmic 20 poly-/olig ide synth chemotaxis 2
- outer membrane 2 enzymes . 9
- lipoprotein attached to a membrane 3 transcriptional regulators 1 electron transfer 1
nitrogen fixation
number of proteins grouped into enzymes ) 3 transcriptional regulation 14
functional classes 234 electron transfer proteins 5
transcriptional regulators 1 . "
number of unknown proteins: unknown functions 7 9 /1 44
- with database homolo 43 . .
- without any database E omolog 139 plasmid-related functions/cell development
enzymes 1
export proteins 12
transcriptional regulators 2
| plasmid control/cell development
1 proteins 12
ORF gene description of the predicted protein y4uP fixC nitrogenase cofactor biosynthesis y4eD pu. phosphodiesterase
name name ya4vA fixB electron transfer fixAB complex y4eK pr. short chain oxidoreductase
y4vB fixA electron transfer fixAB complex ydel pr. short chain oxidoreductase
nodulation y4vE nifQ pu. nitrogenase Mo cofactor processing y4fC* pu. monooxygenase
Nod-factor biosynthesis/modification/transport yavK nifH1 nitrogenase Fe protein; id. to y4xA yafL member of inositol monophosphatase
y4aF nolK pu. NAD-dependent nucleotide sugar yavL nifD1 nitrogenase MoFe protein alpha subunit; family
epimerase/dehydrogenase id. to y4xB y4fQ ‘ROK’ family member
y4aG noel GDP-mannose 4,6-dehydratase y4vM nifK1 nitrogenase MoFe protein beta subunit; id. y4gN sim. to V. anguillarum VirA
ydaH nodZ fucosyltransferase to y4xC yah)* pu. oxidoreductase; sim. to N-terminus of
yéal noeK phosphomannomutase y4vN nifE nitrogenase MoFe cofactor synthesis anaerobic coproporphyrinogenlll oxidases
y4a) noeJ mannose-1-phosphate yavO nifN nitrogenase MoFe cofactor synthesis y4hM pu. oxidoreductase; Low similarity to
guanylyltransferase y4vP nifX unknown function Z. mobilis glucose-fructose
y4eH noll sim. to R. /oti acetyltransferase NolL y4vQ sim. to nifX-nifV intergenic ORF in nitrogen- oxidoreductase
y4hB noeE transfer of activated sulfate to fucose fixing bacteria y4D pr. monooxygenase
y4hC noel not yet characterized step in Nod-factor y4vR sim. to N-terminus of NifH y4kU pr. geranyltranstransferase
synthesis y4vs fdxB 4Fe-4S ferredoxin yakV pr. cytochrome P450
y4hD nolO O-carbamoylation of Nod-factors yawK nifW/ unknown function y4lA pr. short chain oxidoreductase
y4hE nod/ pr. ABC transporter permease yawlL nifS class-5 aminotransferase y4lC pr. cytochrome P450
y4hF nod! pr. ABC transporter ATP-binding protein y4xA nifH2 nitrogenase Fe protein; id. to y4vK y4iD pr. cytochrome P450
y4hG nodC N-acetylglucosaminyltransferase y4xB nifD2 nitrogenase MoFe protein alpha subunit; y4mN* pr. TPP enzyme (transketolase family; C-
y4hH nodB chitooligosaccharide deacetylase id. to y4vL terminus)
yahl nodA N-acyltransferase y4xC nifk2 nitrogenase MoFe protein beta subunit; id. y4mO* pr. TPP enzyme (transketolase family; N-
y4nB nodU 6-O-carbamoylation of Nod-factors to y4vM terminus)
yanC nodS methyltransferase involved in Nod-factor ya4xD sim. to nifX-nif intergenic ORF in nitrogen- y4mP pr. short chain oxidoreductase
biosynthesis fixing bacteria ya4nA pr. peptidase (S9A family)
y4xE sim. to nifX-nif/ intergenic ORF in nitrogen- | y4nJ pr. GMC-type oxidoreductase
transcriptional regulation fixing bacteria V40A sim. to £. coli pMCCC7 microcin
y4al nodD1  LysR family H-T-H regulator 40X blo;}x}t}hz&s pr((j)teln MZCB "
y4pN  syrM1  LysR family HT-H regulator plasmid-related f /cell devel §4SB o158 g;— Ueha-b:gf«’:h Oe;; r?;'a Soere uctase
z:)z(? Z%ﬁ’f tﬁg ;22:5 H$E zgﬂ:i; yacl pu. replication protein; sim.toA. rhizogenes | yapc otsA pr. a,a-trehalose-phosphate synthase
repC . o . y4qC sim. to £. coli pMCCC7 microcin
y4c) pu. replication protein; sim.to A. rhizogenes biosynthesis protein MccB
protein secretion/unknown functions repB yaqF pr. peptidase (S9A family)
y4yC nolX unknown function y4cK pu. replication protein; sim. to v4qG class-3 aminotransferase
y4yD nolW secretion system protein (PulD family) A. rhizogenes repA varH pu. ligase; sim. to biotin carboxylase
y4yE nolB unknown function yacL tral pr. autoinducer synthetase y4ro sim. to C-terminus of histidinol-phosphate
yayF nolT unknown function y4cM trbB pr. conjugal transfer protein (PulE family) aminotransferase
yayG nolU unknown function y4cN trbC pr. conjugal transfer protein (export prot.) yasG pu. ligase; sim. to D-ala, D-ala ligases
y4yH nolV unknown function y4cO trbD pr. conjugal transfer protein (export prot.) yasH pu. cell wall compound biosynthesis
y4cP trbEa pr. conjugal transfer protein (export prot.) protein; sim. to B. anthracis CapA
poly-/oligosaccharide synthesis y4cQ trbEb pr. conjugal transfer protein (export prot.) yas) gabD pr. succinate-semialdehyde
yAgF pr. dTDP-glucose 4,6-dehydratase y4dA trbJ pr. conjugal transfer protein (export prot.) dehydrogenase
y4gG pr. dTDP-4-dehydrorhamnose reductase y4dB trbK pr. conjugal transfer protein (export prot.) yasL pu. oxidoreductase; sim. to C-terminus of
yagH pr. glucose-1-phosphate thymidylyi- y4dC trbL pr. conjugal transfer protein (export prot.) E. coli D-amino acid dehydrogenase smali
transferase y4dD trbF pr. conjugal transfer protein (export prot.) subunit
y4gl pu. enzyme involved in polysaccharide yadE trbG pr. conjugal transfer protein (export prot.) y4sO pr. peptidase (S9A family)
biosynthesis; sim. to Myx. xanthus O- y4dF trbH pr. conjugal transfer protein (export prot.) yatl pu. peptidase (M40 family)
antigen RfbC y4dG trbl pr. conjugal transfer protein (export prot.) yay pu. threonine dehydratase
y4gK fixF pu. enzyme involved in polysaccharide y4dH trakR LuxR family H-T-H regulator V4tK pu. cyclodeaminase
biosynthesis; Low similarity to £. coli KpsS y4d! traM pu. repressor vatL pu. peptidase/hydrolase (M24 family)
yAgL pr. dTDP-4-dehydrorhamnose 3,5- y4dQ traB pr. conjugal transfer protein v4tM pu. peptidase/hydrolase (M24 family)
epimerase y4dR traF pr. conjugal transfer protein V4UuA pu. cell wall comp. biosynthesis protein:
y4iR possibly involved in polysaccharide y4dS traA pr. conjugal transfer protein sim. to B. anthracis CapA
biosynthesis; sim. to R. lequminosarum ya4dT traC pr. conjugal transfer protein yauB class-3 aminotransferase
PsiB y4dU traD pr. conjugal transfer protein y4uC pr. aldehyde dehydrogenase
yAnG pu. NAD-dependent nucleotide sugar yadv traG pr. conjugal transfer protein yauF pr. glutamate dehydrogenase
epimerase/dehydrogenase y4j) pu. plasmid stability protein; sim. to yavC member of HesB/YadR/YfhF family
yanL pu. NAD-dependent nucleotide sugar Ps. syringae StbC y4vD pu. redox enzyme:; sim. to C. boidinii
epimerase/dehydrogenase y4iK pu. plasmid stability protein; sim. to peroxisomal proteins A/B &H. influenzae
yaxQ pu. exopolysaccharide production Ps. syringae StbB HI0572
repressor; sim. to Rhizobium ExoX ya4iH pu. cell filamentation protein; sim. to yavG pr. cytochrome P450
. o enterobacterial protein Fic yavl pr. short chain oxidoreductase
n‘lttr]:gen ﬁf);attjlon Kown funcii yav) pu. monooxygenase; sim. to LuxA/B
yau. X u n function . . . ; ;
yAuK nitZ unknown function various enzymatic functions WA (bac_tenal Iur;gerase’\)/|16 il
. : y4aA she pr. squalene-hopene cyclase yaw, pr. zinc peptidase ( amily)
yaul faxN 4Fe-4S ferredoxin y4wB pu. zinc peptidase (M16 family)
y4uM  nifB nitrogenase cofactor biosynthesis y4aC pu. phytoene synthase VAWE Class-2 aminotransferase
yauN  nifA sigmab4-dependent H-T-H regulator y4ab sim. to phytoene synthases o
. > : y4bJ pu. peptidase (S2C family) yawF pu. monooxygenase; sim. to LuxA/B
y4uO fixX pr. 3Fe-3S ferredoxin (bacterial luciferase)
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Table 1 continued

y4xN
yaxP

transport

Low similarity to £. coli pCOLV-K30
aerobactin synthase subunit lucC
pu. cysteine synthase

probable sugar transport systems

yaml
y4m)
y4mK

y4oP
y40Q
y4oR
y40S

pr. ABC transporter binding prot.
pr. ABC transporter permease
pr. ABC transporter ATP-binding protein

pr. ABC transporter binding protein

pr. ABC transporter permease

pr. ABC transporter permease

pr. ABC transporter ATP-binding protein

probable aminoacid/peptide transport systems

y4tE
yAtF
y4G
yAtH

y4t0
yAtP
y4tQ
y4R
y4tS

pr. ABC transporter binding protein

pr. ABC transporter permease

pr. ABC transporter permease

pr. ABC transporter ATP-binding protein

pr. ABC transporter binding protein

pr. ABC transporter permease

pr. ABC transporter permease

pr. ABC transporter ATP-binding protein
pr. ABC transporter ATP-binding protein

other transport systems

y4f)

y4iN
y4fO
i
y4gM
y4hA
yamL
y4mM
y4nM
yavF
y4wD

dctAT1

y4wM
y4xM

pu. porin; sim. to R. leguminosarum
OMPIIIA

pr. ABC transporter permease

pr. ABC transporter ATP-binding protein
pr. ABC transporter binding protein

pr. ABC transporter ATP-binding protein
pu. ionic transporter; sim. to £. coli ChaA
pu. permease (E. coli YiaN/YgiK family)
pu. permease (SBR family 7)

pu. permease; sim. to Az. caulidans NoeC
C4-dicarboxylate transporter
permease-type protein; sim. to R. meliloti
MosC

pu. ABC transporter binding prot.
permease-type protein, sim. to E. coli YceE
and to tetracycline transporters

protein export/secretion

yayl hreN
yayK hre@
yayL hrcR
yayM hreS
y4yN hreT
y4yO hreU
y4yR

y4xJ
chemotaxis
yaAfA

y4sl

electron transfer
y4iB

pr. ATP synthase of a secretion system
pr. secretion system protein (FIIN/MopA/
SpaO family)

pr. secretion system protein (FliP/MopC/
SpaP family)

pr. secretion system protein (FIiQ/MopD/
SpaQ family)

pr. secretion system protein (FIiR/MopE/
SpaR family)

pr. secretion system protein (FIhB/HrpN/
Spa$ family)

pr. secretion system protein (FHIPEP family)
secretion system protein (PulD family)

pr. chemoreceptor
pr. chemoreceptor

pu. 3Fe-3S ferredoxin

transcriptional regulation

y4aM

y4aP
yacH
y4d)
y4fK
yaAmF
yamQ
Y4pA
y4pD
yagH
yasM*
y4D
yawC

yaxl

pu. DNA-binding protein according to
Rsp. rubrum protein homologue

mucR Ros/MucR homologue

pr. cold shock regulator

PbsX family H-T-H regulator

AraC family H-T-H regulator

pr. H-T-H regulator; sim. to phage p22 C2
LysR family H-T-H regulator

pr. sigmab4-dependent H-T-H regulator
Ros/MucR homologue

LuxR family H-T-H regulator

AsnC/Lrp family H-T-H regulator
AsnC/Lrp family H-T-H regulator

pu. DNA-binding protein according to
Rsp. rubrum protein homologue
Signal transduction-type regulator

integration/recombination

y4bF
y4bL

y4bM

y4cG
y4eF
y4gC
y4hN

pu. transposase (sim. to 1S1202)

pu. transposase; id. to y4k) & y4tB (sim. to
1S21/1S1162 family)

pu. transposase-associated ATP-binding
protein; id. to y4kl & y4tA (sim. to IS21/
1S1162 family)

pr. DNA invertase 'resolvase-type’

pu. integrase/recombinase 'phage- type’
pu. integrase/recombinase 'phage-type’
sim. to 1S2/1S1312/1S866 proteins

y4i0* pu. transposase (sim. to IS1111A/1S1328/
1S1533 family)

y4iQ pu. transposase-associated ATP-binding
protein; id. to y4nD & y4sD (sim. to IS21/
1S1162 family)

V4iA pu. transposase; id. to y4nE & y4sE (sim. to
1S21/1S1162 family)

v4iB sim. to IS elements 1S2/1S1312/1S866
proteins

y4kl pu. transposase-associated ATP-binding
protein; id. to y4bM & y4tA (sim. to 1S21/
1S1162 family)

yak) pu. transposase; id. to y4bL & y4tB (sim. to
1S21/1S1162 family)

y4lS pu. integrase/recombinase 'resolvase-
type’

y4nD pu. transposase-associated ATP-binding
protein; id. to y4iQ & y4sD (sim. to 1S21/
1S1162 family)

y4nE pu. transposase; id. to y4jA & y4sE (sim.
1S21/1S1162 family)

y4pE sim. to R. fredii RFRS9 and Azo. xylinum
1S1268 ORF; id. to y4sA

yapF pr.transposase; id. to y4sB (sim. to IST111A/
1S1328/1S1533 family)

y4pG sim. to A. xylinum 151268 ORFA, id. to y4sC

yaplL pu. transposase-associated ATP-binding
protein (sim. to 1S21/1S1162 family)

y4pO pr. transposase (Mutator family)

y4qE pr. transposase (sim. to IS1111A/1S1328/
1S1533 family)

yaq) pu. transposase (sim. to 1S801)

y4qK pu. integrase/recombinase 'phage-type’

yarA pu. integrase/recombinase 'phage-type’

y4rB pu. integrase/recombinase 'phage-type’

y4rC pu. integrase/recombinase 'phage-type’

y4rD pu. integrase/recombinase 'phage-type’

yarE pu. integrase/recombinase 'phage-type’

yarF pu. integrase/recombinase 'phage-type’

y4rG sim. to 1S2/1S1312/1S866 proteins

yar) pu. transposase (sim. to IS1111A/1S1328/
1S1533 family)

y4sA sim. to R. fredii RFRS9 and Azo. xylinum
1S1268 ORF; id. to y4pE

y4sB pr.transposase; id. to y4pF (sim. to IS1111A/
1S1328/1S1533 family)

y4sC sim. to A. xylinum 1S1268 ORFA; id. to y4pG

y4sD pu. transposase-associated ATP-binding
protein; id. to y4iQ & y4nD (sim. to 1S21/
1S1162 family)

y4sE pu. transposase; id. to y4jA & y4nE (sim. to
1S21/1S1162 family)

y4sN pu. transposase (IS6501 family)

y4tA pu. transposase-associated ATP-binding
protein; id. to y4bM & y4kl (sim. to IS21/
1S1162 family)

y4tB pu. transposase; id. to y4bL & y4kJ (sim. to
1S21/IS 1162 family

y4uH pu. transposase-associated ATP-binding
protein (sim. to 1S21/1S1162 family)

yaul pu. transposase (sim. to 1S21/1S1162 family)

y4uE* pu. transposase (sim. to IS110 family)

y4zB* pu. transposase (sim. to IS4 family)

unknown function
(with database homologue)
derived from IS element-like sequences

y4aQ sim. to ORFs inR. meliloti &A. tumefaciens
Ti plasmid

y4hO sim. to ORFC from R. leguminosarum
symbiotic plasmid

y4hP sim.to ORFs inR. meliloti &A. tumefaciens
Ti plasmid

y4hQ sim. to ORF-3in A. rhizogenes plasmid
PRIA4B

y4iC sim. to ORFC from R. leguminosarum
symbiotic plasmid

v4iD sim. to ORFs in R. meliloti & A. tumefaciens
Ti plasmid

yaql sim.to ORFs inR. meliloti &A. tumefsciens
Ti plasmid

not linked to IS elements

y4aN sim. to A. rhizogenes pRiA4B replication
region ORF3

y4bl sim. to H. influenzae HI1631

y4bK sim. to Ps. aeruginosa PAH cluster ORF1

y4dM sim. to £. coli HipA & H. influenzae HI0665

y4dO* sim. to mitochondrial intron encoded ORFs
&E. coli ORF319

y4dP sim. to A. tumefaciens Ti plasmid ORF2&3
in conjugal transfer region 1

y4eC sim. to N-terminus of £. coli pRP4 & pR751
TraC

y4fR sim. to Sh. flexneri IpaH 7.8 & Y. pestis
YopM

y4iC
yakL
y4kR*
y4kS
yakT
yalL
y4l0
y4mB

y4mE
y4nH

y4rN
yasK

y4wH

yay)
y4zC

unknown function
(no database homologue)
derived from IS element-like sequences

y4bA
y4bB
y4bC
y4bD
Y4gA
y4gE*
yAIE*
y4iG*
yaiP*
YA4E*
y4jM*
y4kQ*
y4mA
y4olL
y4oM
y4oN
y4pH
yap!
y4pJ
y4pK
yarl
yArL*
yarM*
yazA*

sim. to M. tuberculosis Mtcy373.06

pr. AAA-family ATPase

sim. to N-terminus of Erw. herbicola ORF6
in crtE-crtX region

highly sim. to Br. japonicum hyp. protein
highly sim. to Brjaponicum hyp. protein
Member of £. coli YegE/YhdA/YhjK/YjcC
family

sim. to Ps. syringae avirulence protein
AvrRxv

sim. to E. coli yciD; V. cholerae OmpW &
Ps. oleovorans AlkL

sim. to £. coli HipA & H. influenzae HI0665
sim. to £. coli ethidium bromide resistance
protein MvrC

sim. to M. tuberculosis Mtcy50.24

pr. important cellular function (Yer057C/
Yilo51C/YjgF family) .

sim. to A. tumefaciens plasmid pTiA6 ORF
in pinF2 region

sim. to R.fredii USDA257 ORF7

sim. to Ps. syringae avirulence protein
AvrPph3

id. to y4pH
id. to yapl
id. to y4p)
id. to y4pK

id. to y4bA
id. to y4bB
id. to y4bC
id. to y4bD

not linked to IS elements

y4aK
y4a0
y4aR
y4aS
y4bG
y4bH
y4bN
y4bO
y4cA
y4cB
y4cC
y4cD
y4cE
yacF
yadK
yadL
y4dN
yadw
y4dX
y4eA
y4eB
y4eE
yael
y4eN
y4eO
y4fB
y4fD
y4fE
yafF
yafG
yaAfH
y4tM
y4gB
y4gD
yag)
y4hK
y4hL
y4hR
| yaiF

y4iH
yail
y4i)
yA4iK*
ya4iL*
yaim*
yA4iN*
y4F
y4iG
y4iH
A4l
y4jL
y4N
40~
y4jP*
y4Q
y4jR
y4S
yaT
y4kA
y4kB
y4kD
y4kE*
yakF*
y4kG
y4kH
y4kK
y4kM
y4kN
y4ko
y4kP
yAlIF
y4lG
yAll
vl
y4lK
v4IN
y4IR
y4mC

y4mD
yamG
y4mH
y4nF
y4n
y4nK
y40B
y40C
y4oD
y4oE
y4oT
y4oU
y4oV
y4oW
y4pM
y4qB
y4gD
y4rK
y4tN
y4uD
y4uG
yavH
yawG
yawl
yaw)
yawO
yawP
yaxF
yaxG
yaxK
yaxL
yax0
yayA
y4yB
y4yQ
y4yS
y4zD

The nomenclature system for the ORFs is described in the Fig. 1 legend. General abbreviations: amino acids (aa), identical (id.), probable (pr.), putative (pu.), similar (sim.), hypothetical (hyp.), thiamine
pyrophosphate (TPP), alanine (ala), insertion sequence (IS). Abbreviations of organisms: Agrobacterium (A.), Azorhizobium (Az.), Azotobacter (Azo.), Bacillus (B.), Bradyrhizobium (Br.), Candida (C.),
Desulfovibrio (D.), Escherichia (E.), Erwinia (Erw.), Haemophilus (H.), Mycobacterium (M.), Myxococcus (Myx.), Pseudomonas (Ps.), Rhizobium (R.), Rhodospirillum (Rsp.), Shigella (Sh.), Streptomyces (St.),
Vibrio (V.), Zymomonas (Z.). Asterisk indicates possibly fragmentous gene.

NATURE|VOL 38722 MAY 1997

399




letters to nature

some essential fix loci are probably carried on the chromosome®
(V. Viprey, personal communication).

One way of gaining insight into the function of genes is to follow
their expression under different conditions. To do this, RNA was
hybridized against filters containing amplified portions of 113
genes and gene fragments stretching from y4uA to y4bA. Under
the conditions tested, transcripts were produced from most of the
OREFs, but only a few genes are expressed in liquid medium (Fig. 5).
Induction with daidzein rapidly increased transcript levels of y4vC,
y4xL, y4xO, y4yB, y4yP, fyl, y4yQ (all of unknown function), y4xP
(cysteine synthase) and y4zF (syrM2). Others, such as y4wF (a
putative monooxygenase), y4AwE (an aminotransferase), y4wM (an
ABC-transporter binding protein), y4xI (a signal transduction-type
regulator), y4xK (unknown), as well as nolBTUVand hreNQRSTare
induced later. As expected, those genes involved in nitrogen fixation
(both copies of nifKDH, and nifE), as well as y4wA, y4wb (which
encodes zinc peptidases), y4wC (a DNA-binding protein), y4wD (a
permease), y4aP (mucR) and y4aQ (unknown) are strongly
expressed in nodules.

In addition to bacterial Nod factors, other signal molecules are
probably necessary for the establishment of an effective symbiosis.
This is exemplified by a.-rhamnose-rich extracellular polysaccharide
that is involved in bacteroid development and nitrogen fixation in
Vigna. A single locus encodes the complete biosynthetic pathway of
dTDP-rhamnose from glucose-1-phosphate (y4gH, y4gF, y4gL,
y4gH and fixF), while the y4gl gene product is probably needed
for synthesis of rhamonose-rich lipopolysaccharides from dTDP-
rhamnose™.

Polypeptides and proteins are also probably involved in symbio-
sis. Six ORFs downstream of nolXWBTUV show strong homology
to components of the type III secretion machinery of animal and
plant pathogens. Homologues of these genes (hrcN, y4y], hrcQ,
hrcR, hrcS, hreT and hrcU) are responsible for secretion of various
proteins, and have been sequenced in the closely related bacterium
R. fredii strain USDA257 (EMBL accession no. L12251). Secretion of

five genistein-induced proteins of USDA257 is dependent on a
functional nolXWBTUYV locus”. Both in mammalian and plant
pathogens, most of the proteins exported by the type III secretion
machinery are pathogenicity determinants. Homologues of YopM
of Yersinia pestis (y4fR), as well as avirulence genes of Pseudomonas
syringae (y4l0) and Xanthomonas campestris (y4zC), were also
found, reinforcing the idea that symbiotic and pathogenic interac-
tions share common molecular mechanisms.

Surprisingly, mosaic sequences and insertion sequences comprise
18% of pNGR234a, and resemble those of diverse eubacteria
(Agrobacterium,  Bacillus,  Escherichia,  Pseudomonas and
Rhizobium). Many are clustered between nucleotides 300,000 and
390,000 (Fig. 1). Other insertion and mosaic sequences divide the
replicon into large blocks of functionally related genes (oriV-oriT,
nif, fix, hsn; Fig. 4), suggesting that NGR234 has functioned as a
‘transposon trap’. The G+C contents of these insertion and mosaic
sequences are 3% higher than that of pNGR2344 (58.5%) which, in
turn, is 3.7 mol% less than the 62.2 mol% calculated for the entire
genome™. Several genes, especially those involved in Nod-factor and
polysaccharide synthesis, have low G+C contents (45-55 mol%),
raising the possibility that nod genes evolved separately from nifand
fix genes (G+C content, 59 mol%). Although transposition of these
insertion elements has not been demonstrated, transfer of plasmids
amongst rhizobia in the legume rhizosphere” and to other non-
symbiotic bacteria in fields®® indicates that lateral transfer of genetic
information has helped model symbiotic potential.

The high proportion of insertion and mosaic sequences and the
well-conserved Agrobacterium conjugal transfer loci have broad
implications for the evolution of symbioses between legumes and
Rhizobium. Both genera are closely related”’, and the similarity of
basic plasmid functions suggests a common origin. It is thus
possible that an Agrobacterium-like progenitor gathered symbiotic
genes through transposition with other soil bacteria, or that the
progenitor was Rhizobium which assimilated opine and hormone
genes from the plant”. Transposable elements shape evolution in
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Figure 5 High-resolution transcription map of the 137-kb region encompassing
the nif and fix clusters as well as the hsn/ locus. Predicted coding regions and
gene fragments are shown on each strand (black rectangles). Positions of the
corresponding amplified fragments are shown directly under the ORF map.
Positions and orientations of the putative nod-box (nod) and NifA-6** (nif) promo-
ter sequences are marked with arrows. Probable non-functional nod boxes are
marked with asterisks. RNA probes were prepared from: RMS, NGR234 cells
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grown at 28°C in liquid Rhizobium minimal supplemented with succinate (RMS)*
medium; Ind-1h, cells grown in RMS followed by a 1-h induction with 2 x 107 M
daidzein; Ind-24h, RMS-grown rhizobia collected 24 h after induction with daidzein;
Nodule, bacteroids purified from Fix* nodules of V. unguiculata inoculated with
NGR234. Intensity of the hybridization signals detected on autoradiograms are
colour coded as follows: yellow, weak; orange, medium; red, strong; and white, no
signal.
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different ways: they could ‘pick up and carry’ symbiotic or patho-
genicity genes from one organism to another by forming composite
transposons, or induce deletions, duplications, inversions and
replicon fusions®. Unfortunately, there is no formal proof that the
insertion and mosaic sequences of NGR234 have played these roles,
although it seems likely, given the mosaic structure of the replicon.
A striking example is the cytochrome P450 cluster (y4kS to y4kV,
and y4lA to y41D) which is 10% richer in G+C content than the rest
of the plasmid, and has proteins with 83—93% similarity to those of
Bradyrhizobium. Thus conjugal transfer and transposition have
probably directed the evolution of bacteria which in one case learned
genetically to colonize plants, and in the other to enter them. []

Methods

Sequencing and sequence analysis. Dye-terminator methods were used to
‘shotgun’ sequence a canonical array of cosmids’. Coding regions were detected
using a mixture of intrinsic and extrinsic methods™. GeneMark predictions
were based on matrices developed for R. leguminosarum and R. meliloti. BLAST
and FASTA were used for similarity searches against Swiss—Prot, TrEMBL,
GenBank and EMBL. Signal sequences, transmembrane segments and other
characteristic domains were identified in putative proteins using the PC/Gene
package. Definitions of protein families can be retrieved from the Prosite
database (http://www.expasy.ch/sprot/prosite.html)'”. Scans for homologies
were last performed in November 1996 using resources at NCBI (http://ncbi.
nlm.nih.gov), ExPASy (http://expasy.ch) and EBI (www.ebi.ac.UK). Searches
for consensus promoter sequences were performed using FINDPATTERNS
(WASP version 8, Genetics Computer Group, Madison, Wisconsin).
Transcription analysis. We made 113 PCR products ranging from ~600 bp to
~2,000 bp between y4uA (5'-end, bp 420,774) and y4bA (3'-end, bp 21,758)
using cosmid DNA as the template and primer pairs designed to amplify the
discrete ORFs or intergenic regions. In some cases, M13 phage DNA (from the
sequencing libraries) was used to produce PCR products. Portions of the
amplified fragments were then separated on 0.8% agarose gels, and vacuum-
blotted onto GeneScreen Plus Nylon membranes (NEN).

RNA extraction, labelling and hybridizations. Cell cultures at an absorbance
at 600 nm of 0.4—0.5 were collected by centrifugation. Bacteroids were isolated
from nodules crushed in liquid nitrogen and resuspended in sterile water.
Debris was removed by filtration and bacteroids were recovered by
centrifugation (4,000g, 5min). Purification, radioactive labelling of RNA
from bacteroids and collected cells, and hybridization conditions were as
described'®. No unlabelled competitor RNA was added to the prehybridization
solution. Filters were exposed for 6-72h, and the hybridization signals were
grouped according to intensity: no signal, weak, medium and strong.
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Practising simple visual tasks leads to a dramatic improvement in
performing them. This learning is specific to the stimuli used for
training. We show here that the degree of specificity depends on
the difficulty of the training conditions. We find that the pattern of
specificities maps onto the pattern of receptive field selectivities
along the visual pathway. With easy conditions, learning gener-
alizes across orientation and retinal position, matching the
spatial generalization of higher visual areas. As task difficulty
increases, learning becomes more specific with respect to both
orientation and position, matching the fine spatial retinotopy
exhibited by lower areas. Consequently, we enjoy the benefits of
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