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A gene library of genomic DNA from the hydrogen uptake (Hup)-positive strain 128C53 of Rhizobium
leguminosarum was constructed by using the broad-host-range mobilizable cosmid vector pLAFR1. The
resulting recombinant cosmids contained insert DNA averaging 21 kilobase pairs (kb) in length. Two clones
from the above gene library were identified by colony hybridization with DNA sequences from plasmid pHUl
containing hup genes of Bradyrhizobium japonicum. The corresponding recombinant cosmids, pAL618 and
pAL704, were isolated, and a region of about 28 kb containing the sequences homologous to B. japonicum
hup-specific DNA was physically mapped. Further hybridization analysis with three fragments from pHUl
(5.9-kb HindIll, 2.9-kb EcoRI, and 5.0-kb EcoRI) showed that the overall arrangement of the R.
keguminosarum hup-specific region closely parallels that of B. japonwum. The presence of functional hup genes

within the isolated cosmid DNA was demonstrated by site-directed TnS mutagenesis of the 128C53 genome and
analysis of the Hup phenotype of the TnS insertion strains in symbiosis with peas. Transposon TnS insertions
at six different sites spanning 11 kb of pAL618 completely suppressed the hydrogenase activity of the pea
bacteroids.

Certain strains of Bradyrhizobium japonicum and Rhizo-
bium leguminosarum (Hup+ strains) induce, in symbiosis
with soybeans and peas, respectively, the synthesis of an H2
uptake system which catalyzes the recycling of H2 generated
by the nitrogenase complex as an obligate by-product of the
nitrogen fixation process (11, 13). This H2 uptake system has
been studied in detail in free-living and symbiotic cells of
Hup+ strains of B. japonicum (13, 22, 26). The first compo-
nent of the system is a membrane-bound hydrogenase which
contains nickel and two polypeptide subunits. Hydrogen is
activated by the hydrogenase and oxidized with 02 to water
through an electron transport chain, some of whose compo-
nents may be specifically involved in the H2 oxidation. The
oxidation of H2 in legume nodules has been shown to
increase N2 fixation and legume productivity (13, 14).
Hydrogen uptake (hup) genes are not expressed in normal

cultures of rhizobia. However, derepression of hup genes in
free-living B. japonicum has been shown under certain
culture conditions including low-carbon medium and an
atmosphere with H2, C02, and low 02 (27). Under these
conditions the cells can use H2 as the sole energy source for
autotrophic growth (16). Mutants impaired in their H2 uptake
capacity have been isolated from mutagenized free-living
cells of B. japonicum by screening for lack of H2-dependent
methylene blue reduction or lack of autotrophic growth with
H2 and CO2 (24, 25, 33). Subsequently, recombinant cosmids
containing hup genes were isolated from gene libraries of B.
japonicum genomic DNA by complementing these Hup-
mutants (4, 18). Cosmid pHU1 was shown by site-directed
TnS insertion mutagenesis to contain at least 15 kilobase
pairs (kb) of hup-specific DNA (17), but not all the B.
japonicum Hup- mutants were complemented by this
cosmid. Additional hup genes are present on cosmid pHU52
which apparently encodes all essential hup determinants to
confer hydrogenase activity to wild-type Hup- strains of B.
japonicum and R. leguminosarum (20). Both cosmids pHU1
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and pHU52, however, contained the genes for the two
polypeptide subunits of the hydrogenase (43).
The analysis of hup genes in R. leguminosarum has been

hampered by the lack of mutants. Hydrogenase activity of
these rhizobia is not induced under the culture conditions
described for derepression of B. japonicum hup genes.
Therefore, the isolation of Hup- mutants necessitates plant-
screening procedures. Recently, Kagan and Brewin (19)
took advantage of the symbiotic plasmid location of hup
genes in strain 128C53 (3) to isolate Hup- mutants of this
strain by TnS mutagenesis and screening of mutants in
plants. Homology between B. japonicum hup-specific DNA
contained in pHU1 and symbiotic plasmid DNA from sev-
eral Hup+ strains of R. leguminosarum has been demon-
strated (36, 37).
Here we report (i) the construction of a gene library from

a Hup+ strain of R. leguminosarum, (ii) the isolation of
recombinant cosmids containing DNA sequences homolo-
gous to B. japonicum hup-specific DNA, and (iii) the dem-
onstration of the presence in the isolated cosmids of genes
essential for H2 uptake in R. leguminosarum.

MATERIALS AND METHODS

Bacterial strains, plasmids, and media. The bacterial
strains and plasmids used are listed in Table 1. Escherichia
coli cells were grown in LB medium at 37°C, and when
required, antibiotics were used at the following concentra-
tions (micrograms per milliliter): tetracycline, 12; kana-
mycin, 50; nalidixic acid, 10; gentamicin, 25. R. legumin-
osarum cultures were grown at 28°C in either TY medium (1)
or Rhizobium minimal medium (34); antibiotics were used in
the selection media at the following concentrations (micro-
grams per milliliter): tetracycline, 5; kanamycin, 100;
gentamicin, 10.
DNA techniques. Large- and small-scale plasmid DNA

preparations were made by the alkaline lysis procedure
described by Maniatis et al. (30). Total DNA for hybridiza-
tion experiments was isolated essentially as described by
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TABLE 1. Bacterial strains and plasmids

Strain or Relevant characteristics" Source or
plasmid reference

E. coli
HB101 pro leu thi lacY endA recA G. Ditta

hsdR hsdM Strr
NS428 Su- recA (X Aamll b2 red3 38

c1857 Sam7)
NS433 Su- recA (X Eam4 b2 red3 38

c1857 Sam7)
HB101::Tn5 Kmr G. Ditta
C2110 polA Nalr G. Ditta

R. leguminosarum
128C53 Nod' Fix' Hup+ 35
UPM791 128C53 Strr This study
AL8 Nod + Fix + Hup + This study

UPM791: :Tn5
AL6, AL10, Nod+ Fix+ Hup- This study
AL13, AL18, UPM791::TnS
AL25, AL26

Plasmids
pLAFRl pRK290 (Tcr mob IncP) con- 15

taining cos
pRK2073 Kms derivative of pRK2013, 10

helper plasmid
pPHlJI Strr Gmr IncP 2
pUC13 Apr 32
pACYC184 Cmr Tcr 5
pHUl pLAFRl cosmid containing hup 4

DNA from B. japonicum
pHU52 pLAFRl cosmid containing hup 20

DNA from B. japonicum
pAL618, pLAFRl cosmids containing This study
pAL704 hup DNA from R.

leguminosarum
a Abbreviations: Strr, streptomycin resistant; kmr, kanamycin resistant;

Nalr, nalidixic acid resistant; Tcr, tetracycline resistant; Gmr, gentamicin
resistant; Apr, ampicillin resistant; Cmr, chloramphenicol resistant.

Corbin et al. (8) with the following modifications. (i) Cells
from 1 ml of a 48-h-old culture in TY medium were washed
first with 1 M NaCl and then with 0.1% Sarkosyl in TE buffer
(50 mM Tris, 20 mM disodium EDTA, pH 8.0). (ii) The
dialysis step was omitted, and the final DNA pellet was
washed with 70% ethanol. Total DNA for construction of the
gene library was isolated by the method of Clewell and
Helinski (6) as modified by Takeda et al. (39). DNA restric-
tion fragments from recombinant cosmids were subcloned
into plasmid vector pUC13 or pACYC184, and the inserted
DNAs were isolated from low-melting-point agarose gels by
the method of Langridge et al. (23). Restriction enzyme
digestions, agarose gel electrophoresis, and enzymatic clon-
ing techniques were standard (30).

Construction of R. leguminosarum gene library. Total DNA
from R. leguminosarum UPM791 was partially digested with
EcoRI and size fractionated with a preparative vertical gel
electrophoresis apparatus from Bethesda Research Labora-
tories, Inc., Gaithersburg, Md. (model 1100PG) with 0.6%
agarose in Tris-acetate (40 mM Tris, 20 mM acetic acid, 2
mM disodium EDTA, pH 8.1). The size of the DNA present
in each fraction was determined by electrophoresis in 0.5%
agarose gels. Fractions containing DNA in the size range of
10 to 35 kb were pooled and used for construction of the gene
library.
EcoRI-digested DNA from cosmid pLAFR1 was ligated

with size-fractionated R. leguminosarum DNA at concentra-

tions of 66 and 462 pLg/ml, respectively, in the presence of T4
DNA ligase (72 U/ml). The ligation product was packaged in
vitro into A bacteriophage heads by the method of Friedman
et al. (15). Packaging extracts were prepared from E. coli
lysogenic strains NS428 and NS433 as described previously
(30) except that cultures of strains NS428 and NS433 were
used in the ratio 1:2 and putrescine was omitted from the cell
suspension buffer. The resulting phage particles containing
the recombinant cosmids were used to infect E. coli HB101.
After 1 h of incubation at 37°C, the transducted cells were
plated on LB medium supplemented with tetracycline.

Hybridization procedures. In vitro oa-32P labeling of plas-
mid DNA or purified DNA fragments was accomplished by
the nick translation procedure of Rigby et al. (34a). After
digestion and electrophoresis, DNA fragments were trans-
ferred to nitrocellulose filters (type HAHY; Millipore Corp.,
Molsheim, France) by the method of Southern (37a). DNAs
from bacterial colonies were transferred to Whatman no. 540
filter disks by the procedure of Grunstein and Hogness (15a).
Hybridization of nick-translated DNA to blots and filter
disks was done in 50% formamide-5x SSC (lx SSC is 0.15
M NaCl plus 0.015 M sodium citrate, pH 7.0)-ix Denhardt
solution-0.2% sodium dodecyl sulfate-0.02% denatured her-
ring sperm DNA at 42°C for 48 h. After hybridization, filter
disks and blots were rinsed three times with 0.1 x SSC-0.1%
sodium dodecyl sulfate and then washed three times with 2 x
SSC-0. 1% sodium dodecyl sulfate at 42°C for 30 min. RP-X7
(Manufacturas Fotograficas Espafiolas, Madrid, Spain) X-
ray film was exposed to the filters and blots with a Cronex
intensifying screen at -70°C.

Site-directed TnS mutagenesis. TnS mutagenesis of cloned
DNA in E. coli and recombination of the cosmids carrying
TnS with the corresponding region of the UPM791 genome
were done as described by Ditta (9). pPHlJI was used as the
incoming incompatible plasmid, and selection was made on
Rhizobium minimal medium containing kanamycin and
gentamicin. The loss of the pLAFR1 recombinant cosmid
was confirmed by checking the tetracycline sensitivity of the
putative marker-exchanged mutants. The fidelity of the Tn5
recombinations in the genome was verified by hybridization
analysis as described by Haugland et al. (17).

Plant tests and nitrogenase and hydrogenase assays. R.
leguminosarum UPM791 derivative strains containing TnS
insertions were checked for nodulation and symbiotic
nitrogenase and hydrogenase activities in peas (Pisum
sativum L. cv. Frisson). Pea seeds were surface sterilized,
germinated on 1% water agar plates, and planted in vermic-
ulite in Leonard jar-type assemblies (42) at a density of four
germinated seeds per jar. Rhizobium cells grown for 48 h on
yeast-mannitol broth (42) were used as the inoculum. Plants
were provided with a nitrogen-free solution and grown for 30
days in a growth chamber (day/night temperature, 24°C/
15°C; light intensity, 25 klx, 16-h photoperiod). Acetylene
reduction and hydrogen evolution by nodules and hydrogen-
ase activity of bacteroids were determined as previously
described (35).

RESULTS

Gene library of R. leguminosarum UPM791. Cosmid
pLAFR1 was chosen as the cloning vector to construct the
gene bank because it can be mobilized into and stably
replicates in Rhizobium species. Tetracycline-resistant (Tcr)
transductants were obtained at a frequency of 4 x 104/,ug of
vector DNA. The resulting gene bank contained more than
16,000 independent clones and was maintained in E. coli
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HB101. Twenty-four clones were chosen at random for
cosmid DNA analysis. Gel electrophoresis of EcoRI digests
of these cosmids showed that all contained insert DNA
ranging in size between 9.5 and 34.6 kb and averaging 21 kb.
All cosmids analyzed contained a fragment that comigrated
with EcoRI-digested pLAFR1. Assuming that the molecular
weight of the Rhizobium genome is about the same as that of
the E. coli genome, i.e., 4,200 kb, and on the basis of
theoretical calculations (7), 990 clones of the above gene
bank should have a probability of greater than 99% of
containing a given 1-kb sequence of DNA.

Isolation of recombinant cosmids containing presumptive
hup-specific DNA. We took advantage of the existence of
homology between hup-specific DNA from B. japonicum
and genomic DNA of Hup+ strains of R. leguminosarum (36,
37) to identify recombinant cosmids containing hup-specific
sequences from a gene bank of strain UPM791. The 5.9-kb
HindIll and 5.0-kb EcoRI DNA fragments from pHU1 (see
Fig. 2A) were used as hybridization probes to screen 1,500
clones of the gene bank by the colony hybridization method.
The 5.9-kb HindIII fragment contains the 60-kilodalton
subunit gene for the B. japonicum hydrogenase (43), and the
5.0-kb EcoRI fragment also contains essential genes for
hydrogen uptake in B. japonicum (17). Two clones were
identified, and the corresponding recombinant cosmids
(pAL618 and pAL704) were isolated. After gel electropho-
resis and blotting, EcoRI digests from these cosmids and
from total DNA of strain UPM791 were hybridized to probe
DNAs from pHU1 to confirm that the cosmids did contain
sequences homologous to B. japonicum hup DNA and that
the hybridizing fragments were present in the R. legu-
minosarum genome. In addition to the DNA probes men-
tioned above, the 2.9-kb EcoRI fragment from pHU1, con-
taining the gene coding for the 30-kilodalton subunit of the B.
japonicum hydrogenase (43), was also used as a hybridiza-
tion probe (Fig. 1).
Cosmids pAL618 and pAL704 contained approximately 21

and 30 kb of insert DNA, respectively, and had a 1.7-kb and
a 2.2-kb EcoRI fragment in common. These two fragments
strongly hybridized to the 5.0-kb EcoRI probe (Fig. 1, panel
2). Cosmid pAL704 also contained an additional EcoRI
fragment of 7.2 kb with weak homology to the same probe.
The 5.9-kb HindIII probe strongly hybridized to two EcoRI
fragments of 6.4 and 5.0 kb from pAL618, but not to pAL704
(Fig. 1, panel 3). The 2.9-kb EcoRI probe showed hybridiza-
tion to only the 5.0-kb EcoRI fragment from pAL618 (Fig. 1,
panel 4). The hybridization to pLAFR1 DNA observed in
lanes 4b and 4c of Fig. 1 is probably due to contamination of
the probe DNA with vector pACYC184 used for subcloning.
All the hybridizing fragments were present in the UPM791
genome (Fig. 1, lanes 2a, 3a, and 4a).

Physical organization of presumptive hup genes from R.
leguminosarum. To define the DNA region of R. legumino-
sarum containing the homology to hup-specific DNA of B.
japonicum and to determine its physical organization, we
analyzed DNA from cosmids pAL618 and pAL704 by re-
striction endonuclease mapping techniques. Combinations
of EcoRI, HindIII, BamHI, XhoI, Sall, and KpnI
endonucleases were used in the mapping analysis. The order
of the EcoRI fragments determined for cosmid pAL618 and
part of cosmid pAL704 is shown in Fig. 2C. By hybridizing
filter blots of HindIII-, BamHI-, Sall-, and XhoI-digested
total DNA from UPM791 to isolated and at-32P-labeled
EcoRI fragments from pAL618, it was demonstrated that the
order of EcoRI fragments in this cosmid corresponds to that
in the UPM791 genome. Similar hybridization analysis with

1 2 3 4
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FIG. 1. Hybridization of hup-specific DNA from B.japonicum to
DNA from R. leguminosarum. Lanes a, b, and c show EcoRI digests
of total DNA from UPM791, cosmid pAL618, and cosmid pAL704,
respectively. Panel 1 shows agarose gel electrophoresis of restric-
tion fragments, and panels 2, 3, and 4 show the autoradiographs of
Southern blots of replicates of gels in panel 1 after hybridization
with the 5.0-kb EcoRI (panel 2), 5.9-kb Hindlll (panel 3), and 2.9-kb
EcoRI (panel 4) probe DNAs. The autoradiographs of total DNA
(lanes a) were exposed twice as long as the autoradiographs of
cosmid DNAs (lanes b and c). Numbers in the margin indicate
fragment sizes of Hindlll-digested A phage DNA.

subcloned EcoRI fragments from pAL704 indicated that in
the genome of UPM791 the 7.2-kb EcoRI fragment from
pAL704 was contiguous with the pAL618 DNA at the 2.2-kb
EcoRI border fragment. The DNA of pAL704 to the left of
the 1.7-kb EcoRI fragment in common with pAL618 is not
contiguous to the rest of the region. The resulting physical
map of the DNA region defined by both cosmids is shown in
Fig. 2B.
Based on hybridization and restriction mapping analysis of

cosmids and genomic DNAs, the relative positioning of
DNA regions homologous to the pHUl DNA probes in the
R. leguminosarum genome is shown in Fig. 2B by the solid
bars above it. The bars show maximum limits of hybridiza-
tion; the actual regions of DNA homology may be smaller.
As can be seen, the relative order of the R. leguminosarum
presumptive hup genes is the same as that of B. japonicum
hup genes. When the 7.2-kb EcoRI DNA fragment from
pAL704 was used as a probe to hybridize EcoRI-restricted
DNA from pHU1 and pHU52, no hybridization signals were
observed to the unique 5.5-kb EcoRI fragment of pHU52,
reported to be essential for autotrophic growth in B.
japonicum (20).

Evidence for functional hup genes in cosmid pAL618. To
determine whether the DNA region of UPM791 showing
homology to hup-specific DNA of B. japonicum contains in
fact genes essential for H2 uptake in R. leguminosarum, we
used pAL618 to produce site-directed Tn5 insertions into the
UPM791 genome by a marker exchange technique. The
physical location of TnS insertions into pAL618 was deter-
mined by restriction enzyme analysis of isolated DNA from
each pAL618::Tn5 derivative, using EcoRI and HindIII
restriction endonucleases. After the exchange by homolo-
gous recombination in R. leguminosarum UPM791, each
UPM791::TnS insertion strain was used to inoculate peas.
The Hup phenotypes of insertion strains with TnS located at
seven different sites are shown in Fig. 2B. All seven strains
formed effective nitrogen-fixing nodules (Table 2). Six inser-
tions resulted in essentially the complete loss of 02- and
methylene blue-dependent H2 uptake activity in bacteroids;
three of them (AL10, AL13, AL25) were in the DNA region
with homology to the 5.9-kb HindIII probe, and the other
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FIG. 2. Organization of hup region of R. leguminosarum genome, relative to the hup region of B. japonicum. (A) Restriction maps of
pHU1 and pHU52 cosmids containing hup-specific DNA from B. japonicum 122DES (17, 20). The hatched bars show the DNA fragments
used as hybridization probes: a, 5.9-kb Hindlll; b, 2.9-kb EcoRI; and c, 5.0-kb EcoRI. (B) Restriction map of the hup region of R.
leguminosarum UPM791. Restriction site abbreviations: E, EcoRI; B, BamHI; H, HindlIl; S, Sall; X, XhoI; K, KpnI. The solid bars denote
regions within which the hup DNAs hybridize. The arrows indicate positions of transposon Tn5 insertions that have been incorporated into
the UPM791 genome by marker exchange. Insertion positions are numbered according to the corresponding AL insertion strains, and the +
or - beneath each arrow indicates whether the insertion resulted in a Hup+ or Hup- phenotype. (C) Cosmid DNAs isolated from a gene bank
of R. leguminosarum UPM791. The sizes of the EcoRI fragments are shown. The broken segments indicate additional DNA that is not
contiguous with the rest of the region shown.

three (AL6, AL18, AL26) were between the homology
regions defined by the 2.9-kb EcoRI and 5.0-kb EcoRI
probes.
To confirm that the sites ofTnS insertions in the genome of

the marker-exchanged strains were the same as that deter-
mined in pAL618, filter blots containing EcoRI digests of
total DNA from each R. leguminosarum TnS insertion strain

TABLE 2. Nitrogenase and hydrogenase activities of nodules and
bacteroids produced by R. leguminosarum UPM791 and various

Tn5 insertion derivative strains in symbiosis with peas

Bacteroid
hydrogenase

Nodule activitya activitiesc
Strain (electronacceptors)

C2H4 Hydrogen Relative
production evolution efficiencyb 02 MB

UPM791 19.2 ± 0.2 4.1 ± 0.6 0.78 0.28 0.54
UPM791::TnS

derivatives
AL6 17.8 ± 1.4 8.2 ± 1.3 0.54 <0.05 <0.05
AL8 16.9 ± 1.7 3.8 ± 0.9 0.77 0.29 0.64
AL10 18.7 ± 2.5 5.9 ± 1.5 0.68 <0.05 <0.05
AL13 18.1 ± 0.8 5.8 ± 1.2 0.68 <0.05 <0.05
AL18 18.0 ± 1.1 5.6 ± 0.5 0.68 <0.05 <0.05
AL25 21.9 ± 0.7 7.4 ± 2.2 0.66 <0.05 <0.05
AL26 18.3 ± 0.5 7.5 ± 0.8 0.58 <0.05 <0.05

aMicromoles per hour per gram of fresh nodule weight. Values are means
of four replicate plant cultures ± standard error of the mean.

b Relative efficiency was calculated as 1 - (H2 evolved in air/C2H2 re-
duced).

c Micromoles of 02- or methylene blue (MB)-dependent H2 uptake per hour
per milligram of protein. Values are the average of at least two determi-
nations.

were hybridized to pAL618::TnS DNA. The results of the
hybridization experiment are shown in Fig. 3. The pattern of
fragments hybridizing to pAL618::TnS in each UPM791::
TnS insertion strain was identical to the corresponding
pattern in strain UPM791, except for an EcoRI fragment that
is larger by the size of TnS. The two upper bands in each of
the lanes corresponding to UPM791(pPH1JI) and all the
UPM791::TnS derivatives but not UPM791 are due to plas-
mid pPHlJI used to remove pAL618 in the marker exchange
procedure. DNA from pPHlJI has homology to pLAFR1
vector DNA.

DISCUSSION

A major advancement in the genetics of H2 oxidation was
the isolation of hup genes from B. japonicum (4, 17) and the
demonstration that the complete hup system is clustered in a
DNA region of about 20 kb (20). In R. leguminosarum the
need of plant growth experiments to select for Hup- mutants
made the study of hup genes more difficult. The conservation
of hup DNA observed between B. japonicum and R.
leguminosarum (36, 37) enabled us to isolate recombinant
cosmids (pAL618 and pAL704) containing DNA sequences
homologous to hup-specific DNA of B. japonicum from a
gene bank of R. leguminosarum UPM791 constructed in the
broad-host-range cloning vector pLAFR1.

Restriction fragments covering the hup DNA region of
cosmid pHU1 (17) hybridized to cloned DNA in cosmids
pAL618 and pAL704 in the same relative order as they
appear in pHU1 (Fig. 2). Besides, the size of the homology
region in pAL cosmids (about 19 kb) corresponds with the
size of the hup-specific region of pHUL. These observations
demonstrate that the overall arrangement of R. legu-
minosarum UPM791 presumptive hup DNA closely parallels

pHU52
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FIG. 3. Southern blot analysis of R. leguminosarum Tn5 inser-
tion strains. EcoRI-digested total DNA samples were hybridized
with ot-32P-labeled pAL618::TnS DNA. Lanes: 1, UPM791; 2,
UMP791(pPHIJI); 3, AL8; 4, AL10; 5, AL13; 6, AL25; 7, AL18; 8,
AL26; 9, AL6. Numbers in margin indicate the sizes of EcoRI DNA
fragments from cosmid pAL618.

that of B. japonicum. Preliminary results presented by Tichy
et al. (41) also suggest a similar organization of hup se-

quences in the R. leguminosarum B10 genome and in plas-
mid pHU1. Since, in addition, a recent report (40) also
demonstrates similarities in organization and functionality
between Azotobacter chroococcum and B. japonicum, it is
likely that the type of hup DNA organization observed in B.
japonicum 122DES (17, 20) is widely distributed among

aerobic nitrogen-fixing bacteria.
The presence of functional hup genes in the isolated

cosmids was demonstrated by generating UPM791::TnS
derivatives by site-directed transposon mutagenesis and
examining their Hup phenotypes in symbiosis with peas. TnS
insertions at six different sites of pAL618 insert DNA
abolished the pea bacteroid hydrogenase activity (Table 2).
Three of these Hup- TnS mutants are located within a

pAL618 DNA region of about 8 kb with strong and weak
homology to the 5.9-kb HindlIl and 2.9-kb EcoRI fragments,
respectively, from pHU1 (4). These two DNA fragments
have been shown to direct the synthesis of the 60- and
30-kilodalton polypeptide subunits of the B. japonicum hy-
drogenase (43). Although the R. leguminosarum hydroge-
nase has not been purified yet and the number and the sizes
of its components are unknown, on the basis of the DNA-
DNA homology observed, we can also presume a two-
subunit polypeptide structure for the R. leguminosarum
hydrogenase. The genes coding for these subunits would
then be within that 8-kb DNA region from pAL618. Since
some evidence for functional equivalence between the hup
genes of R. leguminosarum and B. japonicum has been
reported by Kagan and Brewin (19), it can be expected that
cosmid pAL618 complements B. japonicum Hup- mutants
known to be affected in hydrogenase structural genes (12, 24).

Other genes essential for H2 uptake in R. leguminosarum
are also located in pAL618 to the right of the putative
structural region, as suggested by the Hup- phenotype
shown by three TnS insertions (AL6, AL18, AL26) and by
the existence of a 5-kb DNA region of homology to the
hup-specific 5.0-kb EcoRI fragment from pHU1 (Fig. 2).
Candidate genes are genes involved in regulation of the
synthesis and activity of hydrogenase. Little or nothing is
known about the genetics of hup regulation in either B.
japonicum or R. leguminosarum. Mutants altered in regula-

tion of hydrogenase activity or mutants defective in both
nitrogenase (Nif) and hydrogenase (Hup-) activities have
been isolated in B. japonicum (28, 31). We are currently
examining the symbiotic complementation of these mutants
by cosmids pAL618 and pAL704 to compare the hup gene
constituents of B. japonicum and R. leguminosarum.

Apparently, cosmid pAL618 contains all the DNA homol-
ogy to pHUl except for about 1 kb present in the adjacent
7.2-kb EcoRI fragment of pAL704 (Fig. 2). According to
Lambert et al. (21), pHU1 may contain all the genetic
determinants required for symbiotic hup activity. Therefore,
it would be interesting to know whether pAL618 also con-
tains all the information needed for hydrogenase expression
in symbiosis with peas. In B.japonicum, genetic information
present in cosmid pHU52 in a 5.5-kb EcoRI fragment con-
tiguous to pHU1 insert DNA seems to be required for
autotrophic growth with H2 and CO2 (20). We found no DNA
sequences homologous to this fragment in the 7.2-kb EcoRI
fragment from pAL704 which is adjacent to the pAL618
insert DNA in the R. leguminosarum UPM791 genome. This
observation is consistent with the lack of chemolithotrophic
growth with H2 (20) and the absence of ribulose bisphos-
phate carboxylase activity (29) in strain 128C53 and suggests
probable differences in regulatory control and integration
into cellular metabolism of the H2 uptake system of B.
japonicum and R. leguminosarum.
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