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Thirteen Rhizobium leguminosarum strains previously reported as H,-uptake hydrogenase positive (Hup*) or
negative (Hup™) were analyzed for the presence and conservation of DNA sequences homologous to cloned
Bradyrhizobium japonicum hup-specific DNA from cosmid pHU1 (M. A. Cantrell, R. A. Haugland, and H. J.
Evans, Proc. Natl. Acad. Sci. USA 80:181-185, 1983). The Hup phenotype of these strains was reexamined by
determining hydrogenase activity induced in bacteroids from pea nodules. Five strains, including H,
oxidation-ATP synthesis-coupled and -uncoupled strains, induced significant rates of H,-uptake hydrogenase
activity and contained DNA sequences homologous to three probe DNA fragments (5.9-kilobase [kb] HindIII,
2.9-kb EcoRlI, and 5.0-kb EcoRI) from pHU1. The pattern of genomic DNA HindIII and EcoRI fragments with
significant homology to each of the three probes was identical in all five strains regardless of the H,-dependent
ATP generation trait. The restriction fragments containing the homology totalled about 22 kb of DNA common
to the five strains. In all instances the putative hup sequences were located on a plasmid that also contained nif
genes. The molecular sizes of the identified hup-sym plasmids ranged between 184 and 212 megadaltons. No
common DNA sequences homologous to B. japonicum hup DNA were found in genomic DNA from any of the
eight remaining strains showing no significant hydrogenase activity in pea bacteroids. These results suggest that
the identified DNA region contains genes essential for hydrogenase activity in R. leguminosarum and that its

organization is highly conserved within Hup™* strains in this symbiotic species.

The generation of hydrogen by legume nodules as a
consequence of the N, reduction catalyzed by nitrogenase is
a potential source of inefficiency of the Rhizobium-legume
symbiosis. In nodules produced by a limited number of
Bradyrhizobium and Rhizobium strains, H; is recycled by
means of an H, uptake system and oxidized to water (3, 12,
14). The utilization of the nitrogenase-generated H; in these
nodules has been shown to provide ATP for nitrogen fixa-
tion, to protect nitrogenase against O,, and to use up H,
preventing nitrogenase inhibition by H, (3, 12). Some of
these putative advantages may be responsible for the bene-
ficial effects of the H,-uptake system on whole-plant growth
and nitrogen fixation that have been observed in soybeans
nodulated by Hup* (H,-uptake-hydrogenase-positive)
strains of Bradyrhizobium japonicum (14, 16). However, the
actual contribution of the H,-uptake system to increased
productivity has been difficult to assess in a rigorous manner
(16).

Only certain strains of Rhizobium leguminosarum possess
an H,-uptake hydrogenase (23, 27, 29), and the H,-oxidizing
activity of most of them is insufficient to recycle all the H,
produced during nitrogen fixation in pea nodules (23, 27).
Nelson and Salminen (25) demonstrated that H, oxidation is
coupled to ATP generation in certain Hup™ strains (ATP-
coupled strains) of R. leguminosarum but not in others.

Genetic evidence has been presented that determinants
involved in H, oxidation in the ATP-uncoupled strain
128C53 of R. leguminosarum are linked in a plasmid
(pRL6JI) to other determinants for symbiotic functions (4).
When pRL6JI was transferred by recombination with a
self-transmissible plasmid into other R. leguminosarum ge-
netic backgrounds, an improvement in the symbiotic per-
formance of the new host was demonstrated (11). However,
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by carrying out plant growth experiments using Hup~™ mu-
tants generated by Tn5 insertions into pRL6JI as inocula, it
was later concluded that the observed improvement pro-
duced by pRL6JI may be associated with some trait other
than the Hup phenotype (10).

Genes essential for H, uptake (hup genes) have been
isolated from libraries of B. japonicum DNA (6, 18), and at
least two transcriptional units have been identified in cosmid
pHU1 (17). By using DNA from pHU1 as a hybridization
probe, Nelson et al. (24) found homology between hup-
specific DNA of B. japonicum and genomic DNA from some
Hup* R. leguminosarum strains but not from others. On the
basis of these results, the investigators suggested the exis-
tence of two different types of hup sequences within Hup™*
strains of R. leguminosarum.

To further examine the contribution of the Hup phenotype
of R. leguminosarum to plant nitrogen fixation and growth,
additional information should be obtained from Hup™* strains
other than 128C53. Particularly attractive are strains in
which H, oxidation is coupled to ATP generation, because
the hup system of these strains may be associated with
increased N, fixation. Since, in addition, the transfer of the
H,-uptake system into Rhizobium strains lacking H,-
recycling capacity would be facilitated by the location of hup
genes on plasmids, it is of interest to identify and character-
ize hup plasmids which could be used as better sources of
hup genes. We report the identification of plasmids contain-
ing hup determinants in ATP-coupled strains of R.
leguminosarum and show that hup-specific DNA has a
similar organization in both types of Hup* strains, ATP-
coupled and -uncoupled.

MATERIALS AND METHODS

Bacterial strains and plasmids. R. leguminosarum UML?2
and UMLS are native isolates from nodules of Vicia ervilia
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TABLE 1. Hydrogenase activity of pea bacteroids from
R. leguminosarum strains and homology of plasmid and total
DNA from these strains to R. meliloti nif- or B. japonicum
hup-specific DNA sequences

: logy t:
Bacteroid Sllze (MDa! of Hi?uﬁoDl\g}YA.“o
Strain hydrogenase plasmid with
ivity® homology to Total Plasmid
activity nif DNA? DNA DNA
128CS3 0.65 = 0.15 186 = 4 + +
128C30 0.75 + 0.18 212 = 10 + +
128C23 0.65 = 0.12 184 = 2 + +
128C13 0.34 = 0.08 203 =5 + +
128CS6 0.27 = 0.06 200 = 8 + +
175G1S <0.05 160 = § - -
UML2 <0.05 >500 - -
UMLS <0.05 174 = 17 - -
128C75 <0.05 139 + 4 - -
175G11 <0.05 160 = 12 - -
92A3 <0.05 ND“ - ND
128C76 <0.05 ND - ND
128C78 <0.05 ND - ND

2 Micromoles of O,-dependent H, uptake - h™! - mg of protein~!. Values
are the averages of three determinations *+ standard errors. ‘

b Values are averages + standard errors of size determinations (mega-
daltons [MDa]) from three separate gels. DNA from plasmid pID1 containing
nifHD genes from R. meliloti (1) was used as the hybridization probe.

¢ The 5.9-kb HindIII fragment from pHU1 (7) was used as the hup-specific
hybridization probe.

4 ND, Not determined.

and Vicia faba plants, respectively, grown in Spain. All
other R. leguminosarum strains used (Table 1) were received
from J. Burton, Nitragin Co., Milwaukee, Wis. Strains
128C53.5 and 128C30.2 are sym plasmid-cured derivatives of
strains 128C53 and 128C30, respectively. They were ob-
tained by screening single-colony isolates from stock cul-
tures of the wild-type strains for their plasmid profiles. Some
of these isolates apparently have spontaneously lost the sym
plasmid and are not infective (data to be presented else-
where). B. japonicum 122DES and plasmid pHU1 containing
hup-specific sequences from this strain (6, 17) were provided
by H. J. Evans, Oregon State University, Corvallis. Plasmid
pID1 containing nifHD genes of Rhizobium meliloti (1) was
received from J. Olivares, Consejo Superior de Investiga-
ciones Cientificas, Granada, Spain. Plasmid vectors pUC13
(30) and pACYC184 (8) were obtained from G. Ditta, Uni-
versity of California at San Diego, La Jolla.

Bacteroid preparation and hydrogenase assays. Bacteroids
were prepared from nodules of Pisum sativum cv. Frisson
plants grown under bacteriologically controlled conditions
as described by Ruiz-Argiieso et al. (27), except that a
growth chamber provided with 25,000-1x illumination during
a 16-h period was used instead of a greenhouse. Bacteroids
from nodules were prepared under aerobic conditions as
described previously (21). The hydrogenase activities of
bacteroid suspensions were determined by measuring the
rate of H, uptake with O, or methylene blue as terminal
electron acceptors by an amperometric technique (15, 27).

Plasmid identification. Rhizobium plasmids were identified
by using the in-well cell lysis and electrophoresis procedure
of Eckhardt (13) with the modification previously described
(5). The sizes of the plasmids were calculated from their
relative mobilities in agarose gels by using plasmids of
known molecular weights as standards (5).

DNA techniques. Total Rhizobium DNA was isolated by
the method of Corbin et al. (9). Plasmid DNA from Esche-
richia coli was prepared by the alkaline lysis procedure
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described by Maniatis et al. (22). DNA fragments from
pHUL1 (6) to be used as hup-specific probes were subcloned
into plasmid vector pUC13 (5.9-kilobase [kb] HindIII and
5.0-kb EcoRI fragments) or pACYC184 (2.9-kb EcoRI frag-
ment). The resulting recombinant plasmids (pCMS5, pCM7,
and pCM3, respectively) were digested with HindIII or
EcoRl, and the inserted DNA was isolated from gels by the
low-melting-agarose procedure of Langridge et al. (20).
Restriction enzyme digestions, agarose gel electrophoresis,
Southern blot transfer, and enzymatic cloning techniques
were standard (22).

Hybridization procedures. DNA from plasmid pID1 and
DNA fragments from pHU1 were labeled with [a->?P]JdATP
(410 Ci/mmol; Amersham International) by nick translation
(22) and used as nif- and hup-specific probes, respectively.
The Eckhardt agarose gels used for visualization of plasmids
were dried as previously described (5). Genomic DNA
restriction fragments were separated by electrophoresis and
transferred to nitrocellulose filters (Millipore, Molsheim,
France) by the method of Southern (22). DNA hybridiza-
tions of labeled probes to dried gels and Southern blot
transfers were done essentially as described previously (5).
Hybridization was carried out for 48 h with 50% formamide
at 42°C in 5x SSC (1x SSC is 0.15 M NaCl plus 0.015 M
sodium citrate, pH 7.0). After hybridization, the nitrocellu-
lose filters and dried gels were rinsed three times with 0.1
SSC-0.1% sodium dodecyl sulfate and then washed three
times with 2x SSC-0.1% sodium dodecyl sulfate at 42°C for
30 min. Autoradiography was conducted at —70°C with
RP-X7 (MAFE) X-ray film and Cronex (Du Pont Co.)
intensifying screens.

RESULTS

Hup phenotype. The hydrogenase activities of bacteroids
from nodules produced by 13 strains of R. leguminosarum in
peas were determined (Table 1). Strains 128C53, 128C30,
128C23, 128C13, and 128C56, which have been previously
reported as Hup* strains (23, 27), exhibited rates of H,
uptake ranging from 0.27 to 0.65 pmol - h™!. mg of
protein~!. No significant O,- or methylene blue-dependent
H,-uptake activities were detected in bacteroids from the
remaining strains. These strains have been shown (27, 29) to
produce nodules in peas with no or low capacity to recycle
H,.

hup sequence conservation in R. leguminosarum. To inves-
tigate the sequence conservation and organization of H,-
uptake genes in R. leguminosarum, we used B. japonicum
hup-specific DNA sequences contained on the 5.9-kb
HindIIl, 2.9-kb EcoRI, and 5.0-kb EcoRI fragments from
cosmid pHU1 (6, 17) as hybridization probes. The DNA
from the 13 strains of R. leguminosarum examined for Hup
phenotype was purified and digested with EcoRI or HindIII,
and the resulting restriction fragments were separated by
electrophoresis, transferred to nitrocellulose paper, and hy-
bridized to the B. japonicum probes. Total DNA from all
strains showing a Hup™* phenotype contained identical pat-
terns of EcoRI fragments with homology to each of the three
hup probe DNAs (Fig. 1, lanes A, C, D, E, and F). The
5.0-kb EcoRI probe showed three hybridizing bands, the
5.9-kb HindIIl probe showed two bands, and the 2.9-kb
EcoRI probe showed one band. None of these bands was
present in EcoRI-digested genomic DNA from each of the R.
leguminosarum strains exhibiting a Hup~ phenotype (Fig. 1,
lanes G to L) or from strain 128C30.2 (sym plasmid-cured
derivative of Hup* strain 128C30; Fig. 1, lane B). Low-
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intensity hybridization bands were also observed with the
5.0-kb EcoRI probe to EcoRI-digested DNA from some
Hup™* and Hup~ strains.

When total DNA from Hup™ strains of R. leguminosarum
was digested with HindIII restriction enzyme, a common
pattern of fragments hybridizing to each of the B. japonicum
DNA probes was observed (data not shown). The molecular
sizes of the HindIIl DNA fragments containing the hup
homology were 10.5 kb (5.9-kb HindIIl probe), 8.2 kb
(2.9-kb EcoRI probe), and 8.2 and 4.0 kb (5.0-kb EcoRI
probe). The weakest hybridization signals were observed in
all the Hup* R. leguminosarum strains examined with the
2.9-kb EcoRI probe DNA.

Plasmid location of hup sequences. By using a modified
Eckhardt agarose gel procedure, three to six plasmid bands
were visualized in each of the 13 strains of R. legu-
minosarum examined. Representative examples are shown
in Fig. 2. The sizes of the plasmids, estimated by their
relative mobilities in agarose gels with plasmids of known
molecular weight as standards, ranged from 60 to >500
megadaltons.

To investigate whether hup sequences were located on
plasmids, the Eckhardt gels containing the plasmid DNA
bands were dried and directly hybridized to the 5.9-kb
HindIll B. japonicum hup-specific DNA probe. In each of
the strains exhibiting H,-uptake capability a single plasmid
was found to hybridize to the hup probe (Fig. 2, lanes A, a,
C,c,E, e, F, f, G, and g). In experiments in which nifHD
DNA from R. meliloti was used as the hybridization probe,
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FIG. 1. Autoradiograms of Southern blots of EcoRI-digested
total DNA from. R. leguminosarum strains hybridized to hup-
specific DNA from B. japonicum 122DES. Hybridization probes
were DNA fragments from pHU1 (17): 5.0-kb EcoRI (panel 1),
5.9-kb HindIll (panel 2), and 2.9-kb EcoRI (panel 3). The R.
leguminosarum strains used are as follows: lane A, 128C30; lane B,
128C30.2; lane C, 128C53; lane D, 128C23; lane E, 128C13; lane F,
128C56; lane G, 175G1S; lane H, 92A3; lane I, 128C76; lane J,
128C78; lane K, 128C75; lane L, UML2. Lane M, B. japonicum
122DES. The numbers in the margins are the molecular sizes
(kilobases) of the hybridizing DNA bands.
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FIG. 2. Composite photograph showing hybridization of hup-
specific DNA from B. japonicum to plasmid DNA from R.
leguminosarum strains. Uppercase letters indicate photographs of
ethidium bromide-stained agarose gels after electrophoresis of in-
well cell lysates from R. leguminosarum 128CS53 (lane A), 128C53.5
(lane B), 128C30 (lane C), 128C30.2 (lane D), 128C13 (lane E),
128C56 (lane F), 128C23 (lane G), UML2 (lane H), 128C75 (lane I),
UMLS (lane J), and 175G15 (lane K). The sizes (megadaltons) of the
plasmids from strains 128C53 and UML2 are shown in the margins.
The migration distances are comparable from strain to strain within
the top or bottom panel. Lowercase letters indicate the correspond-
ing autoradiograms of the dry gels (lanes A to K) after hybridization
to the a-2P-labeled 5.9-kb HindIII fragment from pHU1 (7).

plasmids exhibiting hup homology were shown to also
contain DNA sequences homologous to the R. meliloti nif
genes (data not shown). The molecular sizes of plasmids
hybridizing to hup and nif probes are indicated in Table 1.
No hybridization signal with the Aup probe was observed in
any of the plasmids harbored in Hup~ strains (Fig. 2, lanes H
to K and h to k) or in sym plasmid-cured derivatives of
strains 128C53 and 128C30 (Fig. 2, lanes B, b, D, and d).
These results clearly demonstrate that Aup sequences in all
Hup* strains of R. leguminosarum tested are linked to
symbiotic genes in a plasmid (sym-hup).

DISCUSSION

The results presented here show that all the strains of R.
leguminosarum that induced significant hydrogenase activity
in pea bacteroids contained DNA sequences homologous to
B. japonicum 122DES. The pattern of EcoRI and HindIII
genomic DNA restriction fragments hybridizing to each of
three hup-specific probe DNAs from pHU1 was identical in
all the Hup™ strains of R. leguminosarum examined (Fig. 1).
Since these DNA sequences were not present in any of the
strains exhibiting a Hup~ phenotype, they may be specifi-
cally involved in H, recycling in R. leguminosarum. Of
particular interest are the findings by Zuber et al. (31) that
the 5.9-kb HindIII and 2.9-kb EcoRI fragments from pHU1
contain the structural genes for the two B. japonicum
hydrogenase subunits. This suggests that the corresponding
homologous DNA sequences in R. leguminosarum contain
the structural genes for the hydrogenase. Obviously, besides
the hydrogenase structural genes other genes involved in the
synthesis or functioning of the H,-uptake system may also be
present in the 5.9-kb HindIII and 2.9-kb EcoRI probe DNA.
The significance of the hybridization to the 5.0-kb EcoRI
fragment from pHU1 is unknown since no functions have
been assigned to this DNA. However, it was demonstrated
by Haugland et al. (17) that this fragment contains essential
genes for hydrogen uptake in B. japonicum.
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The fact that one fragment (5.0-kb EcoRI) hybridized to
both the 5.9-kb HindIIl and 2.9-kb EcoRI probes and an-
other fragment (8.2-kb HindIII) hybridized to both the 2.9-kb
EcoRI and 5.0-kb EcoRI probes suggests that DNA se-
quences with homology to hup-specific DNA of B. ja-
ponicum are also clustered in a region in the R. le-
guminosarum genome. By adding the EcoRI or HindIIl
fragments exhibiting homology with the three probes, we
estimated that the presumptive hup DNA region in R.
leguminosarum spans at least approximately 22-kb. A recent
report also suggests that some of the hup genes in at least
one strain of R. leguminosarum are clustered (19). In all
Hup™* strains of R. leguminosarum examined, the presump-
tive hup sequences were located on plasmids that also
carried nif genes. Evidence for the location of hup genes on
sym plasmids had previously been shown for strain 128C53
(4) and for some native isolates of R. leguminosarum (28).
Therefore, unlike the situation in B. japonicum (7) and
Azotobacter chroococcum (26), the plasmid location of hup
genes seems to be a general trait in R. leguminosarum. The
maintenance of sym and hup determinants in the same
plasmid (sym-hup) during evolution suggests that the Hup
phenotype is beneficial for the R. leguminosarum-plant
interaction.

The existence of DNA sequences with homology to hup-
specific DNA of B. japonicum was previously shown in
some Hup* strains of R. leguminosarum but not in others
(24). Nelson et al. (24) demonstrated that eight Hup™ strains
of R. leguminosarum contained a common HindIIl DNA
fragment of about 10.0 kb which hybridized to the 5.9-kb
HindIIl DNA fragment from pHU1. However, these inves-
tigators found no hybridization of DNA from pHU1 to
plasmid or genomic DNA from strains 128C30 and 128C23,
and only weak hybridization was observed to strains 128C13
and 128C53. On the basis of these results, they suggested the
existence of two different types of hup DNA sequences in R.
leguminosarum (24). Interestingly, H, oxidation is coupled
to ATP generation in strains 128C30, 128C23, and 128C13
(24). In our hands both plasmid and genomic DNA from the
four strains mentioned above hybridized to DNA from
pHU1 regardless of the H,-dependent ATP generation trait.
In addition, the organization of the presumptive hup se-
quences was identical in the genomes of the four strains, all
of which contain a HindIII fragment of approximately 10.5
kb homologous to the 5.9-kb HindIII probe. These results
indicate that the organization of the hup DNA is highly
conserved within Hup* strains of R. leguminosarum. The
most likely explanation for the lack of hybridization to B.
Jjaponicum hup-specific DNA observed by Nelson et al. (24)
in clearly Hup® strains of R. leguminosarum could be the
absence of sym plasmids in all or most rhizobial cells of the
stock cultures used in their experiments. This is supported
by the observation that the plasmid profiles reported by them
for strains 128C30, 128C23, 128C13, and 128C53 are identical
to the plasmid profiles shown in Fig. 2 for the same strains,
except that the DNA band corresponding to the sym plasmid
is missing. We have observed (data to be presented else-
where) that plasmids are spontaneously lost in stock cultures
of R. leguminosarum strains, resulting in most cells of the
culture being cured of the sym plasmid.

Strains 175G15, 92A3, 175G11, and UMLS, which showed
no significant O,-dependent H,-uptake activity in pea bacte-
roid preparations (Table 1), were reported by Truelsen and
Wyndaele (29) as Hup™ on the basis of their capacity to take
up H, in excised, halved pea nodules. In the experiments
carried out by these investigators, the H,-uptake rate was
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very low, except for strain 175G15. Since we used a different
pea cultivar and plant growing conditions, it is possible that
host and environmental effects could have been responsible
for the differences observed in the Hup phenotype (2, 21).
However, under our hybridization conditions we found no
homology of plasmid or genomic DNA from any of these
strains to B. japonicum hup-specific DNA of pHU1L. This
suggests a Hup™ phenotype for these strains. Nevertheless,
the existence of Hup* strains of R. leguminosarum with hup
DNA sequences not homologous to hup-specific DNA of B.
Jjaponicum cannot be completely ruled out.
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