cultures than in C-limited continuous
cultures or in nonlimited batch cultures.
In chemostat cultures of Anacystis nidu-
lans, Parrott and Slater (26) found that
protein content as a percentage of dry
weight was greater under CO; limitation
than under light limitation. As mentioned
above, increases in RGV have been as-
sociated with the onset of growth limita-
tion in laboratory cultures and in bloom-
forming populations of blue-green algae.
We suggest that only those growth-limit-
ing conditions that favor relative protein
synthesis are likely to permit such in-
creases in buoyancy and to promote sur-
face blooms. Unlike N limitation, light
and C; limitation can meet this require-
ment.

A. R. KLEMER
Division of Natural Sciences,
State University of New York,
Purchase 10577

J. FEUILLADE

M. FEUILLADE
Station d’Hydrobiologie Lacustre,
Institut National de la Recherche
Agronomique, F 74203
Thonon-les-Bains, France

References and Notes

. A. E. Walsby, Sci. Am. 237, 90 (August 1977).
. R. V. Smith and A. Peat, Arch. Microbiol. 58,
117 (1967).
. C. 8. Reynolds, Freshwater Biol. 2, 87 (1972);
Proc, R. Soc. London Ser. B 184, 29 (1973).
. A. E. Walsby, Proc. R. Soc. London Ser. B 173,
235 (1969).
, ibid. 178, 301 (1971).
A. R, Klemer, Verh. Int, Ver. Theor. Angew.
Limnol. 20, 2293 (1978).
. C. 8. Reynolds and A. E. Walsby, Biol. Rev.
Cambridge Philos. Soc. 50, 437 (1975).
. J. Feuillade and M. Feuillade, Limnol. Ocean-
ogr. 24, 562 (1979).
. The cultures were kept at 20° = 1°C in a con-
stant-temperature room and were illuminated on
a light:dark cycle of 18:6 with 1400 lux by a
bank of 20-watt fluorescent lamps. Mixing was
provided by filtered, compressed air, and the N-
limiting medium was delivered by peristaltic
pumps. The medium, Gorham’s ASM diluted
four times, was autoclaved and then supple-
mented with 40 mg of Na,CO; per liter [P. R.
Gorham, J. McLachlan, U. T. Hammer, W. K.
Klin, Verh. Int. Ver. Theor. Angew. Limnol. 15,
796 (1964)]. The reservoir concentration of N
(Sp) was 3.5 mg of NO;xN per liter. Algal
biomass was measured as absorbancy at 650 nm
and as dry weight of culture effluent collected
overnight on 0.8-um Millipore filters and dried
at 80°C to constant weight. Particulate N, ex-
pressed as a percentage of dry weight, was
determined according to the ultramicro method
of L, Strauch (Z. Klin. Chem. 3, 165 (1965).
10. A. E. Walsby, Limnol. Oceanogr. 18, 653
(1973). We used a Turner 111 fluorometer to
measure sample turbidity before and after we
collapsed the gas vesicles, and we expressed
RGV as AT/T,, where AT represents the turbidi-
ty change that occurs with gas-vesicle collapse,
and T, represents the turbidity of the nonvacuo-
lated cells. We corrected 7T, for background
turbidity by subtracting the turbidity of sample
filtrates obtained with S-um Nucleopore filters.
AT is proportional to gas vacuolation and pro-
vides an index of RGV when divided by a
measure of algal biomass such as algal turbidity
(T,), absorbancy, or dry weight. In our axenic
cultures, OD and dry weight varied closely with
T, (r > .95) and provided equally good mea-

sures of biomass. In duplicate determinations of

RGV on four different dilutions of the same
sample, the coefficient of variation was less than
4 percent.

SCIENCE, VOL. 215, 26 MARCH 1982

11. A. R. Klemer, thesis, University of Minnesota,
(1973); Arch. Hydrobiol. 78, 343 (1976).

12. , D. Pierson, M. C. Whiteside, in prepa-
ration.

13. A. E. Walsby and M. J. Booker, Br. Phycol. J.
11, 200 (1976); M. J. Booker and A. E. Walsby,
ibid., 16, 411 (1981).

14. A.R. Klemer and T. L. Brasino, in preparation.

15. A. E. Walsby and A. R. Klemer, Arch. Hydro-
biol. 74, 375 (1974).

16. A. E. Konopka, T. D. Brock, A. E. Walsby,
ibid. 83, 524 (1978).

17. M. T. Dinsdale and A. E. Walsby, J. Exp. Bot.
23, 561 (1972).

18. F M) Allison and A. E. Walsby, ibid. 32, 241

1981).

19. P.J., Syrett, Ann. Bot. (London) 17, 20 (1953); in
Physiology and Biochemistry of Algae, R, A.
Lewin, Ed. (Academic Press, London, 1962), p.
171; A. E. Konopka and M. Schnur, J. Phycol.
17, 118 (1981).

20. G. E. Fogg, Ann. Bot. (London) 20, 265 (1956);
R. A. Pelroy and J. A. Bassham, Arch. Micro-

biol, 86, 25 (1972); A. C. Lawrie, G. A. Codd,
W. D. P. Stewart, ibid. 107, 15 (1976).

21. A. E. Konopka and M. Schnur, Microb. Ecol. 6,
291 (1980). '

22. D. W. Schindler, J. Phycol. 7, 321 (1971).

23. ______and E. I. Fee, J. Fish. Res. Board Can.
30, 1501 (1973); J. E. Burris, R. Wedge, A.
Lane, J. Freshwater Ecol. 1, 81 (1981).

24, J. F. Talling, J. Ecol, 64,79 (1976).

25. A. E, Konopka and M. Schnur, J. Phycol. 17,
118 (1981).

26. L. M. Parrott and J. H. Slater, Arch. Microbiol.
127, 53 (1980).

27. We thank E. Menthon and V. Hink for assist-
ance in the laboratory and J. Shapiro, A. E.
Konopka, and A. E.” Walsby for their com-
ments on early drafts of the manuscript. This
work was supported by "State University of
New York Research Foundation fellowships
to A.RK. during the summers of 1977 and
1979.

13 July 1981; revised 16 October 1981

Fast-Growing Rhizobia Isolated from Root Nodules of Soybean

Abstract. Fast-growing rhizobia have been isolated from soybean root nodules
collected in China. These new isolates are physiologically distinct from slow-growing
soybean rhizobia. They formed effective nitrogen-fixing associations with wild
soybean and an unbred soybean cultivar from China, but were largely ineffective as
nitrogen-fixing symbionts with common commercial cultivars of soybeans.

Rhizobium isolates from nodules of
domesticated soybeans and the wild pro-
genitor species of soybeans (Glycine soja
Sieb. and Zucc.) obtained from three
recent expeditions to China (I) have
been characterized. In all three collec-
tions, we found fast-growing Rhizobium.
They were obtained from the east-cen-
tral provinces of Shansi, Honan, Shan-
dong, and Shanghai, which are included
in the area considered to be the center of
origin and diversity for the soybean (2).
Presumably, the center of origin for its
nitrogen-fixing microsymbiont Rhizobi-
um japonicum is in the same region.
These fast-growing isolates are a previ-
ously undescribed group of Rhizobium
that may be useful in the genetic im-
provement of Rhizobium strains for soy-
bean production.

Rhizobium are bacteria capable of
forming a nitrogen-fixing symbiosis with
leguminous plants. The taxonomic status
of Rhizobium is controversial because it
is based on host infectivity (3). For ex-
ample, strains forming nodules on the
soybean plant are given the species rank
R. japonicum. Within designated spe-
cies, the bacteria exhibit fairly uniform
biochemical characteristics. Two impor-
tant manifestations of biochemical differ-
ences, growth rate and acid production,
have been used in differentiating rhizobia
with different host affinities (3, 4).

Fast-growing species of rhizobia (R.
meliloti, R. leguminosarum, R. trifolii,
and R. phaseoli) usually have generation
times of 2 to 4 hours, whereas the slow-
growing species (R. japonicum and R.
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lupini) have generation times of six or
more hours (5). A fast growth rate is
associated with an acid reaction in man-
nitol medium, whereas slow growth is
usually accompanied by an alkaline reac-
tion. A comparison of growth rates and
acid production of fast- and slow-grow-
ing R. japonicum and of other fast-grow-
ing species shows that the new soybean
rhizobia show more resémblance to oth-
er fast-growing species of rhizobia than
to typical slow-growing R: japonicum
(Table 1).

All ten of the soybean cultivars tested
formed nodules when inoculated with
pure cultures of the fast-growing rhizo-
bia (Table 2). However, only on cultivar
Peking [a black-seeded genetically unim-
proved line from China (6)] did the fast-
growing R. japonicum form effective ni-
trogen-fixing symbioses.. On the com-
mercial soybean cultivars, these bacteria
were either completely ineffective or
only poorly effective in the fixation of
nitrogen. They also formed an effective
symbiosis with G. soja, the putative wild
ancestor-progenitor of the cultivated
soybean (7). The fast-growing isolates
formed ineffective nodules with two Ma-
croptilium species and Sesbania canna-
bina Roxb., hosts that associate readily
with fast- and slow-growing Rhizobium.

Cultures of the fast-growing isolates
were verified as R. japonicum by repeat-
ed soybean (Peking) infection and isola-
tion tests. These cultures were scruti-
nized for the presence of slow-growing
colonies that might be masked by the
fast-growing type. None were found.
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The bacterial contents of nodules were
also identified by the fluorescent anti-
body technique (&), with rabbit antisera
to fast-growing rhizobia.

According to the current classification
scheme of Rhizobium, which is based on
host infectivity, these new isolates are
grouped with the slow-growing R. japon-
icum. However, the aspects of their
physiology given above, as well as car-
bohydrate utilization and other biochem-
ical tests (data unreported), indicate
these rhizobia are dlﬁ”erent in many re-
spects from typ1ca1 R. japonicum. Pro-
posals have been made to reclassify Rhi-
zobium (9-11) and to separate fast- and
slow-growing rhizobia into different
genera on the basis of their growth rates
and biochemical and genetic differences.
The new isolates may be an important

Table 1. Mean generation times and acid
production by fast- and slow-growing rhizo-
bia. Cultures were grown in yeast mannitol
(15) liquid medium (50 ml) at 28°C on a
reciprocating shaker. Samples for determina-
tion of mean generation times were taken
during the exponential growth phase, and
turbidity was measured on a Beckman spec-
trophotometer (comparison of this method
with direct viable counting yield and nearly
identical data). Samples for determination of
pH change were taken after 4 days; the initial
pH was 6.8. Each result is a mean of three
replicates.

Mean

gener-
ation pH
time

(hours)

Isolate

Slow-growing Rhizobium japonicum

PRC 005 9.9 6.8
PRC 113-2 8.2 6.8
PRC 121-6 6.9 7.2
PRC 2031 13.0 7.0
PRC B15 8.2 7.2
USDA 110 9.6 7.3
USDA 122 6.7 7.4
Mean 8.9 7.1
Fast-growing Rhizobium japonicum
USDA 191* 3.7 5.2
USDA 192 4.1 4.7
USDA 193 3.8 59
USDA 194 4.8 6.5
USDA 201 3.5 6.7
USDA 205 2.9 52
USDA 206 4,1 4.7
USDA 208 3.5 4.8
USDA 214 3.5 6.1
USDA 217 2.9 6.5
Mean 3.7 5.6

Other fast-growing rhizobiat
Rhizobium meliloti 2.5
Rhizobium trifolii 2.9

link between the two distinct groups,
since they have the physiological attri-
butes of fast-growing rhizobia, but the
symbiotic attributes of slow-growing rhi-
zobia. They should be useful in genetic
studies of R. japonicum, since fast grow-
ers are much easier to manipuldte geneti-
cally than slow growers. Their contrast-
ing symbiotic reactions on different soy-
bean cultivars also make them poten-
tially useful in studies of the host-
determined factors of nitrogen fixation.
The ineffective symbioses of the com-
mercial soybean cultivars with the fast-
growing R. japonicum suggests the pres-
ence of host genes similar to those
known to control. ineffectiveness with
slow-growing R. japonicum (12).
Rhizobium leguminosarum collected
from the Middle East centers of its host

Table 2. Response of several legumes to in-
oculation with fast-growing R. japonicum.
Surface-sterilized seeds were sown in steril-
ized vermiculite in containers supplied with a
nitrogen-free nutrient solution. Approximate-
ly 107 cells per strain were added to each
seed, and containers were placed either in a
growth chamber or greenhouse. Nine strains
of the fast-growing R. japonicum were tested
on each legume, except where noted. The
strains are those listed in Table 1, exclusive
of USDA 191. Large-seeded legumes were
thinned to three plants per container and
small-seeded legumes to eight. Each legume-
Rhizobium treatment was tested in triplicate.
After 5 to 6 weeks, plants were scored for
color, and roots were examined for the pres-
ence of nodules. In addition, one or more
of the following measurements were deter-
mined: plant top dry weight, nodule fresh
weight, nitrogenase activity (C,H, reproduc-
tion) (I17), and plant nitrogen content, Tests
with the species of Sesbania, Macroptilium,
and Glycine included other fully effective
strains used as standards.

Not nodulated
Leucaena leucocephala
Medicago sativa
Trifolium repens
Trifolium pratense
Astragalus sinicus

Nodulated: effective symbiosis
Glycine max cv. Peking
Glycine soja*

Nodulated: ineffective symbiosis
Macroptilium atropurpureum
Macroptilium lathyroides
Sesbania cannabina
Glycine max cv. Lee
Glycine max cv. Clarkt
Glycine max cv. Williams
Glycine max cv. Chippewat
Glycine max cv. Wilson-6+
Glycine max cv. Bedford
Glycine max cv. Hardee
Glycine max cv. Kent
Glycine max c¢v. Mandarin

*This isolate, previously designated number 440,
was obtained from the Nitragin Co., Milwaukee,
Wisconsin. tData for Rhizobium meliloti and
Rhizobium trifolii (16) are 'means of six and five
strains, respectively.
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*Seed collected in Shansi province, China, in 1980,
by T. S. Hu. 1Tests were conducted on eultrvars
Clark Wilson-6, and Chippewa with seven, six, and
four strains of the fast-growing hazobmm Japoni-
cum, respectively.

(Pisum sativum L.) have also exhibit-
ed unusual symbiotic characteristics (13,
14). More extensive collection of Rhizo-
bium from such centers should broaden
the available genetic base of this agricul-
turally important microorganism.
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