
PSC generation is in the heart. (i) Elimi- 
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4. H. P. Pieper and L. T. Paul, ibid. 217, 154 anisms, J .  A. Bevan, Ed. (Raven, New York, in 
(1969); G.  R. Nicolos and H. P. Pieper, ibid. press). 
221, 1209 (1971); ibid. 228, 518 (1975). 9. B. Gow, in Handbook of Physiology, vol. 2, 

5. F. Heyman, Acta Med. Scand. 157, 503 (1957); Vascular Smooth Muscle, D. F. Bohr, A. P. 
ibid. 163, 473 (1959); and K. Stenberg, Somlyo, H .  V. Sparks, Eds. (American Phys- 
ibid. 171,9 (1962); F. Heyman, Nature (London) iological Society, Washington, D.C., 1980), p. 
216. 402 (1967). 353. --. ~- 

6. A. ~ a n g e l ;  M: Fahim, C,  van Breemen, Nature 10. support from University of Miami biomedical 
(London) 289, 692 (1981). grant HR 7198 and American Heart Association1 

7. , Fed. Proc. Fed. Am.  Soc. Exp. Biol. 40, Florida Affiliate grants 7181 AG 610 and RF  2181 
409 (1981). is acknowledged. 

8. , R. Loutzenhiser, in Eighth Internation- 
al Symposium on Vascular Neuroeffector Mech- 29 September 1981; revised 30 November 1981 

tension changes. (iii) When the atrium 
and ventricles contract at different rates, 
PSC's are locked in frequency to the 
right atrial frequency. (iv) Excision of 
the right atrium, but not the left, causes 
elimination of aortic PSC's. Observa- 
tions (iii) and (iv) suggest that the pace- 
maker region is in the right atrium, the 
site of the sinoatrial node. 

A possible sequence of events can be 

Cyanobacterial Blooms: Carbon and Nitrogen Limitation 
Have Opposite Effects on the Buoyancy of Oscillatoria 

summarized as follows. As the hvdro- 
static pressure in the vessel increases, 
nervous impulses originating from the 

Abstract. Gas vacuolation in Oscillatoria rubescens decreased with increased 
nitrogen limitation and increased with transitions from nitrogen to inorganic carbon 
limitation. Gas vacuoles consist of protein vesicles that can accumulate in carbon- 
limited but not in unenriched nitrogen-limited cells. Nitrogen limitation is a factor in 
the formation of deep population maxima; carbon limitation can promote surface 
blooms. 

heart initiate a contraction of the arterial 
smooth muscle. Since the pressure in- 
crease is very large, the muscle becomes 
overloaded and expands during the con- 
traction phase of the PSC. The absence 
of active shortening in the intact vessel 
during the cardiac cycle probably ex- 

Blue-green algae (Cyanobacteria) can 
form dense surface and deepwater pop- 

specifically for use with 0. rubescens 
(8, 9), and we measured RGV nephelo- 

plains the PSC having gone unnoticed for 
so long. 

Because of the above lack of muscle 

ulation maxima in lakes because their 
cells possess gas vacuoles. Gas vacuoles 
are aggregates of vesicles with gas-per- 

metrically with a modified version of 
Walsby's technique (10). After a reduc- 
tion in the dilution rate of a N-limiting 
cyclostat, RGV in 0. rubescens declined 
along with cell N content, and then stabi- 
lized as N content continued to decline 

shortening during activation, there is no 
incompatibility between the slow rate of 
smooth muscle shortening and the rela- 

meable, proteinaceous walls. In a stable 
water column the relative cellular vol- 
ume occupied by these structures can 

tively rapid active tension oscillations. 
Under the conditions described here, 
with the muscle allowed to shorten in the 

determine whether an alga will rise to the (Fig. 1A). A companion culture was sup- 
surface or accumulate at some depth. 
Laboratory and field studies indicate 
that relative gas vacuolation (RGV) and 
buoyancy in blue-green algae depend on 
an interaction of light and limiting nutri- 
ents that affects relative rates of photo- 

plied by the same peristaltic pump but 
deprived of COz by a trap installed in the 
air line after the reduction in dilution rate 
(Fig. 1B). With the removal of C02,  
RGV remained stable at first and then 
increased as the culture became increas- 
ingly limited by Ci. (Presumably, the 
smaller decrease in the cell N of this 
culture reflected the loss of some nitrog- 

absence of a hydrostatic pressure load, 
only a few percent of the maximal force 
development occurs (9), probably be- 
cause the brief ~ e r i o d  of activation did 
not allow for substantial shortening. 
However, under conditions of increasing 
length the same degree of activation may 

synthesis, growth, and gas-vesicle syn- 
thesis (I). Of particular interest are 
growth-limiting conditions that permit 
RGV to increase, as it does before or 
during surface blooms. Smith and Peat 
(2) reported that gas vacuolation in- 

represent a considerable resistance to 
stretch. This would prevent excessive 
dilatation of the arterial wall, which 

enous compounds such as RNA that 
vary with growth rate.) 

The effect of COz deprivation was also 
observed in two initially N-limiting cy- would otherwise, according to Laplace's 

law, amplify the wall stress caused by 
the pulse pressure wave. Possible initia- 

creased in the later phases of growth by 
batch cultures of Anabaena jlos-aquae. 
Reynolds (3) described similar increases 
in bloom-forming populations of Ana- 

clostats with constant dilution rates (Fig. 
2). On day 3, we installed a COz trap in 
the air line of culture A (Fig. 2), and by 
day 4, RGV had increased from its previ- 

tion of both cardiac and arterial activity 
from a common pacemaker in the right 
atrium may ensure a high degree of coor- 

baena and Microcystis as their growth 
rates decreased. In these studies, one or 
more factors limited growth but permit- 
ted RGV to increase. Light can do this, 
at least in nutrient-sufficient algae. With 
a reduction in light intensity, RGV in- 

ous steady-state level. On day 6, we 
transferred the C02  trap to culture B 
(Fig. 2), and as RGV decreased in cul- 

dination between these two events. 
ALLEN MANGEL 

MOHAMMAD FAHIM 
CORNELIS VAN BREEMEN 

ture A, it increased in B. Thus, the 
relative gas vacuole content of the cells 
of 0, rubescens decreased with in- 
creased N limitation and increased with 
transitions to Ci limitation. The negative 
effect of N limitation on RGV in the 

Department of Pharmacology, 
University of Miami School of 
Medicine, Miami, Florida 33101 

creased in batch cultures of A.  jos -  
aquae (4, 5 ) ,  but not in Oscillatoria 
rubescens taken from a N-limiting che- 
mostat (6). As alternatives to light, 
Reynolds and Walsby (7) suggested the 
major growth-limiting nutrients: C, N,  
and P. We report that RGV in 0,  rubes- 
cens decreased with increases in the 
degree of N limitation and increased with 
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this study confirmed observations re- 
ported earlier by A.R.K. on xenic cul- 
tures of the same alga grown in a che- 
mostat (6). Moreover, increases in the 
availability of Ci and N can also have transitions to inorganic carbon (CJ limi- 

tation. 
We worked with cyclostats designed 

opposite effects on blue-green algal 
buoyancy. Increases in ammonium-ni- 
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Fig. 1. (A) Relative 
gas vacuolation (1 0) 
( a )  and the percent- 
age of nitrogen con- 
tent (A) in a N-limited 
culture of 0. rubes- 
cens subjected to a re- 
duction in dilution 
rate on day 5. The ar- 
row indicates the time 
and magnitude of the 
change in dilution 
rate. (B) The same 
measurements in a 
culture subjected to 
C 0 2  deprivation as 
well as a reduction in 
dilution rate on day 5. 

trogen increased RGV in N-limited cul- 
tures of 0, rubescens (6) and induced 
surface blooms by metalimnetic popula- 
tions of 0. agardhii var, isothrix (1 1, 12). 
Whereas with carbon, Walsby and Book- 
er (13) found less surface accumulation 
by A .  Jlos-aquae in the half of a parti- 
tioned laboratory column treated with 
carbonate, and Klemer and Brasino (14) 
observed a much more rapid collapse in 
isolated portions of a natural Anabaena 
bloom treated with bicarbonate than in 
similarly isolated controls. These differ- 
ent buoyancy responses indicate that N 
limitation has a role in the formation of 
subsurface population maxima by cer- 
tain species and that Ci limitation can 
contribute to the formation or mainte- 
nance of surface blooms. 

Experiments in lakes suggest that the 
formation of subsurface population max- 
ima is a buoyancy response to high light 
intensities and nutrient depletion near 
the surface (11, 15, 16). N-limited 0. 
agardhii var. isothrix, for example, lost 
buoyancy when transferred from a deep 
population maximum toward the sur- 
face; Walsby and Klemer (15) found that 
this effect increased with increases in 
light intensity but decreased with the 
addition of ammonium-nitrogen. Walsby 
(5 )  had related such reductions in buov- 
ancy to the collapse of gas vesicles by 
increased turgor pressure, and Dinsdale 
and Walsby (17) had shown that the 
turgor collapse mechanism is dependent 
on photosynthesis. They reasoned that 
increases in cell turgor sufficient to col- 
lapse some of the pressure-sensitive gas 
vesicles occur when light and nutrient 
conditions are such that the rate of vho- 
tosynthesis exceeds the rate of nutrient- 
limited growth. Thus N limitation could 
promote increased turgor pressure and 
gas-vesicle collapse by contributing to 
the accumulation of osmotically active 
photosynthate, whereas the relief of N 
limitation would increase the assimila- 

2 6 1 0  14 

Time (days)  

tion of photosynthate and would reduce 
turgor pressure. More recently, Allison 
and Walsby (18) reported that the photo- 
synthesis-dependent turgor rise is due to 
the accumulation of potassium ions as 
well as photosynthate. 

Increases in the RGV of N-limited 
cells are not, however, entirely ex- 
plained by changes in turgor pressure. 
N-limited algae tend to have large carbo- 
hydrate reserves and are capable of high 
rates of N uptake and protein synthesis 
at the expense of those reserves (19). 
Furthermore, N enrichment alters the 
path of newly fixed carbon in such algae, 
and there is an increase in amino acid 
synthesis relative to sugar phosphate and 
sucrose synthesis (20). Thus an increase 
in N availability would not only reduce 
turgor pressure in previously N-deficient 
blue-green algae, but would also pro- 
mote the synthesis of protein; that this 
could include gas-vesicle protein was 
indicated by the response of N-limited 
0. rubescens to increased availability of 
ammonium-nitrogen in a chemostat (6). 
Another condition known to favor in- 

1 , ( , ' , , , I ,  
1 3 5 7 9  

Time (days )  

Fig. 2. Relative gas vacuolation (10) in two 
cyclostat cultures growing at constant dilution 
rates [0.41 day-' in culture A (0) and 0.39 
day-' in culture B ( a ) ] .  In culture A ,  C 0 2  
deprivation began on day 3 and ended on day 
6. In culture B ,  C 0 2  deprivation began on day 
6. 

creases in RGV (4, 5) and in the synthe- 
sis of protein relative to that of other 
compounds (21) is low light intensi- 
ty. Hence, when N-limited Oscillatoria 
loses buoyancy and sinks in a stratified 
lake, the alga approaches a combination 
of conditions conducive to both protein 
and gas vesicle accumulation. In this 
manner, negative buoyancy responses to 
surface conditions (high light-nutrient 
poor) and positive responses to deepwa- 
ter conditions (low light-nutrient rich) 
tend to keep Oscillatoria toward the bot- 
tom of the photic zone. 

Whereas Walsby and Klemer (15) 
found that 0. agardhii var, isothrix 
achieved positive buoyancy only at the 
base of the photic zone, Klemer, Pier- 
son, and Whiteside (12) found that, when 
N and P were sufficient, this alga main- 
tained its buoyancy and rose to the sur- 
face with no prior reduction in surface 
light intensity. In N- and P-sufficient 
alga, Ci limitation could promote bloom 
formation by preventing the depletion of 
nutrient reserves and the turgor collapse 
of gas vesicles in already buoyant alga 
or by permitting actual increases in gas 
vacuolation. In order for nutrient deple- 
tion to occur and for Walsby's turgor- 
collapse mechanism to operate, photo- 
synthesis must increase with light inten- 
sity as the alga nears the surface. Dins- 
dale and Walsby (17) showed that turgor 
pressure does not increase with light 
intensity in C02-limited Anabaena. 
Thus, Ci limitation could prevent buoy- 
ancy reduction despite increased light 
intensity, and with already buoyant 
cells, this alone could account for a 
bloom. Schindler (22) has made a con- 
vincing case against Ci as a primary 
factor in the limitation of phytoplankton 
yields, but he and others (23) have re- 
ported Ci limitation of photosynthetic 
rates. As Talling (24) has indicated, the 
reduction of Ci to rate-limiting concen- 
trations is most likely to occur in en- 
riched lakes high in algal biomass and 
relatively low in alkalinity. Lake Osca- 
leta in New York is such a lake, and it 
was the site of the experiment by Klemer 
and Brasino (14) in which portions of an 
Anabaena bloom enriched in bicarbon- 
ate collapsed. 

In our study, we found that RGV in 0. 
rubescens could increase under Ci-limit- 
ing conditions. Others have shown that, 
as in the case of light limitation, the 
protein content of blue-green algae is 
relatively high under Ci limitation. Kon- 
opka and Schnur (25) obtained ratios of 
carbohydrate to protein in Merismopedia 
tenuissima that were four to seven times 
higher in P-, N-, or S-limited continuous 
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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 C02 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 Ci limitation can meet this require- 
ment. 
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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-jixing 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.  

lupini) have generation times of six or 
more hours (5). A fast growth rate is 
associated with an acid reaction in man- 
nit01 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 resemblance 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. Qn 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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