
carrier adults (11). (ii) Parotid saliva 
from subjects with CF and their hetero- 
zygous parents contains a greater num- 
ber of "fast isoamylases" than do con- 
trols (12). It is thought that these iso- 
zymes of amylase migrate faster in 
electrophoretic fields because of deami- 
dation of asparagine and glutamine resi- 
dues (13). Deamidation of proteins in 
general (14) and parotid salivary amylase 
specifically (15) have been related to 
aging. (iii) Eosinophilic plugs were 
shown to occur frequently in the acini of 
the labial mucous salivary glands of chil- 
dren with CF. These plugs were fre- 
quently found in minor salivary glands of 
normal adults but were rarely observed 
in normal children less than 19 years old 
(16). It appears, therefore, that pre- 
mature senescence in cultured skin fibro- 
blasts from subjects with CF is not an 
isolated aging phenomenon in this dis- 
ease. The abnormal gene product or 
products responsible for CF may have a 
specific effect on one or more factors in- 
volved in aging. It is of some interest that 
accumulation of cellular calcium has 
been discussed as a factor in aging (17). 
Intracellular calcium pool size is greater 
by about 30 percent in skin fibroblasts 
from CF and CF carriers in comparison 
with their respective controls (5, 18). 
The reported calcium differences and the 
premature senescence in cultured skin fi- 
broblasts from CF subjects may have im- 
plications for aging studies as well as for 
CF. 

Our findings suggest that CF be added 
to that group of human diseases in which 
skin fibroblasts in culture express pre- 
mature aging (19). Furthermore, our data 
reconcile controversial PDT findings by 
showing that at early passages no PDT 
differences exist between CF and con- 
trols and that at late passages CF cells do 
indeed replicate more slowly. Also, ex- 
periments with late-passage fibroblasts 
may generate misleading results in that 
observed differences between CF and 
control cell lines may be ascribed to gen- 
eralized senile changes rather than to 
specific results of the CF genotype. Skin 
fibroblasts are a useful model for the 
study of CF. In view of the data present- 
ed here, however, we caution that inter- 
esting findings concerned with fibro- 
blasts in CF be repeated with early-pas- 
sage cells to avoid potentially misleading 
conclusions. 
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significantly decreased in cells from CF 
subjects in comparison with controls at 
passages 10 to 12; no differences oc- 
curred at passages 4 to 7. Plating effi- 
ciency was no different at passages 5 to 
7; but at passages 11 to 13, significantly 
fewer clones were formed from CF 
strains in comparison with controls. 

BURTON L. SHAPIRO 
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Minneapolis 55455 

References and Notes 

1. Cystic fibrosis is characterized clinically by 
chronic obstructive lung disease and generalized 
gastrointestinal malabsorption and their se- 
quelae, and increased sweat salt. 

2. "Tissue culture approaches to the study of cys- 
tic fibrosis," Cystic Fibrosis Conference Re- 
ports (Cystic Fibrosis Foundation, Atlanta, Ga., 
1978), vol. 2, No. 1. 

3. E. C. Raff and J. C. Houck, J. Cell. Physiol. 74, 
235 (1963); J. C. Houck and V. K. Sharma, 
Proc. Soc. Exp. Biol. Med. 135, 369 (1970); J. C. 
Houck and F. L. Cheng, ibid. 147, 167 (1974); D. 
S. Fletcher and T.-Y. Lin, Clin. Chim. Acta 44, 
5 (1973); D. W. Welch and R. M. Roberts, Pedi- 
atr. Res. 9, 698 (1975). 

4. P. M. Farrell, J. C. Pallavicini, M. M. Ulane, 
Proc. Soc. Exp. Biol. Med. 149, 340 (1975); W. 
E. Bolton and S. C. Barranco, Am. J. Hum. 
Genet. 27, 394 (1975); S. C. Barranco, W. E. 
Bolton, B. R. Haenet, J. Cell. Physiol. 83, 33 
(1976). 

5. B. L. Shapiro, R. J. Feigal, N. J. Laible, M. H. 
Biros, W. J. Warwick, Clin. Chim. Acta 82, 125 
(1978). 

6. Least-squares lines were calculated for the num- 
ber of weekly doublings in each line plotted 
against week in culture. In this and the experi- 
ment shown in Fig. 2, weekly cell doubling did 
not decline and in fact increased during the first 
portion of the study. Therefore, the regressions 
were calculated from data from 7 weeks (the 
time of maximum average doublings) until 18 
weeks in culture (the time of termination of the 
experiment). Regressions in Fig. 2 were calcu- 
lated from 11 weeks of subculture. Estimates of 

significantly decreased in cells from CF 
subjects in comparison with controls at 
passages 10 to 12; no differences oc- 
curred at passages 4 to 7. Plating effi- 
ciency was no different at passages 5 to 
7; but at passages 11 to 13, significantly 
fewer clones were formed from CF 
strains in comparison with controls. 

BURTON L. SHAPIRO 
Louis F.-H. LAM 

LORRAINE H. FAST 

Division of Oral Biology, 
University of Minnesota, 
Minneapolis 55455 

References and Notes 

1. Cystic fibrosis is characterized clinically by 
chronic obstructive lung disease and generalized 
gastrointestinal malabsorption and their se- 
quelae, and increased sweat salt. 

2. "Tissue culture approaches to the study of cys- 
tic fibrosis," Cystic Fibrosis Conference Re- 
ports (Cystic Fibrosis Foundation, Atlanta, Ga., 
1978), vol. 2, No. 1. 

3. E. C. Raff and J. C. Houck, J. Cell. Physiol. 74, 
235 (1963); J. C. Houck and V. K. Sharma, 
Proc. Soc. Exp. Biol. Med. 135, 369 (1970); J. C. 
Houck and F. L. Cheng, ibid. 147, 167 (1974); D. 
S. Fletcher and T.-Y. Lin, Clin. Chim. Acta 44, 
5 (1973); D. W. Welch and R. M. Roberts, Pedi- 
atr. Res. 9, 698 (1975). 

4. P. M. Farrell, J. C. Pallavicini, M. M. Ulane, 
Proc. Soc. Exp. Biol. Med. 149, 340 (1975); W. 
E. Bolton and S. C. Barranco, Am. J. Hum. 
Genet. 27, 394 (1975); S. C. Barranco, W. E. 
Bolton, B. R. Haenet, J. Cell. Physiol. 83, 33 
(1976). 

5. B. L. Shapiro, R. J. Feigal, N. J. Laible, M. H. 
Biros, W. J. Warwick, Clin. Chim. Acta 82, 125 
(1978). 

6. Least-squares lines were calculated for the num- 
ber of weekly doublings in each line plotted 
against week in culture. In this and the experi- 
ment shown in Fig. 2, weekly cell doubling did 
not decline and in fact increased during the first 
portion of the study. Therefore, the regressions 
were calculated from data from 7 weeks (the 
time of maximum average doublings) until 18 
weeks in culture (the time of termination of the 
experiment). Regressions in Fig. 2 were calcu- 
lated from 11 weeks of subculture. Estimates of 

emergent leaves into the atmosphere. 
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bon cycle of lake ecosystems is begin- 
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leaves the sediment as CH4, either in dis- 
solved form or as bubbles (1-3). In estab- 
lishing the CH4 budgets for lakes, inves- 
tigators have thought that the only es- 
cape route from the lake is across the air- 
water interface, either as bubbles origi- 
nating in the sediment or through limited 
surface exchange (1-4). We report here 
on another interface of potential signifi- 
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cance in the loss of CH4 to the atmo- 
sphere, the interface between the sedi- 
ment water and the internal gas phase of 
rooted aquatic plants. We have found 
that a high percentage of the CH4 leaving 
the littoral zone of eutrophic Duck Lake 
(5) during August escapes through the 
gas passages of the water lily Nuphar lu- 
teum . 

Nuphar luteum, a yellow water lily, 
perennates in lakes by means of a hori- 
zontal creeping rhizome at or just below 
the surface of the lake sediment. The rhi- 
zome may be up to 10 cm in diameter and 
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resulting increase of internal pressure is manifested by the sustained streams of bub- 
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emerging leaves are torn in the spring. Methane continues to enter the roots and 
rhizome during summer, rapidly moves up the petioles, and passes out through the 
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several meters long, accounting for 
roughly 80 percent of the plant's biomass 
during the summer growth period. The 
rhizomes often branch, producing sever- 
al growing apices. Each growing apex 
bears a rosette of leaves that rise up 
through the water on long petioles. 

A striking feature of the internal anato- 
my of aquatic plants is an extensive sys- 
tem of gas spaces or lacunae. In Nuphar 
the lacunae constitute between 20 and 40 
percent of the root and rhizome volume 
and about 50 percent of the petiole vol- 
ume. These lacunae facilitate oxygen 
supply to the plant parts deep in the an- 
aerobic sediment (6). Furthermore, our 
studies indicate that gases dissolved in 
the interstitial water of the sediment 
freely diffuse into these gas spaces. 

During winter, when water lilies have 
no surface leaves, the percentage com- 
position of the internal gases in the rhi- 
zome (CH4, 37; N2, 54; C02, 6; 02, 1; 
H20, 1; and Ar, < 1) approaches equilib- 
rium with the gases in the interstitial wa- 
ter of the sediment (CH4, 40; N2, 54; 
C02, 4; H20, 1; and Ar, < 1) (7). Fur- 
thermore, the total pressure of the gas in 
the rhizome is considerably higher than 
atmospheric. We have repeatedly mea- 
sured internal gas pressures which ap- 
proach the hydrostatic pressure at rhi- 
zome depths. This internal pressure is 
further illustrated in the spring when the 
first leaves that emerge are often seen to 
be bubbling or can be torn to initiate sus- 
tained streams of bubbles (Fig. 1). The 
composition of the bubbles reflects the 
composition of the rhizome gases (up to 
37 percent CH4). Once the leaves reach 
the surface, the internal pressure dis- 
sipates and the pressure and gas compo- 
sition in the rhizome closely resemble 
those of the atmosphere. Within 2 days 
after the removal of these surface leaves 
from an isolated section of the rhizome, 
the pressure and composition once again 
approach the values of the interstitial 
water of the sediment. Thus leaves ap- 
pear to operate as efficient gas ex- 
changers between the rhizome and the 
atmosphere. This exchange results in a 
flux of gases from the interstitial water of 
the sediment to the atmosphere. 

Methane has been shown to be a con- 
stituent of the gas phase of other aquatic 
plants during the summer (8), and we 
have found it in nearly all parts of the 
water lilies. The CH4 concentration in 
the plant during the summer growth peri- 
od ranges from 0 to 10 percent. The CH4 
composition in the rhizome varies diur- 
nally with the highest concentrations 
found at daybreak and the lowest at mid- 
day. The low values at midday indicate 
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Table 1. Rates of efflux of CH4 through the 
water lily leaves (in milliliters per leaf per 
hour). At each depth sets of six emergent 
leaves were bagged over time intervals of at 
least 30 hours. The bags were sampled at 
roughly 6-hour intervals. The increase in the 
leaf-specific efflux rate with increasing depth 
may be due to a corresponding decrease in the 
aerial density of leaves (that is, the effect of 
depth is greatly diminished when leaf efflux 
rates are expressed as milliliters of CH4 per 
square meter of lake surface per hour). The 
diurnal pattern of efflux is thought to reflect 
the pattern of transpiration of the plants. 

Water Time 
column 
depth 0600 to 1800 to 
(cm) 1800 hours 0600 hours 

40 to 50 1.70 + 0.25 0.34 + 0.07 
50 to 70 2.57 + 0.63 0.54 + 0.11 
70 to 120 3.69 + 0.86 0.68 + 0.21 

an outward flux of CH4 from the plant. 
We measured the rates of CH4 efflux 

from emergent leaves enclosed in Saran 
bags (9). The efflux rates ranged from ze- 
ro to more than 10 ml of CH4 per leaf per 
hour (mean, 1.6). The highest rates of 
CH4 efflux for individual leaves were ob- 
served during midday, and they fell to 
roughly one-fifth that rate at night (Table 

Fig. 1. Bubbles containing up to 35 percent 
CH4 streaming from an injured leaf of Nuphar 
luteum as it emerges during April. The accu- 
mulation of sediment gases in the rhizome 
during winter pressurizes the internal gas 
phase until the spring emergence of leaves al- 
lows these gases to escape to the atmosphere. 
This leaf was situated about 15 cm below the 
lake surface when it was torn intentionally to 
demonstrate the positive pressure of the inter- 
nal gas phase. 

1). A similar diurnal pattern has been ob- 
served in a related process involving the 
escape of Hg vapor from sediments 
through the leaves of the reed grass 
Phragmites communis (10). Kozuchow- 
ski and Johnson accounted for the pat- 
tern of efflux largely on the basis of 
transpiration rates. 

In order to ascertain the limnological 
significance of the observed CH4 fluxes 
through the plants, we used surface traps 
to determine the rates of CH4 loss across 
the lake surface independent of the plant 
efflux (11). The observed rates are simi- 
lar to those measured in other eutrophic 
lakes by Barber (12) for Lake Wingra, 
Wisconsin, and Robertson (2) for Frains 
Lake, Michigan. 

Comparison of the rates of efflux 
across the lake surface with the rates of 
leaf efflux through Nuphar leaves (13) in- 
dicates that 75 percent of the CH4 leav- 
ing the littoral zone escapes through the 
plants. On the basis of estimates of the 
density distribution of emergent Nuphar 
leaves on Duck Lake (5), the average 
rate of CH4 efflux from the entire lake 
during 2 weeks in August is calculated to 
be 22 mmole m-2 day-1 (roughly 500 ml 
m-2 day-'); 46 percent of that flux flows 
through Nuphar (14). 

Methane is an important product of 
anaerobic decomposition in the sedi- 
ments of eutrophic lakes, and its escape 
to the atmosphere represents a loss of 
energy and carbon from the lake system. 
Although CH4 has been reported in a 
number of aquatic plants, the ecological 
significance of its presence has not been 
recognized. In essence, the lacunae in 
emergent aquatic plants represent an ex- 
tension of the atmosphere into the sedi- 
ment water, and a significant exchange 
of gases occurs across this interface. In 
the areas of Duck Lake inhabited by wa- 
ter lilies, most of the CH4 escaping to the 
atmosphere passes from the sediment 
water into the lacunae of the roots and 
rhizomes and rapidly escapes to the at- 
mosphere through the petioles and 
leaves. 

J. W. H. DACEY 
M. J. KLUG 

W. K. Kellogg Biological Station, 
Michigan State University, 
Hickory Corners 49060 
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Hydrogenase in Rhizobiumjaponicum Increases Nitrogen 
Fixation by Nodulated Soybeans 

Abstract. Some Rhizobium strains synthesize a unidirectional hydrogenase system 
in legume nodule bacteroids; this system participates in the recycling of hydrogen 
that otherwise would be lost as a by-product of the nitrogen fixation process. Soy- 
beans inoculated with Rhizobium japonicum strains that synthesized the hydro- 
genase system fixed significantly more nitrogen and produced greater yields than 
plants inoculated with strains lacking hydrogen-uptake capacity. Rhizobium strains 
used as inocula for legumes should have the capability to synthesize the hydrogenase 
system as one of their desirable characteristics. 
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The increasing demand for protein and 
the high cost of producing nitrogen ferti- 
lizer pose problems that may be solved 
in part by more extensive use of biologi- 
cal nitrogen fixation. Soybeans and most 
leguminous plants form root nodules 
whose associated bacteria can convert 
N2 to ammonia. However, the enzyme 
that catalyzes the reduction of N2 to am- 
monia also produces H2 as a by-product 
(1), and H2 production represents a loss 
of energy that otherwise would be avail- 
able for N2 fixation. We now show how 
this H2 can be recycled with an accom- 
panying increase in the dry weight and 
nitrogen content of plants. 

Hoch et al. (2) were the first to ob- 
serve H2 evolution from nodules of soy- 
beans. Dixon (3) reported that nodules of 
Pisum sativum formed by strain ONA 
311 of Rhizobium leguminosarum 
evolved no H2 but utilized H2 from an ex- 
ternal supply. We observed consistent 
O2-dependent H2 consumption by nod- 
ules from several legumes that evolved 
little or no H2 under aerobic conditions. 
A survey (4) has revealed that the N2-fix- 
ing potential of many legume-rhizobial 
associations may be decreased through 
H2 losses. Estimates of losses from many 
agricultural legumes has ranged between 
20 to 40 percent of the electron flow 
through nitrogenase (5). Dixon (3) con- 
cluded that the extent of H2 loss was in- 
fluenced by the host legume, but Carter 
et al. (6) observed no consistent effect of 
several different soybean cultivars on H2 
losses from nodules formed by selected 
strains of R. japonicum. There is evi- 
dence (7, 8) that environmental condi- 
tions influence the magnitude of H2 evo- 
lution from nodules of Pisum sativum. 

Some rhizobial bacteroids possess two 
enzyme-catalyzed reactions that partici- 
pate in H2 metabolism. These include the 
adenosine triphosphate (ATP)-depen- 
dent H2 evolution reaction of nitrogenase 
and unidirectional hydrogenase which 
catalyzes H2 oxidation in presence of an 
appropriate acceptor (5). Emerich et al. 
(9) have shown that H2 oxidation by bac- 
teroid suspensions increased the ATP 
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content of bacteroids and protected ni- 
trogenase from O2 damage. Our objec- 
tive, therefore, was to determine wheth- 
er the observed physiological benefits of 
the hydrogenase system could be mea- 
sured by increased N2 fixation and 
growth of nodulated soybeans. We de- 
scribe greenhouse and growth chamber 
experiments that compare yields and to- 
tal N contents of soybean plants in- 
oculated with H2-uptake positive and 
H2-uptake negative strains of R. japon- 
icun . 

In the first experiment we used five 
H2-uptake positive strains and five H2- 
uptake negative strains as inocula for 
soybeans in growth chambers. The 
strains included in the groups of positive 
and negative strains were selected on the 
basis of their capacities to produce rea- 
sonably comparable nodule weights and 
nitrogenase activities in previous experi- 
ments where 32 strains were surveyed 
(6) (legend of Table 1). We assumed ran- 
dom distribution of unknown genetic 
variability among all strains of the two 
groups that were compared. Capacities 
to form the hydrogenase system in nod- 
ules by the two groups, however, were 
strikingly different (Table 1). 

In the first experiment (Table 1) the 
nodule weights of plants inoculated with 
the H2-uptake negative strains were 
greater than those inoculated with the 
H2-uptake positive strains. Relative effi- 
ciency values, which are estimates of the 
proportion of electron flow through ni- 
trogenase that is utilized for N2 reduction 
(4, 5) ranged from 0.97 to 1.00 for nod- 
ules formed by H2-uptake positive 
strains and from 0.66 to 0.84 for nodules 
formed by the H2-uptake negative 
strains. Nodules formed by the H2-up- 
take negative strains (Table 1) reduced 
acetylene at high rates and all evolved 
H2. In contrast, nodules formed by the 
group of H2-uptake positive strains 
(Table 1) evolved little or no H2 and thus 
showed relative efficiencies near 1.0. 
Acetylene reduction rates for the two 
groups of strains, however, were not ap- 
preciably different. In comparison with 
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