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Azolla, a genus of heterosporous aguatic ferns generally in-
cluded in the Salviniaceae, is widely distributed in tropical and
temperate fresh-water ecosystamse. Members of the genus are capable
of growth in environments deficient in combined nitrogen since they
invariably contain an Np-fixing cyanophyte which can provide their
total N requirements. The current interest and potential of these
Hy-fixing associations as an alternative N source in rice culture,
as well as their long time usage for this purpose in the Par East,
is well documented (Moore, 1969%; Tuan and Thuyet, 1979; Liu, 1979;
Singh, 1979; Rains and Talley, 1979:; Talley and Rains, 1980;
Watanabe et al., 1977).

The goenus is generally considered to contain four new world
species in the subgenus Euazolla, A. caroliniana Willd., A. fili-
culoides Lam., A. mexicana Presl. and A. microphylla Kaulfaus,
and two old world species in the subgenus Rhizosperma, A. pinnata
R.Br. and A. nilotica DeCaisne (Moore, 1969). The A. nilotica is
atypical in that it is much larger than the other species (Moore,
1969; Lumpkin, pers. commun.) and the A. pinnata R.Br. is reported
to have two morphologically distinct forms; A. pinnata var. pinnata
R. Brown and A. pinnata var. imbricata (Roxb.) Bonap. (Becking,
1979). Furthermore, the A. filiculoides introduced to the People's
Republic of China from E. Germany appears to be larger and morpho-
logically distinct from other A. filiculoides (Shi et al., 1980 and
Peters, unpublighed observations). Based on the current interest
in these associations their taxonomy would seem to merit a re-
assessment, and possibly a revision, using new technologies avail-
able to taxonomists.

*Contribution Mo. 713 from €. F. Kettering Research Laboratory
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We have recently shown that when growth conditions are opti-

mized, populations of A. caroliniana, A. filiculoides, A. mexicana
and A. pinnata can double their biomass in two days or less and
contain 6% N on a dry weight basis (Peters et al., 1980b). Re-
sults of comparative studies of various physiological processes in
the four species are currently in preparation. These include:
rates of qro\il:h. photosynthesis, light and dark respiration, Wi
fixation (15N, and CgHp), %C, WN, etc., as a function of 12 hr,
16 hr and mntinuau: light; the contributions of light and dark
Ny fixation; and, the effect of combined N as ammonium, nitrate
and urea on physiological processes and the input from combined
N and Ny fixation. However, our most indepth studies have been,
and are currently, conducted with A. caroliniana Willd. and the
following account is restricted to  this species.

PHOTOSYNTHES IS

The Azolla sporophyte consists of a branched floating stem
bearing deeply bilobed leaves and true roots. The endophytic
Anabaena occupies a specialized chamber which is formed in the
acrial dorsal leaf lobes during their development (Peters, 1977;
Peters et al., 1978). The Azolla contains chlorophylls a and b
as well as carotenoids while the endophytic Anabaena contains
chlorophyll a, phycobilins and carotenoids. The phycobilin com-
plement is comprised of phycoerythrocyanin, phycocyanin, and allo-
phycocyanin (Tyagi et al., 1980b). Action spectra have been ob-
tained for photosynthesis by the association, cyanophyte-free
plants and the endophyte removed from the leaf cavities (Ray et
al., 1979). While the relative gquantum yield is highest in the
region of phycobilin absorption with the isolated endophyte, any
contribution of the endophyte to the association's action spectrum
is effectively masked by the preponderance of the Azolla pigments.
Other studies have shown that the endophyte accounts for less than
20% of the assoclation's chlorophyll (Peters and Mayne, 1974da;

Ray et al., 1978) and the action spectra for photosynthesis by
the association and endophyte-free Azolla are similar to one
another and to those obtained with other green plants.

The association, fern and endophyte exhibit calvin cyele in-
termediates of photosynthetic CO; fixation with phosphoglyceric
acid being the initial m followed by hexose phosphates.
Sucrose is a primary end product in the Azolla but not in the iso-
lated endophyte (Ray et al., 1979). €0, fixation in the associa-
tion is saturated at app;mﬂ-uly 400 UE-m?-sec {Ray et al.,
1979) as is the growth rate '(Peters et al., 1980b). The associa-
tion and endophyte-free 1a exhibit a 40% inhibition of photo-
synthesis (CO; fixation) at atmospheric O; as compared to 2% O;
and an O; dependent 00y ¢ompensation point. The isolated endo-
phyte exhibits m ‘same, low CO, compensation point of about 4
ppm 00, at 2% and 208 O nnd its rate of photosynthesis is also
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constant at both O; tensions (Ray et al., 1979). Results obtained
with the isolated endophyte are based on experiments in which it
was isolated indiscriminately from all stages of leaf cavity for-
mation [Peters and Mayne, 1974b; Peters et al., 1980a). A= noted
previously (Ray et al., 1979), since the endophyte undergoes mor-
phological and physiological changes as a function of leaf cavity
age, and since the microenvironment within the leaf cavity is
still unresolved, the results obtained with the isolated endophyte
demonstrate its attributes but do not necessarily extrapolate to
how it functions within the Azolla leaves., The actual contribu-
tions of the individual partners to the association's total photo-
synthesis and photoasynthesis by the association and individual
partners as a function of leaf age are subjects of current inves-
tigations.

PHOTOSYNTHESIS AND Hz FIXATION

N; fixation in the association and isolated endophyte has
been investigated using CyH, reduction, ATP-dependent My produc-
tion, 198, fixation and their relationships (Peters and Mayne,
1974b: Peters et al., 1976, 1977). FPhotoaynthesis is the ultimate
source of all the ATP and reductant utilized in these nitrogenase-
catalyzed reductions. Dark, aerobic reductions are dependent
upon endogenous reserves of photosynthate, as a substrate for
respiration. Rates of dark, aercbic reductions are always less
than half of those obtained aercbically with light intensities
saturating for M fixation (Peters and Mayne, 1974b; Peters et
al., 1979). This has been taken to imply that as with free-living
cyancbactéria (Bottomly and Stewart, 1977; Stewart et al., 1979},
respiratory driven reductions are ATP limited (Peters et al.,
1980a). Dark, anaecrobic reductions are negligible.

Studies in which the endogenous reserves of photosynthate
have been either maintained or depleted by preincubation in the
light or dark, respectively, followed by the simultanecus measure-
ments of photesynthesis (CO; fixation) and N; fixation (CpHy re-
duction) in the presence of DCMU (an inhibitor of Photosystem IT
activity) indicated the following: Photoaystem 11 is required to
provide photosynthate for reducing power but non-cyclic photo-
phosphorylation is not a principle source of ATP for nitrogenase;
C0s fixation can be completely inhibited by DCMU with no more than
a 30% inhibition of CyH; reduction if the endogenous reserves of
reductant have not been depleted. Thus, the role of Photosystem
1T is indirect and cyclic photophosphorylation associated with
Photosyastem I is clearly implicated as the primary source of ATP
for nitrogenase-catalyzed reductions in the light.

Action spectra of CsHy reduction in the association and iso-
lated endophyte have further demonstrated the interaction of photo-
synthesis with N3 fixation (Tyagi et al., 1980b and unpublished
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results). Phycobilins are generally considered to be accessory
pigments for PS 11, as indicated by the action spectrum for photo—
aynthesis in the endophyte (Ray et al., 1972) and to be depleted
or absent in heterocysts (Thomas, 1970; Tel-Or and Stewart, 1977;
Haskelkorn, 1978). Although the above studies demonstrated that
N, fixation is a PS5 I linked process not directly dependent on

PS I1, in the action spectra for CpHp reduction in the association
and the isolated endophyte, the relative rate of C_H, reductian
per incident gquantum was essentially equal in the Fegion of ab-
sorption by the phycobilins and that of the chlorophyll. Further,
there was no appreciable affect of DOMU on the action spectrum of
the endophyte and the action spectra for Coliy reduction and photo-
synthesis differed appreciably only in that the action spectrum

of photosynthesis decreased much more markedly in the region of
chlorophyll absorption. At present we have no corroborating evi-
dence for phycobilins being associated with P§S I in heterocysts of
the endophyte. However, there is evidence for the association of
phycobilins with PS 1 (Wang et al., 1977) and heterocysts iso-
lated From Anabaena variabilis not only contain phycobilins but
the light absorbed by them (600-650 nm) is a=s effective in driving
Hp supported CpHy reduction as the light absorbed by chlorephyll

a (Peterson and ¥Ke, 1979, and personal communication). In the
case of the endophyte, attempts teo isolate pure preparations of
heterocysts have been frustrated by contamination with akinetes,
the fact that there is a large variation in size and state of dif-
ferentiation, and the simple problem of obtaining sufficient quan-
tities of material. Current studies using fluorescence micro-
spectroscopy of filaments of the endophyte removed from leaves of
varying age have indicated that, in accord with the studies on
Anabaena variabilis (Peterson and Ke, 1979), heterocysts of the
endophyte exhibit phycobilin fluorescence (Calvert and Peters,
unpublished observation).

UNIDIRECTIONAL HYDROGENASE

Previous studies (Peters et al., 1976, 1977; Peters, 1977)
have shown that when the association was grown in the absence of
combined nitrogen, nitrogenase-catalyzed Hy production under Ar
was generally appreciably less than the rates of Cyilp reduction,
that Hp production was greatest under an atmosphere of CyH, and
CO (see Smith et al., 1976) and that H; preduction under air was
extremaly low. These findings were all strongly suggestive that
these associations contained a unidirectional hydrogenase as was
the cbservation that they were efficient, in the terminology of
Schubert and Evans (1976). Recent studies (Tyagi, unpublished)
have shown that Hy production is maximal under an atmosphere of
25% CyHy and 0.5% CO; that preincubation under CpHy for 6 hr in
the light followed by assays of H; preduction and CyHy reduction
under the appropriate gas phase increased Hy production up to
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5-fold and CqHp reduction by only 20%. The latter obaservation

is similar to that reported for a free-living heterocystous cyano—
bacterium (Scherer et al., 1980) and suggestive of CpH; inhibition
of the unidirectional hydrogenase. H; production under Ar + Qi
was also higher when photosynthesis was inhibited by DCMU, indi-
cating that uptake may occur via the oxygen-hydrogen reaction
(Peterson and Burris, 1978). B5Studies of the actual uptake of Hy,
using 0.1% Hy in air, have shown that after a lag period of sev-
eral hours, there is appreciable H, uptake by the amsociation and
none in the endophyte—free Azolla and the uptake by the associa-
tion is diminished by preincubation with C4H;. In accord with
previous studies (Peters et al., 1976) there is no evidence for
the occurrence of a reversible hydrogenase. These studies are
continuing and details will be presentad elsewhere.

Ny FIXATION AND TRANSFER FROM THE ENDOPHYTE TO THE AZOLLA

Studies with 15H; have shown that the endophyte Anabaena,
isplated from Azella leaf cavities in all stages of development,
releases approximately half of the My it fixes into the incubation
medium as ammonium with only small amounts of organic N (Peters,
1977; Peters et al., 1980a). It should be noted that more than
half of the Ny fixed may actually be released since undifferen-
tiated filaments in these preparations may well have assimilated
someé of the released ammonium. Additional studies mngaring the
supernatants after incubations of the endophyte under ‘ﬂﬂz in Ar
and in N, atmospheres showed ammonium under M; but not Ar and no
difference in the 1% content of the supernatants. Both contained
less than 5% of the incorporated l4C, further indicating that the
symbiont relecased fow or no organic M compounds such as amino
aclds (Ray et al., 1978; Peters et al., 1980a). In the associa-
tion, incubations under 1%N, in air followed by chase periods
with alr showed that there la a rapid assimilation of newly
fixed N3 into ethanol-soluble and then ethanol-insoluble frac-
tions with a low level of free ammonia (Peters et al., 1979).

Hoth the fern and endophytic Anabaena were found to have the
capacity to metabolize ammonium, based on the activities of gluta-
mine synthetase (GS), glutamate synthase (GOGAT) and glutamate
dehydrogenase (GDH) in each. However, about 90% of the aszocia-
tion's GS activity and BO% of its GDH activity were attributable
to the fern (Ray et al., 1978; Peters et al., 1980a). PFurther,
since the contributions by the endophyte to the association's
total activity reflected an average of its activity in all develop-
mental stages, and a developmental gradient was known to exist
(Hill, 1975, 1977;: Petars et al., 19B0a), it was suggested (Ray
et al., 1978; Peters et al., 1979, 1980a) that activities attri-
buted to the Anabaena might be associated with specific develop-
mental stages, notably the undifferentiated filaments.
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It has besn suggested by others (Stewart, 1977; Haselkorn,
19278) that decreased GS activity in symbiotic cyanobacteria could
provide an explanation for the release of ammonia with the possi-
bility that the host modifies the endophyte's ability to assimi-
late ammonia by inhibiting its GS activity or synthesis. In the
hzolla-Anabaena assoclation there is evidence indicating that the
endophyte's G5 activity is associated with filaments in young leaf
cavities and that as a function of leaf development, and increas-
ing heterocyst frequency, the Azolla plant may actually prevent GS
synthesis in the endophyte (Orr, Toan, and Haselkorn, personal
communication, Third Int. N Symposium, Madison, Wis.).

DEVELOPMENTAL MORPHOLOGY ARND FHYSIOLOGY

General aspects of the morphology and ultrastructure of the
A. caroliniana assoclation have been presented (Duckett et al.,
1975; Peters, 1977; Peters et al., 1978, 1980a). Hecent studies
have dealt with the developmental morphology taking advantage of
the sequential leaf development. Reconstruction of serial sec-
tions of leaves of varlous age, as defined by their position on
the stem axis (Hill, 1977), and the subseguent use of cleared and
stained whole mounts, have provided new insights into the dovelop-
ment and organization of the leaf cavity (Calvert and Peters,
1979). Of particular interest is the finding that the epidermal
hairs which line the leaf cavity are of two types, simple and
branched, and that whereas the simple hairs increase in number
with leaf development, the branched hairs are not only differen-
tiated early in leaf development, but their number is restricted
to two per cavity. Moreover, while the simple hairs are randomly
positioned around the cavity, except for the lower guadrant, the
branched halrs are always found in the same position and in close
proximity to the path of the follar trace. A detailed account of
these and other aspects of leaf cavity development will be pre-
sented elsewhere (Calvert et al., in preparation).

Physiological studies have been conducted in parallel with
the morphological studies. Using main stem axes containing 12 or
more leaves, these studies have shown that the N content is high-
est in the apical region, decreasing in progressively older leaves
and that the dry weight as a percent of the freah weight exhibits
a similar pattern. Moreover, the gradient in nitrogenase activity
as a function of leaf age shown using CgHs reduction (Hill, 1977;
Peters et al., 1980a) has been confirmed using 1°N, (Fig. 1).
Employing 15!!2 followed by varying chase periods with air, and a
rather involved experimental protocol which will be presented in
detail elsewhere (Haplan and Peters, in preparation), it has also
been demonstrated that H, fixed in the older leaf cavities is
transported to the apical reglon. Studies to determine the trans-
ported compound(s), the relatlonship of the haira to the
physiological processes involved, and the interaction of host-
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symblont carbon metabolism as a function of leaf age are in
Progress.

PHYSIOLOGICAL STUDIES USING THREE PHOTOPERIODS

Table 1| summarizes the results of studies on photosynthesis,
Ny fixation, and associated processes after two weeks growth with
weekly samplings under optimized growth conditions for A. carol-
iniana (Peters et al., 1980b) as a function of 12 hour, 16 hour
and continuous light regimes. Although the doubling times in
Table 1 are slightly longer than those obtained previously
{Paters et al., 1980b), they are indicative of healthy, actively
growing plants.

An analysie of the data shown in Table 1 (other than that for
growth and C.H, reduction and Hs production in vials)., using the
Duncan l‘[‘lultl.[tl-l:_" range test at l.l.i .05, indicated few statisti-
cally significant differences in the physiclogical process as a
function of photoperliod. Fhotosynthesis in air, with and without

CaHo, under continuous light was significantly different from the
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Table 1. Photosynthesis, Ny fixation and associated processes in
A. caroliniana during the light interval of three photo-

periods.
Light Interval
12 hr 16 hr 24 hr
Doubling Time (days) 3.57+ .50 2.44% .12 2.23+ .12
Photosynthesis (umoles
Cl).z.i'a fr we.hr)
Alr 123+6 109+13 71+3
Adr + 151 € H% 11345 106+14 69+5
X 07 = .IJJ; 02 in N2 lal+d 170+21 33+10
"Photorespiracion” (umoles
Gﬁz.-"; fr wt-hr)
Photosyn. in 2X 02 -
Photosyn in air . 18+8 61427 22411
Extrapolacion to zero l‘.'l.'lz 358 19+6 18+1
Asrobic WI Compensation Folnt
(ppm ‘-‘:02} al#2 4d+2 A2+7
Dark Respiracion (umoles
l:o!.-'l fr wt-hr)
Adr, during light period 1543 1946 16+l
CyHy Reduction (nmoles CoHy/g
fr vemin)
lighe, aerobic in vials A5+ 57+6 2745

light; aerobic simultane—

ously with determination

of photosynchesis I6+8 Ja+12 27+10
dark, serobic simulcane-

ously with respiration

during light period 15+1 1141 1244
Hz Production (nmoles Ha/g
fr wt.min)
light, 20% 0y - .03% CO;
in Ar #.}rl.ﬁ 11.6+3.2 T+2
Lighe, air <24.08 302 ]
Relacive Efficiency in Lighc . 30+.01 +80+.00 - T4%,00

H.T_ (Dz—cl:lz-ﬁ.:'}
T Ty (CaH; in air)

o Las ':232 reduced /umole CO,
Fixed = .019 .019 .023

C to N ractio T+ - B.8+.8

{1

Data is the average + 5.D. of duplicate analyses in two experi-
ments afcer 7 days and 14 days of growch under specified phote-
pariod. Growth as described in Petars et al., 1980b: IRRI medium
buffared ac pH & wicth 10 oM HMES; constant temparacure of 25°C;
Light at 400 uE.m?.sac.

& Megchod of Decker (1957).
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rates at 16 hr and 12 hr. The value obtained for "photorespira-
tion" at the 16 hr photoperiod using the rate of photosynthesis
in 2% 07 minus that in air, was significantly different from that
at 12 hr or continuous light. However, when using the method of
Decker (1957) with extrapolation to zero CO3, the value obtained
for the plants under 16 hr of illumination was not significantly
different from that obtained with either 12 hr or continuous
illumination.

In general the data in Table 1 are entirely consistent with
earlier comments in this manuscript in regard to photosynthesis,
Nz fixation, their interaction, and associated processes., For
example, the 05 inhibition of photosynthesis and values cbtained
for the aercbic COp compensation point are consistent with a C3
type of photosynthesis and the contribution of photosynthetically-
generated ATP is clearly indicated by comparison of the rates of
CoH, reduction in the light and dark simultanecusly with measure-
ments of photosynthesis and respiration. As seen in Table 1, the
dark, aercoble rate of CyH; reduction is only 25-408% of the rate
obtained in the light. Furthermore, the data on CoHy reduction
versus H, production and the relative efficiency expressions, de-

termined here by Hy (AT=0,-C0,)

CZHGICZHZ in air)

are consistent with the cccurrence of a unidirectional hydrogenase.
The data also show that there is no significant effect of 15%
CaHs on photosynthesis during the 10-15 minute assay period.

In order to assess the contributions of light and dark Nj
fixation to the plant's nitrogen budget, rates of 15N, fixation
and CyH4 reduction were determined at the midpoint of the light
and dark periods of the 12 hr - 12 hr and 16 hr - 8 hr light-dark
photoperiods in separate experiments. As shown in Table 2, the
ratio of CsH; reduced to 15“; fixed is approximately 4 and, using
the rates of 15N, fixation, dark, aerchic N, fixation is estimated
to contribute 27% of the total daily N with a 12 hr dark period
and 19% with an 8 hr dark period. (These studies were conducted
several months after those shown in Table 1 and the rates of CyHy
reduction at 12 hr and 16 hr were lower and higher, respectively,
than those obtained in the previous studies. Except for invoking
biological variability we have no explanation for the differences.
Nevertheless the data are indicative of the relative inputs during
the light and dark cycles.) Although not shown, dark respiration
and CyHy reduction were found to remain constant throughout the
8 hr dark period follewing 16 hr of light but to begin to decline
after about 7 hr of darkness after 12 hr of light when plants had
been maintained under optimal conditions with these photoperiods
for at least a week.
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Table 2. Aerobic CyH; reduction and 15N, fixation at midpoint of
light and dark cycles for two photopericds.

12 hr = 12 hr 16 hr - B hr

light dark light dark
nmoles Colig/g fr wt-min  17.242.1 - B8.118.7 43.945.4
nmoles Np/g fr wt-min 4.2+0.8 1.6%¥0.3 21.622.2 10.0%D.6
CoHy reduced/Ny fixed 4.07 - 4.08 4.40
% of total N fixed 73 27 81 19

during 24 hr period

Growth conditions as for Table 1 except 600 llE-mz-sm:. CoHy was
15% in air, 153!2 was approximately 40 atom & in air. Incubation
period was 30 or 60 min under optimal growth conditions.

A. CAROLINIANA GROWN ONH COMBINED N SOURCES (AMMONIUM, NITRATE,
OR UREA)

Although Peters and Mayne (1974b) were unable to obtain
growth of A. caroliniana on ammonium, this was the result of in-
adequate buffering capacity and pH drift of the growth medium
{Ito, unpublished observation). Employing media buffered at pH
& with 10 mM MES (Peters et al., 1980b) there is good growth of
both the assoclation and endophyte-free plants.

Az shown in Table 3, growth rates on up to 2.5 mM ammonium,
and in subsequent studies up to 5 mM, are comparable to those of
plants grown in its absence. There is a gradual increase in
chlorophyll content, free ammonia-H, soluble N and protein N and
a gradual decrease in C3H; reduction activity - 75% of the control
at 2.5 mM - with increasing concentrations of ammonium in the
growth medium. (In subseguent studies 2.5 mM HH,"" has resulted
in up to a 50% inhibition of C3Hy reduction.,)} Table 4 shows that
the ammonium absorption rate (AAR) determlined with 15HH¢+, in-
creasas modestly with increasing ammonium concentrations.

While the nitrogen fixation rate (sea legend to Takle 4 for
method of determination) decreases with increasing ammonium
concentrations., there is generally a recovery of nitrogen fixa-
tion activity upon transfer to H-free medium and the ratios of
CzHy reduced to the estimated N; fixed are entirely reasonable.
The ratio of AAR/(AAR + 2(NFR)), an Index of the relative contri-
bution of ammonium absorption to the total N input, indicates that
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Table 4. Ammonium absorption tlEHH‘*I and N, fixation in A.

careliniana.
M NH 3 for
¢
Grouth and 15y Bt 1o sedivm ; " ,  Am_aas'
Labelling aftar 15NH, labelling AARS  NFR®  ARA’  WFR  AARPI(WIR
0.25 + 6.2 2.9 82,2 3.8 12
- 21,3 75.0  3.52
0.50 + 7.3 22.7 7.8 3.80 1%
= 15,5 6.1 494
1.00 ' 5.7 15.8 89.5  A.96 .22
- 0.7 6.2 3.20
2.50 + 1.8 3.4 545 A.83 .30

18.6 4.8 .02

1. Ammoniuvm absorption rate (omoles u!ﬂf!; fr we-min)

2. Mitrogen fixation rate (nmoles Ny fixed/g fr wt-min).

3. Acetylene reducelon activity (nmoles CyHy/g fr wre.min),

4. Index of contribution of smmonium absorprion to ¥ input. NFR La x2 since
nmoles Wy fixed = 2 mmoles NHy™.

Afser 36 days on specified ¥H,™ concencration using conditions as pes
Tal:.}; 3, plants were transferred to medium containing the same concentracion
of L9WH,* for two days. After removing material for 13§ analysis, half of
the remaining material vas transferred to sedius with cthe same concentration
of 1%¥H, and the other half to ¥ free sediua for two days. NFR was calculated
from the dilutfion of 138 in the plant material, correcting for ammonium
absorption when ammonium was present.

at 2.5 mM ammonium, after five weeks of growth with frequent
transfers, 70% of the plant's N is still derived from N, fixation.
This is in reasonably good agreement with the finding that the
average value for C,H, reduction over the five woek period was
752 of the eontrol (Table 3).

The growth rate of A. caroliniana is comparable when grown on
Nz alone or on medium containing up to 25 mM HO3~. Table 5 shows
that the chlorophyll content and percent dry matter remain quite
ponstant with increasing nitrate concentration in the growth
medium. While photosynthesis remains quite constant with increas-
ing concentrations of nitrate, as do the %C and %M, there is a
decrease in C,Hi; reduction activity, especially between 10 mM and
25 mM, with the latter resulting in about a 60% decrease in C3Hp
reduction activity relative to the control after five weeks of
growth. This value is the average cbtained from assays at waekly
sampling periocds which ranged from 45% to 654 inhibition relative
to the control plants. OFf note is the cbservation that Hp pro-
duction does not decrease in parallel with CgHy reduction as a
function of nitrate conceptration and there is a marked decrease
in the relative efficiency expression for plants grown on 25 mM
nitrate. Previous studies have indicated that nitrate resulted
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in an increase in H, production both relative to Colp reduction and
under an air atmosphere (Newton, 1976; Peters et al., 1976) and it
was suggested that a product of nitrate metabolism might be alter-
ing the occurrence or activity of a unidirectional hydrogenase
(Peters, 1977).

A study analogous to that shown in Table 4, using nHgt, is
shown for nitrate in Table 6. The nitrate absorption rate, de-
termined with 15803, increases with increasing nitrate concentra-
tions in the medium, and, as with ammonium, there is a recovery
of nitrogenase activity in plants which are transferred from nitrate-
containing solution to N-free medium. Although the ratio of CiHp
reduced to Ny fixed in Table 6 are slightly higher than obtained
with ammonium (Table 4), they are again guite reasonable. The
index analogous to that employed with ammonium indicates that
after five weeks of growth on 25 mM nitrate, 46% of the N input
to the plants is derived from nitrate and 54% from Ny Ffixation.

In accord with this it was shown in Table 5 that the SH content
was essentially constant at all concentrations of nitrate, includ-
ing 25 mM where CyH reduction was inhibited 60%. Thus, the de—
crease in N3 fixation is compensated by nitrate utilization,
maintaining a constant N content in the tissue. Furthermore, the
increase in Hy production relative to CaHy reduction as a func-
tion of nitrate concentration did not diminish the N content of
the plants.

As with nitrate and ammonium, the growth of A. carcliniana
is comparable when grown on N; alene or on medium containing up
to 12.5 mM urea (Table 7). Increasing concentrations of urea had
no obvious effect on chlorophyll content or rates of photosynthe-
tic 00p fixation but resulted in an increoase in the percent dry
matter and a decrease in CsHz reduction. Relative to the average
value of the control at the weekly sampling intervals over the
three week study, 2.5 mM urea resulted in a 38% decrease, and 12.5
m a 53v decrease, in CyH; reduction activity. (Although not
shown in Table 7, there was no significant effect of increasing
urea concentrations on the %C and W compared to the control.)
There was considerable variation in the nitrogenase-catalyzed Hp
production under Ar-0,;-C0; between sampling periods as evidenced
by tho standard deviations (Table 7). However, within an indi-
vidual sampling period the variability was much less. In contrast
to the results cbtained with nitrate, the average valua for Hj
production decreased relative to CyH, reduction with increasing
urea resulting in a higher value for the relative efficiency.
Studies are currently in progress to ascertain the consistency
and significance of this cbservation in regard to unidirectional
hydrogenase activities. It should also be poted that while the
effect of NHgt on H; production was not determined in conjunction
with the studies shown in Tables 3 and 4. subseguent studies
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Table 6. Nitrate absorption IIEHU]"] and N, fixation in A.
caroliniana.
M N0y for w05 ta
Growch and medium after 1 2 3 ARA HAR i
L% labelling !N0j labelling  HaR HFR ABA HFE  HAR + Z(NFR)
1.5 + J.11 9.74 2.8 4, &0 0.14
- 11.60 49.3 4.20
10.0 + 5.77 9.&3 «1.0 &, 37 9.23
- 9.8 48,7 5.95
3.0 +* 10.10 5.97 25.1 4. 24 0.46
- 8.21 42.0 5.11

1. Kitrate absorption rata (nmoles
1. As in Table &,
3. As in Table 4.

15

m;u-rr wt.min)

4. Index of concribution of nitrate absorption to N inpue.

Growch conditions sm for Table 5.

Plants had bmen grown on specified

N0y~ concentracion for 15 days prior to transfarring to redia with equivalant
concentration of L"Iu; for & days folloved by division of material as in
Table & for 4 sors days to decermine input from Wy fizacion + ms uptaka.

Table 7. Effect of urea on growth, photosynthesis, Hs fixation
and associated processes and other physiological

parameters.
Doubling Time Hﬁ Chl % bry

s Urea {days) g-fr wve Macter m:uml mz ll!'h] I.I"
a L.96+.09 «31#.03 3.4+, 4 72.145.0 61.6+17 13.244.7 .79
1.25 1.88+.08 54303  5.3%.3  75.439.6 4L.9F12 8.38).4 .81
2.50 1.85%.08 L4906 5.8%.3  70.439.4 18,478 7.2%6.3 .82
5.00 1.88%.09 -50%.06 6.5%.6  77.935.3 30.7%8 4.932.5 .85
12.50 1. 89%.09 .50%.07 6.8%.7  TL.3%.T 28,537 3.3#5.1 .88

L As in Tabla 3.

i. As in Table 3.

). As in Table 3.

4. A3 in Table 3.

Growth conditions are in Tabla 5.
at sach of thres weskly samplings.

Dacta is average + 5.0, of triplicace analyvees
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which will be presented elsewhere have shown that the effect of
ammonia is basically similar to that of nitrate.

5
Table B. Urea absorption {1 N urea) and N, fixation in A.
carolininana. a

aM Urea for 14 4
Growth and N Uraa After 1 a 3 ARA UAR
159 Labelling 15N Labelling AR NFR ARA® NFR  TAR + Z(NFR)
1.25 + 10.0 11.1 62.5 5.63 5§ §
= 11.56 6.5  6.59
2.50 + 1.3 5.9 50.5 5.13 +37
- 10.7 68.1 65.36
5.0 - 14.5 %.0 51.9 5.77 A4
- 11.2 7T1.B  6.41
12.5 + 18.7 7.4 42,0 5.7 .56
- 4.7 mi 89

l. Urea absorption rate (nmoles L9%-urea/g fr wt.min).
1. An in Table 4.
3. As in Table &.
“, Index of contribution of urea absorption to ¥ inpuc.

Growth condicions as for Table 5. Plants had been grown om specified uraa
concencration for 21 days prior to tranaferring to sedium with equivlient concen=
tration of 19%-urea for 4 days followed by division of material as in Table 4 for
4 more days to decermine in part from N; fixation + urea uptake.

Table 8 shows the urea absorption rate, using IEN-urea, and
other data analogous to that presented for ammonium (Table 4) and
nitrate (Table 6). As with the other combined N sources there is
a rapid recovery of nitrogenase activity upon tranafer of the plant
material from medium containing urea to N-free medium. The values
abtained for CoHy reduced to N,y fixed, based on dilution of the
15§-1labeled plant material by either Nz fixation alene or N; fix-
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ation plus urea absorption, using the urea absorption rate deter-
mined with 15]1 urea, are somewhat high, especially upon transfer
to M-free medium. The reason for this is not known at present.
The index analogous to that employed with ammonium and nitrate
indicates that after 3 weeks growth on 2.5 and 12.5 mM urea, Nj
fixation providea 73n and 44%, respectively, of the plants total
H input. In regard to the urea studies it should be noted that
after a week's growth on medium containing a given urea concen-
tration, up to 10% of the urea N is found in the medium as free
ammonium—N. This breakdown regquires the presence of Azolla but
we do not as yet know whether it is associated with an extracell-
ular urease activity, with breakdown of urea before uptake, or if
the ammonium is being released from the plant after uptake of urea
and the action of an intracellular urease.

CONCLUDING REMARKS

The studies of physiological processes as a function of photo-
period and the ptilization of combined N sources, as ammonium,
nitrate and urea, and their effect on physiclogical processes
presented here were restricted to A. caroliniana. This associa-
tion was employed as the test organism to work out experimental
procedures for use in conjunction with comparative studies using
A. filiculoides, A. mexicana and A. pinnata in addition to A.
caroliniana. The results of these comparative studies are
currently being prepared for publication.
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