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Azolia 1s a genus of squatic ferns which contains an ¥p=fixing cyanchactarium, Anabaess
azoilas, as an endophyte. Under opcrimal growth conditions these associations doubls their
bionass within two days, and contain 5-5% ¥ on a dry welght basis, wich Y- as che enly H
source (6). Using the oprimal groweh temparacure for the individual = es (B8}, compara-
tive studies of growth, photosynthesis, liz fixacion, and relaced processes have revealed mo
major differences ln four of the six known Azpllz species. Onlv A, catolinidng s considersd
here.

DEVELOPMENTAL MORPHOLOGY AMD PHYSIOLOGY

The apical region of tha fern contains undiffersntiated Adanbagra filapencs which do sot
fix Hﬂ During leaf cavity developmsnt the sndephyte rapidly diffarenciaces heterceyasts and
ehis paralleled by incressing nicrogenase accivicy (3,3). Zpidermal haivs which line the
leaf cavities (7) are comprised of two types: wimple and branched (1), While tha susbsr of
sinple halrs increases roughly fn parallal with nitrogenase activity, with 20 co 15 in each
=ature cavity, thare are only two branched hairs per cavicy, Moreover, vhile the simple
haira are randomly discributed, the branched hairs are alwvavs located along tha path of the
foliar trace. Related scudies have shoun that the ¥ content and dry matter are highest fn
the apical reglon wich the C/N racio increasing as a functienm of leaf age and that %y fimed
in sacurs leaves is transportad toward the apical region. It is posculated chat the hairs
funccion in che transfer of mecabolices betwesn the parcners and thact the endophyte exkibits
mixotrophic setabolise, undergoing &4 transition from photoautotrophic to phocoheterotrophic
metabolism as a function of Lsaf age.

FHOTOSYSTHESTS AND N, FIXATION

The Ascflz-Ansbeenz association {s comprised of ctwo photosynthetically cocpecent orga—
olsss and the andophyte's phycebilins (13} complement the fern plgmencs in absorbing solar
radiacion (8). Although che endophyce accounts for abouc 20T of the association's chloro-
phyll and procein (9), its contribution to tha total phocosvathetic capabilicy of the asso-
ciaction has not been raesolved. The association has the characteriscics of a C=3 plant:
an O3 inhibicion of photosynthesis (PS), an O,-dependent COy cospensacion poinc amd Calwin
cycle intermedintes of CD; fization with sucrose as the primary end praduct (£).

All of the ATP and reductant cequired for nitrogen fixatfon is ulrisacely derived from
FS. Dark, aerobic N, fixacion is dependent upon endogencus teserves of photosynthate. Its
tates are never sore than half of chose obtained aerobically in saturating Light and say ba
ATP liniced (4,5). Photosynthetically-driven nitrogen fixation is likewise dependent upon
photosyntaate but Inhibition of Photosystem II (PSII) has litcle affect on nicrogenase
activity until endogescus Feserves of carbon compounds ars depleced. This indirect role of
PSIT and non-cyclic photophosphorylacion ieplicaces crelis photophosphorylation associated
wich Photosysten 1 (PSI) as che prizary source of ATP for photosynthetically-sediaced Ny
fixacrion and is consistent with nicrogenase being localized in heterocyscs.

Tha action spectra for PS5 in che associaticn and fsolated endophyta ars similar to chosa
of other graen plants and cranchacteria, respectively, and both sxhibic che characteriscic
red drop, if.e., low quantum vield in che region of chlorophyll a absorprion (8). In cbn-
trast, the action spectsa for mitrogenase asctivity (CiHs reduction) Ln the association and
endophyte do not exhibit this red drop and are copsisteat wich a PSI-linked process. How
sver, the relative quantusm yields for Cally reduction accivicy (ARA) in che reglon of phy-
cobilin absorption equal or sxcesd thowa the region of chlorophyll a absorpcion (11).
Phycobiline are generally associated wich P5II of vegetacive cella (2) and wera found to be
the prizacry pigoents capturing lighc energy for PS in the endophyte (B). However chess
accessory pigmenca, which abeorb light energy in the reglon of minisal shsorpeion by the
plant cissue, also capture solar energy for tha PSI-linked process of ¥y fixaciom.



EFFECT OF COMBINED N SOURCES

In an ilalcial sctudy of che effect of combined ¥ sources on growch, 5 and N; fixacion,
growch races of A. carcliniana were genarally comparabls using 0 to 5 =M smmonium, O co 25
=M nicrate or 0 co 12.5 =M urea, with doubling cimss h.-.ntﬂn 1.9 and 2.4 days (&), Afcer
3 to 5 weaks grovth on each concantracion of cosbined N, ““H-labelad cosbined ¥ wvas used
to determine absorpcion rates and isotope dilution was usad to decarmine the input fro= the
combined ¥ source versus ¥y fixacion. For example, thase atudies showed that with 2.5 =M
asmonia, 10 =M nitracte and 5 oM ures, 843, 77% and 36%, respectively, of tha ¥ input was
from Ny fixation. In contrast to the effact of ammonis or urea, production did noc
d#cresse in parallel with ARA wich growth on increasing concencra of alevate (4).

PHOTOPERIOD, FHOTOSYNTHESIS AND N, FLEATION

4
Previous studies showed that the growth rate of four Azofla species increased with in-
crsasing day langch (6). A study of the effsct of wvarylng light fegizes (12 hr, 1& hr and
continuous light) on physiological processas in A, catwdldniang revealed few stacistically
significant differences in races of FS, respiration, nitrogenase-catalyzed reactlons and
relaced processes bactween plants grown under 12 hr-1I hr and 16 hr-8 hr light dark regimes
{4). Table 1 provides an ed presentation of similar data. In conjunction with
these studiss, asroblc ARA and 7 fization vere determined at the sidpoinc of che light
and dark incervals of the two photoperiods. The walues for l::l!z -.-du:-d.i'li fixed fall
batwean &.07 and 4.40 and it was estimated chac light, aerobif i, fixacion contributes 732
of tha cotal daily N during a 12 hr light paricd and 91X during a 16 hwr Light period (4).
As shown im Table 1, nitrogenase—catalyzed production under Ar-03-C0; Ls alvays such less
than ssrobic ARA in che light and Hs producc undar air (s negligible., This is consistentc
with the occurrence of an uptaka genase and a high relacive efficiency of Ny fixation
in cthese associatiocns.

In attespting to relace msasuresencs of physiological processes such as PS, respiration
and Mo Fixation to the observed growth rates and 3C and T of the tissue a number of factora
coma %nm play. Among ochers, these include the inherent Ylological variability of plantcs
within a population and the fact that whereas growth, IC snd IN represents cusulative re-
sponses over days or weeks, measuresents of physiological procesdses are usually restrictad
to short cara assays., Figure la and b shows the daily courss of PS5 and ARA in the lighe and
raspiraction and ARA in che dark with A. caswpdinitea grown under 16 hr-8 hr (a) and 12 hz-11
hr (b) light—dark regimes, Although the light ard dari detarminations vers made on Beparace
culctures they are considered comparakle. By intagration of the area under the respective
curves, subtraccing respiration from PS5 u:u{ adding light and dark ARA wich conversiom Eo Ny
{using conversion factors determined with § 2.15 and 4,09 CiHy /%, for 11 hr and 15 br
lighc poriod, 1.28 and 4.36 for 12 hr and 8 dark periods, respectively) and knowing the
=0 and TH, it is posaiblae to estizate doubling tises on the basis of dally C and ¥ Input.
These valuss can then be compared with cha observed doubling tises based on weight. 1Ia S0
doing we obtain a doubling cime of 2.8 days based on carbon input, 2.5 days based on N input
and an cbsarved value of 2.7 days for the 12 hr-12 hr regise., For che 16 hr-8 hr regizme the

Table 1. Photogynthesis, Ny Fixacion and Ralated
Processes in A. cavollidunta Growm under two

Photoperiods
12 hr - 12 hr 16 hr - B hr  CER = CD3 exchange tate, ARA =
acatylena raduction accivicty, EPA =
CER, air-lighc 123.05 + 9.5 117.20 + 6.2  hydrogen producclon activity.
CER, air-dark 15.49 + 1.8 18.30 + 1.2  Values expressed as .moles produccion/
€03 compensation poeint 40,00 +# 0.3 44.00 + 1.1 g fr vt-hr sxcepc for compensatlon
ARA; alr-lighta 1.83 + 0.3 1.6l + 0.4 point vhich is ppm CO3. OCrowth con-
ARA, air-lighth 1.58 + 0.2 2.86 % 0.2 diricns: IEAL oedium buffered ac
ARA, air-darka 0.86 + 0.1 0.87 + 0.1 pH 6 with 10 =M MES, constant te=—
HPA, Ar-Da, 1:2“5 0.18 * 0.0 0.46 = 0.0 peraturs o!ﬁ!!'{:. light {ntensicy
HPA, alr-ligh 0.01 + 0.0 0.00 + 0.0 of 500 uEfo"+sec (6). Assayed under
Percent dry matter 5.33 + 0.3 - growth conditions., ADetercined
Parcent C 43.60 + 0.9 e sisylzansously with CER; SDecersined
Parcent ¥ 3.7T1L + 0.4 o in wials.
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respaccive values are 2.0, 1.5 and 2.2 daws. (A doubling time of 2.4 dayw instaad of 1.5 is
obrainad hera if a theorecical converslon factor of 3.0 CH3/Ny is employed.) In comparison
to the estimates of the contribution of light, aerobie MNj fization to daily N lnpuc nocad
above, the incegraced values for ARA in Figure 1 represenc B35 of che tocal input during the
12 'he Lighc, 90% during che 15 hr light period.

Figure 1. Apparent photosynchesis and
scetylena reduction accivity fn cha
1light and respiracion and acetylene
reduceion in che dark during che 24 hr
eyele oft (a) 16 hr=8 hr and (b) 12
hr=121 hr lighc-dark regimes.

The catbon cost of Ny fixacion in actinorhizal and legume nodules, approximaced by che
ratic of respiration to nitrogenase activity, has ylalded values for CO,/C3H» ranging from
3.4 to 5.6 for legume and 2.8 to 8.7 for mctinorhisal nodules (11). In the Azofla-Anabasna
sysbioiis, photosynchecically-mediated ARA Ls usually two to four times greater than the
maximal dark-aerobic ARA. 1If one assyumes that darik sctivity is ATP-li=ited and chac tha
rate of respiration peasurad In tha dark during the light periecd Ls equivaleat o chat in
tha lighe, it is posaibls to estimate the imolas COy respired/C;H; reduced during photo=
synthecically-medisced C.H, reduction. In che A. catclinianz association, a total of 8
daterminations from plants grown under 12 hr or 16 hr light regises yislded valuss of
17.11 + 4.75 umoles respived/g Er wi.hr and 2.10 + 0.57 umoles CyHy reduced/g fr we-hr
for a G0p/CyH; tatio of 3.15. [f one further assumes chac the partngrs contribute egqually
to ths associstion's respiracion on the basis of chlorophyll or protain, the endophyce's
concridution would be about 20% of the total (9). This would egquate o 1.41 +# 0.95 Lmoles
CO; respired/g fr wr«hr and 2.10 + 0.57 umoles ﬁﬁlz raduced wich a CO,/CaHy ratio of Ll.53.
c!qﬂ.ﬂ;‘l.n‘ a CyHy/N, conversion factor of 4.0, this equates to 5.5 moles C/mole N, or 2.8 =3

Although it is possible to isolate the endophyte, previous studlies indicated chac
aicrogennse accivity in the isolace was 30 To 30T less cthan its estimacted sccivity in the
association {9) and chat, in the association, the sndophyte may be provided with fixed car-
bon from the fern. Thus, no atte=pt has been made to determine the C03/C,H. ratio im che
igolated endophyte. Furchermora, we have 3% avidence thac in the light, as in che dack,
it is respiration racher than PS5 which supplies the raductant for nltrogen {iwacion.

In comparison to the abowae, ucilizing the dark respiracion and dark ASA during che light
paricd (data not shown), assusing chac the endophyte accounts for 17% of the asscciation's
vespiracion and & CoH./%, valus of 3. 53 (based on the mean “rom several daterminacions ia
the light and dark with 12 W, 18 hr and continuous light periods for each of four Azpila
specles), the =g C/mg ¥ for the four Azoliz species under 12 hr and 16 hr light perioda
rangsd from 2.95 to 7.03 wich a =ean of 3.14 + 1.45 (0. Ito, personal cosmunicacioa). For
A. rarclinians the mg Cfsg ¥ for dark £ixacion was J.47 for the 11 he-12 he photoperiod and
4.52 For che 16 hr-8 hr. The higher C/M cost in the dark than in che Light, Gsing the same
basic sssumptions, is of course the result of the lower ARA in che dark.

Anorher approach to sssessing the carbon cost imvolves the use of Azolla wich and with-
out the endophyte in a rough analogy zo nodulated and acn-nodulated legumas. Tuo poizcs
should be moted. First, the endophyce—free plants always grow =ore slovly than che associ-
acion and it is possible that che absence of the endophyte creates a bor=onal isbalance.



Second, che associatlous are able to utilize combined N and ¥, simulcansously (4). Using
the daca fn Table 2, growth tate constants were detarmined used €o calculate tha daily
Iopue of C and N required to maintsin the C and ¥ content of the plant matsrial. Thess
values were 5.6 =g C and 0.35 mg W for the endophvte-free Azolfa, 9.21 mg C and 1.28 =g X
for the association grown on %3, and 9.55 mg C, 1.3 =g ¥ for cthe assoclacion provided with
azmonia as well as Ny. 1In comparing the endophyte-free Azolla with the asseciation grown
an :i- the carbon requiremenc for ¥; fixacion was estisated by (5.6 - 9.2) ng C/1.28 ag N =
-2.81. 1In comparing the assoclacion provided with smmonis and the association grown only
on M, one obtains (9.535 - 9.21) =g C/1.28 =g ¥ = 0.27 ag Cfag ¥. [In che associacion pro-
with 2.5 =i HI“" approximacely 35% of the N inpuc is derived from ‘.‘l'lli‘" (8)).

Table 1. Information Concerning Azollz wich and without the Endophyte Used in Escimacing
Carbon Requirement of Ny Fixacionl
Doubling Time L Dry

H Source (davs) Matcer Ic o
Ansbaena-free Azolls 2.5 s Mgt 3,38 + .25 6.00 + .10 41.2 4 .10 4.03 + .08
Azpifa wich Anzbaend N2 1.97 # .10 5.22 % .06 41.8 ¥ .03 5.5 % .19
Azolia with Amabazne 2.5 oM ¥H* -

and 5y 1.89 + .02 5.17 + .14 4L.7 + .16 5.81 + .10

-

lrlmu grovn as described in Table 1. Percent dry macter, %C and TN as dascribed in {6).

In contrast Lo the mg Cfmg ¥ values calculared using respiracion and CyHy /N2, the coe-
parison between the associacion grown on X, and eicher che endophyte-free plancs or the
association provided with combined ¥ isplies thar the carbon cost to thesa photosynthatic
associacions is no greater for ¥y fixation than it iz for ammonium uptake and metabolism.
It is acknowledged cthat the above approximations of the carbon cost are overly simplified

and purely speculacivae. It is also noted, however, that wvhereas the escizares from respira-
tion and (., veduction ares wicthin the 1-10 =g C/mg ¥ range reporced for legumes and acting-
rhizal associatfons (10,11), this racio raflects the carbon raspirsd Ffor growth, malntenance,
synthesis and transport phenomena as well as for nitrogenase accivity. We have decermiced
paintenance respiration values and £t is apparent that this and other determinations sust ba
ﬂ:‘:n obtain an unequivocable result with respect to the carbom cost of My fixation in
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