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SUMMARY

The objectives of the present study were to assess the responses to water stress of

N2 fixation by faba bean and to investigate the main factor determining the response.

Experiments were conducted in controlled conditions with faba bean plants inoculated with

Rhizobi'um leguminosarum and grown singly in plastic pots at a constant daylnight

temperature of 20o C and at photosynthetic photon flux density (PPFD) of 750 pE m-2 5-1.

Treatments were applied during the vegetative stage, 4-7 weeks after planting. Degree of

water stress was measured as nodule, leaf, shoot and root water potential and assessed

psychrometrically. N2 fixation was estimated by acetylene reduction (AR) accompanied by

the measurement of hydrogen evolution (I{E) in some experiments, both measured by gas

chromatography.

The response of N2 fixation to slow development of water stress, simulating water

stress in the field, was first examined. Nodule water potential declined within 24 h when

water was withheld from plants, AR was not influenced by a fall in nodule water potential

(NWP) to -0.8 MPa but decreased as water stress became mor€ severe. To test whether this

response was dependent upon nodule water potential, the total supply of water was reduced

but the rooting medium in the 2 cmzone surounding the main roots, where most nodules

were borne, was saturated during watering. AR was reduced and leaf diffusive resistance

increased when the water content of the rooting medium was reduced by 507o although

nodule water potential was maintained above -0.8 MPa. There was also no response to

"mild" water stress (NWP > -0.8 MPa) when plants were subjected to water stress induced

either by the application of polyethylene glycol or exposure of the roots to the atmosphere

whilst still attached to plants. This response was not altered by transferring plants to a low

light flux density before or during the imposition of water stress. AR of cowpea and

soybean showed a similar response to water stress.

A gas exchange chamber was used to examine the suggested main factors affecting

N2 fîxation by faba bean during water stress, i.e., the supply of photosynthate and 02.

Plants gïown in a controlled environment for 30 days, were removed from pots and



xxl

transferred to this chamber in which the root and the shoot systems could be sealed into

separate compartments allowing net carbon exchange (NCE) of each part to be monitored by

an infra red gas analyzer. This system also allowed HE assay in a closed system and AR

assay in an open system without disturbing the plants. The lower part of the root system

was immersed in a nutrient solution free of mineral nitrogen which was sprayed regularly

onto the rest of the (exposed) roos and nodules. Temperature and PPFD were controlled the

same as in the growth cabinet.

Attention was focused fîrst on the hypothesis that photosynthate was the limiting

factor for NZ fixation during water stress. This was examined by evaluating the

relationships between changes in nitrogenase activity and those in NCE of shoot and root

with and without stress, and with nodule water potential during stress. NCE of the root

showed a pronounced diurnal fluctuation when plants were well watered. N2 frxation

measured as AR and FIE increased during the tight period (09.00 h to 21.00 h). NCE of the

shoot (net photosynthesis) varied only stightly and attained a level of 90Vo of the maximum

in the first hours of the light period. When water was withheld from the beginning of the

light period the rate of shoot NCE was reduced within 3 h. The rate of root NCE was also

reduced by water stress but this decrease lagged 2 h behind the response of the shoot. AR

and HE were not affected during the first 3 h but were reduced after 5 h when water stress

was more severe. In contrast" nodule water potential fell markedly within 3 h of withholding

water

There was a close linea¡ relationship benveen nitrogenase activity (AR and tIE) and

NCE of the root which was not altered by water sEess. During water stress, there was also

a linear relationship between NCE of the root and NCE of the shoot measured one hour

previously. Rewatering the plants stressed for t h restored neither nitrogenase activity nor

shoot and root NCE within 3 h, in contrast to nodule water potential which was restored to

the unstressed level within an hour. These results suggest that the supply of photosynthate

is the main factor limiting N2 fixation during \ryater stress.

This was further examined by comparing the effect of water stress with that of

reduced light flux density on NCE of the shoot and the root. When light flux density was

reduced in steps, NCE of the shoot was immediately and proportionally reduced with NCE
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of rhe root declining after a time lag of about 2 h. A linear relationship, comparable with that

found during water stress, was also obtained between these two processes under these

conditions. These results support the conclusion that photosynthate is the main factor

controlling N2 fixation during water stress.

The hypothesis that 02 supply into the nodule is a limiting factor was also

examined. The effect of water stress on nodule turgor potential which has been postulated to

be the factor controlling Ø diffusion into the nodule was first examined. Nodule osmotic

potential decreased as water stress developed, but to a lesser extent than nodule water

potential resulting in a fall in nodule turgor potential. AR was not influenced by a decrease

innoduleturgorpotentialfrom0.42 toO.27 MPa. Thebulkelasticmodulusof noduletissue

was low and unchanged by water stress.

The response of nodule gas exchange to water stress in detached nodules, created

by allowing the nodules to dry in air, was also investigated. The rate of water loss decreased

with time in proportion to nodule fresh weight suggesting that resistance of the nodule to

diffusion of water vapour increased as the nodule water content decreased. This could have

been partly due to nodule diameter which decreased with time and was linearly related to

nodule fresh weight. However, the uptake of OZwas unchanged as relative water content of

the nodules decreased to7ÙVo.

The effect of elevated 02 concentration on root NCE and AR was examined to

ascertain the significance of resistance of nodules to Oz diffusion as a factor limiting N2

fixation during water stress. Roots of intact plants stressed for more than 6 h were exposed

to artificial air containingAOVo or 8O7o 02 concentration for 20 minutes. This did not restore

NCE of the root to control level. Also the AR of stressed plants did not recover when the

roots were exposed to 807o Ø. Similarly exposure of roots on intact plants to 4O7o OZ from

the time ,water was withheld did not delay the effect of water stress on root NCE. Results

confirm the view that the supply Oz into the nodules does not limit N2 fixation of faba bean

during water stress.

The possibility of respiratory cost of N2 fixation as a factor that may influence the

response of N2 fixation to water stress was also explored. This was approached by

investigating the effect of nodule removal on NCE of the root and the effect of water stress
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on the denodulated root. Removal of nodules from plants demonstrated that the ma¡ked

diurnal fluctuation in root NCE was associated with nodule activity. The respiration of the

denodulated root was resistant to water stress and was not affected by withholding water for

11 hours. This experiment also demonstrated that the respiration of denodulated roots was

independent of the rate of current photosynthesis. Given these facts, root NCE was plotted

as a function of AR to estimate the respiratory cost of nitnogenase activity. It was found that

3.08 pmol CO2 was respired for each pmol C2H4 produced and that this cost was not

influenced by water stress.

It is concluded that in faba bean; (i) N2 fixation has the ability to withstand "mild"

water stress; (ii) the supply of photosynthate is the primary factor determining the response

of N2 fxation to water stress; (iü) 02 diffusion into the nodule is not limited by water stress;

and (iv) respiratory cost of N2 fixation is not influenced by water stress.
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CHAPTER 1.

GENERAL INTRODUCTION

Nitrogen is the factor most commonly limiting crop production under conditions of

sufficient water supply (Goh and Haynes, 1986). This is due to the limited amount of

nitrogen of available forms in the soil (NO3- and NtI¿+), the inability of the plant to use

organic soil nitrogen which constitutes 977o to99Vo of total soil nitrogen (Sævenson, I982a

and b; Young and Aldag, 1982; Goh and Haynes, 1986) and the inability to use inorganic

N2 gas, which exists in abundance in the atmosphere. In most agricultural areas, the crop

has to rely on an external supply of nitrogen to achieve a reasonable production. This

practice, however, is not always economically feasible due to the expense of nitrogen

fertilizers particularly in the last 15 years following the crisis in oil supply. These facts and a

concern about pollution as a consequence of the continuous use of nitrogen fertilizer

(Keeney, 1982) has encouraged efforts to improve the efficiency of the legume-R/rizobiwn

symbiosis to reduce these problems. This has resulted in rapid progress in understanding

the symbioúc system in almost areas from plant to molecular level. Nevertheless, much has

to be done to make use of this N2 fixing system at an optimum level, especially in less

favourable environments.

Faba bean (Viciafaba) is an important leguminous crop in South Australia with the

area of cultivation increasing continuously to reach 30,000 ha in 1986 (Georg, 1987). This

is the grain legume with the greatest potential for cultivation in regions of moderate to high

rainfall (Laurence, L979>. A more recent report showed that this legume outyields other

grain legumes such as pea (Pisurn sativunt), chicþea (Cicer arietinum) and lupin (Lupínrs

albus) (Georg, 1987). The crop is generally cultivated without irrigation, and hence is

subjected to water stress with seasonal fluctuations in rainfall and the uneven distribution of

rainfall through the season. The later stages of growth are exposed to water stress more

often as rainfall declines and evaporative demand increases toward the end of the growing
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season (Appendix I). Even with an adequate soil moisture content, plants may still suffer

from water stress if evaporative demand is higher than water uptake by the roots, which

often occurs at mid-day. Thus, water stress is a natural and inevitable problem for faba bean

cultivation as with other crops in South Australia. If the ability of this symbiosis to fix

nitrogen is to be used to satisfy the plant's requirement for mineral nitrogen in an

envi¡onment subjected to water stress, a better understanding of the effect of water stress on

N2 fixation is essential.

N2 fîxation by the legume-Råízobíum symbiosis during periods of water stress has

attracted considerable attention in the last 20 years (Sprent, l976a,b and 1981 ) following

the establishment of the acetylene-reduction method to measure N2 fixation (Hardy et al.,

196S). Despite this, the response of N2 fixation to water stress and the mechanism by

which this process is influenced by water stress is a subject of controversy. Kuo and

Boersma (1971) found that the rate of nitrogen accumulation in soybean (Glycine mnx),

deriving nitrogen from N2 fixation, was reduced by the exposure of the root system to

polyethylene glycol solution of -0.07 MPa for 10 days. Sprent (1971a) measured a50Vo

decrease in acetylene reduction as detached soybean nodules, allowed to dry in air,lost 107o

water. These led the authors to the conclusion that N2 fixation was sensitive to water stress.

This sensitivity, however, may have been due partly to the immersion of the nodulated roots

in polyethylene glycol solution in the first case and the excision of the nodules from the host

plants in the second case. Finn and Brun (1980) found that acetylene reduction of

undisturbed soybean plans cultured in solution was not affected by water stress for 6 hours.

The water stress was created by submerging only the lower parts of the root system, remote

from nodules, in polyethylene glycol solution of -7.2 MPa. However, they used a low

concentration of acetylene (l.6%o) and the nodulated roots were exposed continuously to the

acetylene for 6 hours.

It has been suggested that N2 fîxation is directly affected by nodule water content

during water stress as acetylene reduction of stressed plants recovered rapidly upon

rewatering (Sprent, 1972c). Recovery was not obtained, however, when nodules were

excised from the host plants (Sprent, l97la). Several other workers found that recovery of
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N2 frxation from water stress was a slow process and independent of nodule water status

(Albrecht et a1.,1984; Kaar et al., L985). Pankhurst and Sprent (1975a) proposed that the

main factor limiting N2 fixation during water stress was the supply of 02 into the nodules as

acetylene reduction of moderately stressed plants recovered upon exposure of the root

system to a high 02 tension. Huang et al (L975b) could also alleviate the effect of water

stress on acetylene reduction by raising the rate of photosynthesis through increasing CO2

concentration sunounding the shoot system. They concluded that photosynthesis was the

major factor affecting nitrogenase activity during water stress.

The effect of \¡/ater stress on N2 fixation by faba bean was investigated in the present

study with the main objectives of examining the response of NZ fixation to water stress and

determining the main factor controlling the response. Attention was focused on an

examination of the sensitivity of NZ fixation to water stress and the proposed factors, i.e.,

photosynthate supply and OZ diffusion, limiting N2 fixation during water stress. The

sensitivity of NZ fixation to water stress was examined by exposure of nodulated plants at

the vegetative stage to water stress created by different methods. These included

withholding water from plants in situ inducing a slowly developed water stress, an

application of polyetþlene glycol solution to theroot systemresulting in arapidly developed

water stress and the exposure of root system to atmosphere also resulting in a rapidly

developed water stress. The standard methd of acetylene reduction assay was used to

measure the response of Nz fixation to water stress. This method, based upon the reduction

of acetylene to ethylene catalyzed by nitrogenase which is responsible for N2 fixation, is

very sensitive and has been widely applied in the study of N2 fixation both in the field andin

controlled environments. The validity of AR as a measure of N2 fixation under water stress

was checked by comparing the response of AR with that of apparent N2 fixation, the

difference between AR and hydrogen evolution (tß). Apparent N2 fixation is considered to

be an accurate measure of N2 fixation (Sellstedt, 1986). Water stress was measured as the

water potential of nodules, leaves, shoots and nodulated roots. Vy'ater potential measures

changes in the cellular water status and has been widely applied as a fundamental measure of

water stress. Kramer (1988a) considered that, although various measures may have









CHAPTER 2

LITERATURE REVIEW

The lite¡ature relevant to the topic "nitrogen fixation and water stress" in leguminous

species available prior to the commencement of this project in 1986 is reviewed and

discussed. The processes of nodule formation, synthesis of nitrogenase, the biochemistry of

nitrogenase and the basic mechanism of nitrogen fixation are broadly outlined as an

introduction. Nitrogen fixation has been estimated in the present study by acetylene

reduction, hence the relationship between acetylene reduction and nitrogen fixation is

assessed. The effects of water stress in the growth of crop plants and the methods used to

evaluate stress are also presented. Attention is focused on the responses of nitrogenase

activity to water stress and the mechanisms by which these responses occur.

2.I. RHIZOBIUM.LEGUME SYMBIOSIS

Agricultural plants, like all eukaryotic organisms, are unable to utilize atmospheric

nirogen directly to meet their nutritional requirement for this element. The organisms which

are able to use this resource belong to the prokaryotes. However, legumes in a mutualistic

association with the bacterium Rhizobit*n are able to use inorganic gas N2 indirectly. This

is advantageous in that the atmospheric N2 is plentiful, there being as much as 3.5 x 105 tons

N2 over a hectare of land (Burns and Hardy , 1975). The key to the ability of the Rhizobiutn

-legume symbiosis to fîx atmospheric N2 resides in the formation of effective nodules. The

existence of nodule structures on the root systems of legumes was f,rrst observed by Fuchs

in L542 (Fred et al.,1932), but the ability of nodules to fix N2 was not realized until about
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300 years later through the work of Hellriegel and Wilfanh published in 1888 (Fred et al.,

1932).

The process of the nitrogen fixation by this symbiosis has attracted considerable

attention in research particularly in the last few decades encouraged by the discovery of the

acetylene reduction method and the crisis in oil energy used in synthetic N2 fixation.

Considerable progress has been made in understanding the process of nodule formation and

the biochemistry of nitrogenase. The genetic operons controlling host specificity, nodule

formation, nitrogenase synthesis and nitrogenase activity to fix dinitrogen have been

identified and designated successively as hsn,nod,nif andfíx genes (Kondorosi and

Johnston, 1981; Denarie et a1.,1981; Huguet et a1.,1983; Beringer, 1983; Ditta et a1.,1983;

Kondorosi et a1.,1985). The genes are ca¡ried by rhizobial plasmids in fast-growing

rhizobia ( Denarie et al., t?|[**dorosi et a1.,1983) or on the chromosome in slow-

growing rhizobia (Henneckel tgSS). However, achieving the objective of utilizing this

biological potential at optimal level for agricultural production under varied environmental

conditions requires further detailed invesúgation.

2.1.L. Nodule formation

Nodule formation is the result of a complex interaction between legumes and their

compatible rhizobia. The reviews of this subject are numerous @art, I974, 1975 and 1977:'

Dazzo,1980; Robertson and Farden, 1980; Sutton et a1.,1981; Newcomb, 1981; Graham,

1981; Verma and Long, 1983; Dilworth and Glenn,1984; Long, 1984: Pueppke, 1984;

Sprent and Minchin, 1985). The sequence of processes leading to nodule establishment is

understood in some detail, but the mechanisms underlying some of the procosses a¡e

obscure. The sequence of processes can be divided into: (i) attraction and multiplication of

rhizobia; (ii) binding of the bacteria to root hairs and deformation of the root hairs; and (iii)

infection and nodule development-
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2.1.1.1. Attraction and multiplication of rhizobia

The first event in the processes of nodule formation is the attraction of bacteria towa¡d

the surface of the root hairs following the stimulation of bacterial growth in the rhizosphere

(Stewart, 1966 Dart, 1974, lg75 and 1977). Exudates from the root such as biotin and

thiamin or other high energy-containing nutrients may be responsible for this event (Graham'

1963;Van Egeraat,l975a,b and c; Sprent and Minchin, 1985) or it may even simply be due

to a non-specifrc rhízosphere effect (Schmidt, 1979). A specific interaction between the

host legume and compatible rhizobia may be developed during this initial process. When
e

homoserini the most abundant organic compound found in roots and root exudates of pea

seedlings, was applied to the g¡owth medium the growth of the compatible Rhizobium

Ieguminosarum wrspromotedbutnotthatofR. triþlü, R.phaseoli orR. meliloti (Yan

Egeraat, 1975b and c). However, there seems to be no specific interaction berween host

plants and the effective-nodulating strain since ineffective strains form nodules in the

presence of effective strains (Purchase and Vincent, t949; Materon and Vincent, 1980).

Moawad et al. (1984) working with soybean and several strains of Rhizobíum japonicum

found that the growth of the most effectively nodulating strains was not specifically

stimulated in the rhizosphere. It is important that plants are infected by an effective-

nodulating strain to obtain a good nodulation, and this can occur only when the rhizosphere

surrounding the roots is occupied by effective rhizobia. Consequently, inoculation with the

correct rhizobialstrain is necessary to guarantee the colonization of the rhizosphere by an

effective- nodulating strain.

2.1.1.2. Bacterial adsorption and root hair curlÍng.

Rhizobia are bound to root hain in a rapid process that takes only a few minutes in R.

japonicum (Turgeon and Bauer, 1982; Ridge and Rolfe, 1936). Surface polysaccharides on

the rhizobial cells and host lectins are considered to mediate this process (Dazzo and Brill,

1979: Bauer, 1980; Dazzo and Gardiol, 1984). The lectins produced by legume root hafus



8

have the capacity to bind to specific carbohydrates particularly the polysaccharide coats of

rhizobia enabling attachment to the root hairs (Hamblin and Kent, 1973; Bohlool and

Schmidt, L974;Dazzo and Hubbell, 1975; Bauer, 1981; Halverson and Stacey' 1985).

Bohlool and Schmidt (L974) found lectins prepared from seeds and roots of soybean to bind

to 22 of 25 nodulating strains but to none of 23 non-nodulating strains tested . In a

reciprocal study in soybean and peanut, however, the adhesion of rhizobia to lectins of the

reciprocal host was not a guarantee of successful nodulation (Pueppke et a1.,1980). This

was further confirmed by Pueppke (1984) and Matthyse (1935) which leads to the

proposition that the adsorption of rhizobia to legume root hairs proceeds through a non-

specific process.

The surface-bound rhizobia induce a deformation in the gowth of the colonized root

hairs which may lead to branching and curling (Dart, 1977). Such plant hormones as indole

acetic acid (IAA) and an unspecified gibberellin-like substance have been proposed to

mediate this response (Stewart, 1966), but Yao and Vincent (1976) did not aglee' suggesting

rather that heat-stable substances were involved. Further, Bauer (1931) and HuÛe[ (1981)

speculated that curling was a direct consequence of rhizobial occupaúon of the root hairs

inhibiting the growth of the colonized regions and leading to an unbalanced growth rate.

2.1.1.3. Infection and nodule initiation.

Infection in most of the grain legumes occurs through root hairs, but in peanut

(Arachis hypogea ) it proceeds through the lateral roots at the base of the root hairs (Sprent,

1979; Sprent and Minchin, 1985). It begins with the formation of hyaline spots located

within deformed roor hairs, a likely result of colonization by rhizobia in the particular region,

which results in an invagination the hair (Nutman, 1956). The infection process leading to

the formation of an infection thread could also result from direct penetration of the bacterium

into the root hafu (Callaham and Torrey, 1981). Enzymes,.such as pectinase and cellulase,
b

may be involved in root hair infection and the formation of infection threads Gfudett et al.,

7978; Verma et a1.,1978).
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Nodule initiation begins with stimulation of cell division in the root cortex which

occurs prior to penetration by infection threads (Daft, 1977; Newcomb et aI.' 1979;

Newcomb, 1931). The infection threads then penetrate and release rhizobia into the newly

developed cells. These rhizobia are enclosed by a membrane þeribacteroid membrane) and

are subsequently called bacteroids. They have different characteristics from free-living

bacteria, for instance in the expression of nitrogenase. In legumes nodulated by slow-

growing rhizobia, both invaded and uninvaded cells in the central zone continue to divide for

some time (Newcomb et al.,1979) which produces determinate nodules having a spherical

or oval form such as those produced by soybean and Cowpea (Vigna unguiculata )- In

plants invaded by fast-growing rhizobia, infected cells cease to divide after the release of

rhizobia into the cell, but uninfected cells continue to divide forming a nodule meristem.

Meristematic activity proceeds for the whole tife of the nodule, and some of the newly

divided cells may become infected producing indeterminate and elongate or branched nodules

such as in faba bean. Cell division and enlargement are probably induced by hormones such

as auxin and cytokinin produced by both host plants and bacteroids (Libbenga et al-,1973;

Libbenga and Torrey, 1973).

2.1.2. Nitrogenase

Nitrogenase is a cornplex of two component proteins, Mo-Fe protein and Fe protein,

also known as protein component I and protein component tr (fhorneley et al., L979i Bunis

et a1.,1980; Yates, 1980). The molecular weight varies between sources of the enzyme and

with the methods used to measure it (Eady, 1980). Average values are 2@,000 Daltons for

component I and 60,000 Daltons for component II.

The synthesis of nitrogenase in the bacteroids probably begins with switching off the

pathway of NtIa+ assimilation (Sprent and Minchin, 1985) followed by de-repression of

níf gene activity. Repression of NII¿+ assimilation may be induced by the presence of

nutrients such as glutamate supptied by the host plant for bacteroid growth. O'Gara and

Shanmugam (1976) found that the assimilation of NH¿+ by free-living cultures of
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Rhizobíwn triþlíí was inhibited by a suppty of glutamate. Glutamine synthetase (GS) is

believed to be involved in this process (Magasanik,1977; Kennedy and Eady, 1979: Merrick

et a1.,1980). This enzyme, together with glutamate synthase (GOGAT), catalyzes the

conversion of NII4+ to glutamate as shown in the following reactions.

NH3 + glutamate + ATP ------Þ glutamine + ADP + Pi

glutamine + c-ketoglutarate + NADPH + H+ ------------->

The GS enzyme has a high affinity for NlI4+, is operative at low concentrations of NII4+

and is suppressed at high concentrations. The assimilation of NH¿+ can also proceed

through the reaction catalyzed by glutamate dehydrogenase (GDH) as shown in the

following reaction.

NH3 + ø-ketoglutarate + NADPH + H+ ------------->

The GDH enzymeis activated at high NIJ4+ concentrations due to its low affinity for NII¿+.

If NUo+ is present at a high concentration, not only is the level and activity of GS

suppressed, but also the synthesis of nitrogenase (Stewart, 1969; Streicher et al., 1972).

This evidence had led to the conclusion that GS is involved in the genetic control of

niüogenase synthesis (Kennedy and Eady, 1979\. Bisseling et al. (L978), however, found

that apptication of ammonium nitrate had no effect on synthesis of nitrogenase measured by

the amount of 35S (sulfate) incorporated into components I and II. The synthesis of

component I was ahead of component II @isseling et a1.,1979).
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2.1.3. The basic mechanism of nitrogen fixation

The mechanism of nirogen fixation by nitrogenase has been reviewed in detail in many

accounts (Eady et al., 1975: Newton et al., 1976; Burris and Orme-Johnson, L976;

Schrauzer, L977; Smith et a1.,1977; Stiefel, L977; Thorneley et a1.,1980; Burgess, 1984

and 1985). It is clear that in order to function nitrogenase requires a reductant, energy in the

form of MgATP and anaerobic conditions. The reductant, such as dithionite (NazSzO+, an

artif,rcial reductant) or ferredoxin and flavodoxin (the likely natural reductants for legume-

Rhizobium symbiosis), reduces the Fe-protein (Evans and Phillips, 1975; Catter et

ø/.,1980). The ferredoxin or flavodoxin gains electrons from an electron donor such as

succinate, fumarate or malate (Dilworth and Glenn,1984) possibly via NADPH @vans and

Phillips, 1975).

Although the chemical mechanism is not fully understood (Burgess, 1985), MgATP is

believed to transfer electrons from Component II to I since hydrolysis of MgATP and

electron transfer occur at the same time (Hageman and Burris, 1978). Under normal

conditions, the transfer of each electron requires the hydrolysis of at least 2 moles Mg ATP

(Lowe et a1.,1935). The MgATP/elecrron ratio may change with conditions (Yates, 1980).

For instance, when the proportion of component I to tr was high, the MgATP/elecnon ratio

was found to be more than 20 tnClostidiurnpasteuriarum (Ljones and Burris, 1972).

Nitrogenase is sensitive to oxygen and hence must be maintained under anaerobic

conditions to prevent inactivation. Conversely, adequate oxygen must be available to

generate ATP in oxidative phosphorylation to suppolt nitrogenase activity. Several

mechanisms to prevent inactivation of nitrogenaseby Oz. have been proposed including

respiratory activity and enzyme conformation (Yates, 1980). In legumes, nodule resistance

¡o Ozdiffusion may also play an important role in the protection of nitrogenase (Tjepkema,

1979). Sheehy et at. (1983) suggested that nodular resistance might control oxygen flux into

the nodule through a sensitive process. However, it is not clear how rapidly nodule

resistance can change. Nitrogenase, particularly component tr (Fe-protein), is extremely

sensitive to G2 and has a hatfJife of 45 seconds at atnospheric Oz tension.
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I-eghaemoglobin, which has a high affrnity for Oz (Wittenberg et a1.,1974), may make

a significant contribution to creating anaerobic conditions within the bacteroid and to

maximizing respiratory activity. This may be crucial during the time lag in adjustment of

nodule resistance to OZ diffusion in response to a change in external 02 tension, or in

response to a change in the rate of respiration. For instance, if the external 02 tension falls,

the supply of Oz from leghaemoglobin to oxidative phosphorylation should increase if the

rate of respiration is to be maintained. The supply of O2from leghaemoglobin should also

be coordinated with any possible decrease in nodule resistance. On the other hand, if the

external OZ tension increases or the rate of respiration falls, the oxygenation of

leghaemoglobin should increase to maintain anaerobic conditions within the bacteroid zone

before nodule resistance has been fully adjusted. The significance of this mechanism may lie

not so much in relation to 02 tension in the external atmosphere, but become vital if the rate

of respiration fluctuates in response to change in photosynthesis.

2.1.4. Acetylene reduction in relation to Nz fixation

The ability of nitrogenase to reduce acetylene to ethylene was first observed in two

independent studies published in 1966 (Schollhorn and Burris,l966; Dilworth,1966). This

discovery has led to the deveþment of the acetylene reduction assay (Hardy et a1.,1968)

which has been widely used as a cheap and practical method to estimate rates of NZ fixation

by nodulated plants (Hardy et al.,1973).

The acetylene reduction method must be used with care to esúmate nitrogen fixation as

the reduction of each substrate requires a different number of electrons. It has recently been

proposed that the reduction of component I, where subsnate reduction takes place, proceeds

in steps (Burgess, 1985), and that the reduction of acetylene which requires only 2 moles

electron per mole acetylene, occurs at a lower reduction stage than that of Nz which requires

6 moles electrons. On the basis of electron use, a theoretical conversion of acetylene

reduction to NZ fixation was proposed (Hardy et a1.,1968; Silver and Mague, 1970).
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N2 + 6 H+ + 6e- ---------------------; 2 NH3

CzHZ + ZIJ+ + 2e- ----------------->

so that

N2 = 3 CzH¿

A problem with such relationships is that when the enzyme is exposed to N2, some

electrons a¡e diverted to the reduction of protons to produce hydrogen (HZ). In contrast,

when the enzyme is exposed to acetylene at an optimal concentration, all electrons are used to

reduce this substrate. Accordingly, the magnitude of the constant of proportionality varies

according to the amount of hydrogen evolved and the flux of electrons to acetylene.

Hydrogen evolution seems inevitably to accompany biological N2 fixation (Eisbrenner and

Evans, 1983). This was first observ ú, în Azotobacter vinelandii where it was demonstrated

that hydrogen evolution was a result of proton reduction catalyzeÃby nitrogenase (Bulen er

aI., L965; Burns and Bulen,1966). Schubert and Evans (1976) concluded that hydrogen

evolution was a major factor influencing the efficiency of nitrogen fixation in many

leguminous species. These authors further claimed that at least one mole H2 is evolved per

mole N2 fixed which means a relative efficiency of nitrogen fixation (RE = I-IIE/AR) of

0.75, or 4 mole CzHz reduced per 1 mole N2 fixed. RE has been found to vary

considerably between leguminous species and to be affected by a range of factors (Schubert

andEvans, 1976;Edie, 1983). Thismaybeoneof thereasonswhythereportedconversion

values of CzH¿ to Nzfixation vary widely (Bergersen, 1970; Mague and Burris,1972;

Nohrstedt, 1983).

The flow of electrons to nitrogenase, measured as acetylene reduction or hydrogen

evolution, has been found to decline following prolonged exposure of nodules to acetylene

or argon and helium (Minchin et a1.,1983a and b). This has been suggested to be due to an

increased nodule resistance to oxygen diffusion resulting from the cessation of NHa+

production (Sheehy et a1.,1983; V/itty et al.,1984; Minchin et a1.,1985; Sheehy et aI.,

1985). The relationship between acetylene reduction and Nz fixation is more complex as the

allocation of electrons to proton reduction or N2 fixation is influenced by both internal and

extemal factors. Internal factors include the ratio of the two protein components (Mo-Fe/Fe)
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of nitrogenase and the flux of electrons to nitrogenase. 'Working with purifred enzyme from
c

Azotobìter víneland.íi, Shah er at. (1975) found that the total electron flux to nitrogenase

(measured as acetylene reduction) and the proportion of the electrons used to reduce N2

changed as the ratio of component I to component II was varied. The proportion of electrons

allocated to Nz fixation was maximal as the ratio, component I[I, approached one. This is

potentially important as the synthesis of the two protein components of nitrogenase in peas is

not coordinated during nodule development (Bisseling et al., 1979). Component I was

synthesized first, increasing with plant age to 23 days after which it declined. It is to be

expected therefore that the proportion of electrons partitioned to the reduction of each

substrate will vary with plant age, and relative efficiency (RE) will vary accordingly. Edie

(1983), working with the same species, found just such a fluctuation in RE with plant age.

Another factor that influences the proportion of electrons allocated to the reduction of N2 or

proton is the total flux of electrons to nitrogenase. Hageman and Burris (1980), working

with purifred enzymes from Azotobacter vinelandíi,found that electrons were used relatively

more for proton reduction when the electron flux to nitrogenase was low, and NZ fixation

was favou¡ed when the electron flux was high.

The external factors known to exert an influence on RE are nitrate, light, CO2,

temperature and 02. Edie (1983) found RE to be increased by increased nitrate, but reduced

by increased light flux density and COz concentration . The effect of nitrate was comparable

with that of 02 tension @revon et al., 1932). This effect of light flux density is not

consistent with the observation by Silsbury (1981) of a linear relationship between H2 and

CzHlover a range of light flux densities in subterr¿nean clover (Trifoliwn subterraneunt).

The effect of temperature seems to vary with species. In cowpea, an increase in

temperature from 20 to 40oC enhanced H2 evolution @art and Day, l97t) and the ratio of

Hz to CzÍf¿ (Rainbird et a1.,1983b). In soybean, H2 evolution was enhanced only up to

30"C (Dart and Day, l97l). These reports agree with Bertelsen (1985) who found RE

declined in peas as temperature increased from 7 to27"C.

Although these various factors clearly exert an influence on RE, how they influence

the allocation of electrons between the two substrates is not understood. Rainbird er ¿/.

(1983b) speculated that the decrease in electrons allocated to NZ fixaúon could be due to the
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effect of increasing Hz evolution with temperature. It is known that proton reduction is a

competitive inhibitor of N2 reduction (Hardy et aI.,1973). Edie (1983) associated the effect

of nirrate, light, CO2 and plant age with the supply of photosynthate to nodules. RE was

reduced under conditions which increased the supply of photosynthate to nodules, andvice

versa. This is not consistent with the finding that Nz fixation is favoured at a high electron

flux which would be expected at a high photosynthate supply.

In conclusion, although the acetylene reduction assay has been used successfully to

estimate N2 fixation, care should be always taken in its applications because the relationship

between CzH+evolution and Nz reduction is influenced by several factors.

2.2. WATER STRESS

2.2.L. The phenomenon of water stress and its defÏnition

Water stess is a natural phenomenon in land-grown plants. One of the major causes is

the uneven distribution of rainfall, the main source of water, over time and space. There is

often a period of the year when the intensity of rainfall is high, but there may be insufficient

or no rain over others. Even if plants are grown in a mesic habitat, they may still suffer from

water stress due to the limited capacity for water abso¡ption by the roots to keep pace with

the high evaporative demand imposed by the atmosphere. This often happens at mid-day

when the temperature is relatively high (Begg and Turner,1976). A high accumulation of

salts in the rhizosphere, low soil temperature and poor soil aeration may also inhibit water

uptake by roots (Kramer, 1980). Consequently, "Water stress" is not only a natural and

recturent phenomenon, but also an inevitable problem in growing crop plants.

Even though the phenomenon of water stress has been fully recognized, no single

definition used to describe this phenomenon has been unanimously accepted. Kramer

(1930) put more emphasis on the reaction of the plant than on environmental action (drought)

in defining water stress, and described water stress as a condition of reduced plant water



content which causes physiological dysfunction. The author further explained that the level

of water stress is determined by the value of water potential falling below the optimum value.

This is similar ro the definition used by Slavik (1975) who described water stress simply as

an internal water shortage in the plant. One of the constraints of this defînition is that it does

nor consider plants which have the ability to withstand low water availability resulting from

an ability to undergo osmotic adjusunent or from other processes. Hsiao (1973) has shown

that a process such as growth is sensitive to reduced cell water potential, whilst another such

as respiration is tolerant. If this definition is applied, it is impossible to describe the

condition of the plant, as it would be stressed for cell gowth but unstressed for respiration.

Levitt (1980) discussed the lack of a definition in detail and defrned stress as an external

factor acting on an organism. Borowitzka (1981) specifically confined the meaning of water

stress in her review to "a decrease in extracellular water potential or water activity". This

definition is adopted here simply because it can help to distinguish between the various

responses of plant processes to a decrease in water supply. This is appropriate for the

objectives of the present study - an investigation of the response of nitrogenase activity

(ninogen fixation) to reduced water supply.

2.2.2. Definition of water stress parameters

W'ater stress can be quantified in several ways (Barrs, 1968). The following terms are

those commonly employed in the study of nitrogen fixation by legumes under sEess.

Water Content (WC)

16

(2.ta)

(2.1b)

WC= x 100

or WC= x 100

where FW and DW are fresh weight and dry weight respectively-



Sprent (L973; L976a and b) used a variant of this to express nodule water content as

T7

(2.2)

(2.3)

(2.s)

wCi

where WC¡ = water content of i sample, FWi is fresh weight of i sample and FW¡¡¿¡¡ =

maximum fresh weight of nodules.

Relative Wøter Content (RWC)

RWC = x 100

TW-DW
ffiffi

where TW is the turgid weight obtained after saturating the sample tissue with water.

Water Saturatíon Defícít (WSD)

V/SD = x 100 (2.4)

Water potentíal (Y)

The concept of water potential was developed from the principle of thermodynamic

free energy which deals with the amount of work required to move one mole of water from

some point in a system to the point of reference, free water. A detailed discussion of this

and the derivation of equations can be found in Slatyer (1961\, Meidner and Sheriff (1976),

Borowitzka (1981), and Noble (1974>. The water potential (Y) is defined as the difference

between the chemical potential of the water under study and the chemical potential of pure

water divided by the partial molar volume of water.

where p* is the chemical potential of water under study, p*o that of pure water, and V* is

the partial molal volume of water. This equation describes how much energy contained by
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the water under study is available to do work compared with pure water (p* - p*o). The

chemical potential of water is derived from the following equation

Fw = ltwo + RT lnarry + V*P (2.6)

where R is the gas constant (8.31 Joules m-loT-l), T is the absolute temperature, aç, is water

activity and P is pressure. The water activity is proportional to osmotic potential (II) as

shown in the following equation

RT ln âw = -Vw fI (2.7)

Substitution of equation (2.6) and (2.7) into equation (2.5) results in

Y-P-N (2.8)

Water potential (Y) and osmotic potential (P) can be measured by the isopiestic technique

(Barrs, 1968), but is commonly measured with a pressure bomb or a thermocouple

psychrometer (Barrs, 1968; Turner, 1981). Turgor potential is usually estimated from the

difference between the osmotic and water potentials (furner, 1981; Tyree and Jarvis, 1982),

but can be directly measured with a pressure probe (Husken et al., 1978; Steudle et al.,

1983).

2.3. THE EFFECTS OF WATER STRESS ON Nz FIXATION

When water stress develops to a sufficient degree, it is undoubted that N2 frxation by

the Rhizobium -Iegume symbiosis will be reduced. However, this is not the primary

question in the study of the effect of water stress on N2 fixation, but rather how far the

process can be optimized with a limited water supply so as to maximize the production of
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protein per unit area (Herri ge, 1982). This can be approached onty when the effects of water

stress on nitrogen fixation are well understood and these may vary from one species to

another.

Most studies of the effect of water stress on nitrogen fixation have concerned soybean,

other legumes receiving only timited attention (Table 2.1). There is linle agreement between

these studies as to the responses of N2 fixation to water stress. Sprent (1972c), for instance,

using field-grown faba bean demonstrated a considerable variation in nitrogen fixation

measured as acetylene reduction with soil water content. However, the data suggested that a

decrease in soil water content from 167o (field capacity) to about l07o dtd not limit nitrogen

fixation. This may have been due to the fact that the measurement of nitrogen fixation by

plants in ttre field using the acetylene reduction assay is difficult, particularly in conditions of

water stress. The difficulty in removing plants from the soil may result in extra time for the

preparation of samples for acetylene reduction assay and cause some nodules to be left in the

soil. This, together with possible va¡iations in the environment fTom day to day or even

from hour to hour, may produce a major error in the acetylene reduction assay. When

experiments were conducted in a controlled environment, ninogen fixation showed a slow

decrease in acetylene reduction with decrease in nodule water content to about 90Vo of

maximum nodule water content, and a rapid decrease thereafter to almost complete inhibition

at 407o nodule water content (Sprent, 1973 and I97 6a). However, this result does not agree

with the findings of Huang et aI (1975a) who reported an increase in acetylene reduction in

growing plants with the initial development of water stress or with those of Finn and Brun

(1980) who detected no effect of water stress on the nitrogen fixation of solution-cultured

soybean.

These apparently conflicting responses may be determined by the experimental

procedures used to measure N2 fixation. Therefore, it may be worthwhile to review

separately reports of the effects of water stress on nitrogen accumulation in plants and on

acetylene reduction.



Table 2.1. Reports of water defrcit effects on N2 fixation by legumes.

a¡d Water stress applied
to in

Ninogen tixaüon measured
asmon

Stress level at lniual inhibÍtion
I¡aves nodules

Reterences

site

Alfalfa
fMedicago sativa)

Pot

Birdsfoot-trefoil
Vntus corniculafusf

plant 2 B ARA 3 Tot. plant <-0.5 MPa

Aparicio-Tej o et al., 1980
AparicioTejo and
Sanchez-Diaz,1982

Foulds, 1978

Foulds, 1978

Foulds, 1978

Foulds, 1978

Pankhurst and Sprent, 197 6

Sprent, I976a

Field

Pot Plant
Black medic
lMedicago htpulínal

Nod. 1 A

2B
ARA

ARA

ARA

ARA

ARA

ARA

3

3

3

3

Nod.

Nod.

Nod

Nod

Nod

Nod

Field

Pot Plant
Common bean
lPlnseolw vulgarísf

Pot Nod.

Pot Nod.
Cowpea
lVignøunguiculataf

Field Plant
Faba bean
[Viciøfabal

Field Plant

Nod. 1 A 3

32B

1A
1A

2BARA 3 Nod.

-0.2 MPa

Zablotowic z et al., l98I

N)
2BARA 3 Nod. <177o(SMC) Sprent, 1972c



Pot Plant
Lupin
fLupir,ts arboreusl

Pot Plant
Mungbean
lVignaradiatal

Pot Plant

ARA

2BARA 3

B ARA 3

3

ARA

ARA

N content

pot plant 2

Siratro
lM ac rop tilwn atr op urp ur ewn f

Pot Plant 2

Pigeon
lCajarus

pea
cajanf

ARA

ARA

ARA

ARA &
ARA

ARA

ARA

3

3

B

B

2

2

3

3

3

B ARA

Nod. Gallacher and Sprent, 1978

Nod <l00Vo (Max.NF'W) Sprent, 1973

Nod -0.58 767o (NWC) Kaur ¿r a1.,1985

Nod <-1.07 <-0.65 MPa Sheoran et al.,l98l

Nod <-1.0 <-1.0 MPa Ismaili et a1.,1983

Soybean
fGlycine max]

Pot

Pot

Pot

Pot

Nod. 1

Plant 2

Plant 2

Nod.&

Plant 2

Plant 2

Nod. 1

Plant 2

Plant 2

Plant 2

Nod.

Nod.

Tot.Plant

A

B

c

B

C

A

B

B

B

Pot

Pot

Pot

Pot

Pot

<1007o(Max.NFW) Sprent, l97la
<I007o(Max.NFW) Sprent, l97lb
<-0.035 MPa* Kuo and Boersma, 1971

l5N2

3

3

3

4

4

J

Nod.

Nod.

Nod.

Intactplant

krtactplant

Nod.Root

<-0.45 MPa

<-0.45 MPa

<-0.6 MPa

<3.5 (FWDW¡*'*

-0.2 MPa

<-0.40 MPa

Sprent. 1972b

Sprent, L972c

Pa¡khurst and Sprent, 197 5a

Huang et aI.,I975a

Huang et a1.,1975b

Hume et a1.,1976
b,.)



Pot

Pot

Pot

Pot

Pot

Pot

Field

Pot

Field

Pot

Pot

Field

Nod.

Nod.

Plant

Plant

Plant

Plant

Plant

Plant

Palnt

Plant

Plant

Plant

1

1

2

2

2

2

,4

C

C

c
B

B

B

B

B

B

B

B

2

2

2

2

2

2B

ARA

ARA

ARA

ARA

ARA

N.content

N.content
ARA

ARA

ARA

ARA

N.content

ARA

Nod.

Nod.

Intact plant

Nod.

Intact plant

Tot. plant

Tot. plant
Nod.Root

Nod.Root

Nod.

Nod

Tot.plant

intact plant

Nod.

Nod.

<-1.0 MPa

3

3

3

3

4

3

3
3

3

3

)̂
3

4

-0.2 MPa

-0.2 MPa
_0.008 MPa***

Pankhurst and Sprent, 1976

Sp6ent and Gallacher, 197 6

Fi3beck et al.,1973

Patterson et a1.,1979

Finn and Brun, 1980

Rathore et al,l98I

Matheny and Hunt, 1983

Bennett and Alb'recht, 1984

Albrecht et a1.,1984

Swaraj et a1.,1984

Cwe et al.,1985

Vy'eisz et a1.,1985

Foulds, 1978

Foulds, 1978

<-1.0 MPa

<-0.8 MPa -0.7 - -0.9 MPa

<-I.4lvlPa<607o (NWC)

- 987o (NWC)

White clover
lTrifoliurn repensl

Field Nod. 1

Pot Plant 2

Pot Plant 2

A
B

B

ARA

ARA

N.content

3

J

3 Tot.plant <1007o(NWC) Engin and r973
et aL 1980

= water stress
NFW = Ma¡rimum nodule fresh weight,

** F\¡,ryDW of nugid nodules >
NWC = nodule water content &

medium, 4, **'* soil water potential. The

or

l.J
b.)
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2.3.I. The effect of water stress on nitrogen accumulation

If plants rely on the Nz fixation process as the sole source of nitrogen, nitrogen

accumulation can be used as a direct measure of N2 fixing activity. Ninogen accumulation is

the net result of several processes such as nitrogen assimilation and transport, hence it may

not be sufficiently sensitive as a measure of Nz fixation, particularly if stress is imposed for

a short term. However, it may become a reliable indicator if the stress is imposed for a long

period so that nitrogen accumulation is integrated over time.

The effect of water stress on nitrogen accumulation is not clear. Kuo and Boersma

(1971) reported for pot-grown soybean that the rate of nitrogen accumulation was very

sensitive to water stress. When soil water potential was reduced to -0.07 MPa from -0.03

MPa by the application of potyethylene glycol solution (PEG, 6000), the rate of nitrogen

accumulation declined by I47o during 10 days. Any possible toxic effect of PEG, suggested

to be caused by metallic and organic ions (Lagerwerff et al.,196l; Greenway et a1.,1968),

was prevented by covering the nodulated roots with a semipermeable cellulose membrane.

However, no evidence was given to show that toxic ions were completely excluded by the

membrane during the 10 days of the experiment. Further, the prolonged immersion of the

nodulated roots in PEG solution may have disturbedOz supply to the nodulated roots as it

has been suggested that the solubility and transport of 02 in a PEG solution is low (Mexal er

at., 1975). The apparent sensitivity of N2 fixation to water stress claimed with this

experiment therefore may be confounded by side effects of PEG. Ctre et al., (1985)

working with the same species grown in a controlled environnûent found a substantial

suppression of nitrogen accumulation when water was withheld for 5 days. Leaf water

potential of the stressed plants on the last day of the stress period fell to -1.2 to -1.8 MPa.

However, Matheny and Hunt (1983), working with field-grown soybeans, found no

significant difference in maximum nitrogen accumulation between irigated and non-irrigated

plants despite the latter plants experiencing water stress as shown by xylem pressure

potential.

Chapman and Muchow (1985) examined the effect of water stress on nitrogen

accumulation in several species of tropical legume - soybean, green gram, black grâffi,
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cowpea,lablab bean and pigeon pea. Plants were grown in the field and water stress created

by withholding irrigation after 2 or 6 weeks. Total nitrogen accumulation and the rate of

nitrogen accumulation were reduced for all species by water stress with greater reduction the

longer the period of stress. Some variation in response between species was appatent and

the ranking of water stress tolerance in terms of nitrogen accumulation was cowpea > green

gtam> lablab = soybean ('Buchanan')> pigeon pea = Black gram > soybean ('Durack').

The amount of nitrogen accumulated per unit biomass increased in cowpea, lablab bean and

black grâh, and was constant in pigeon pea, green gram and soybean cv.Buchanan, but fell

in soybean cv. Durack. This indicates that nitrogen fixation may be less sensitive to water

stress than biomass accumulation in some legumes. There are several examples where

nitrogen accumulation is apparently more sensitive to stress than biomass production (Table

2.2).

From these reports, there appears to be little agreement in the response of nitrogen

accumulation to water stress between one experiment and another even within the same

species. This may be due to the methods used to create water stress and the degree of water

stress when a measurement is made but, as the water status of the plant is not often

measured, it is difficult to make a detailed comparison between results. Therefore it is not

clear how N2 frxation, expressed as nitrogen accumulation, responds quantitatively to water

süess. Further investigations which include a reliable measurement of plant water status are

needed. Nitrogen accumulation as a measure of N2 fixation is suitable only for studies

where water stress is imposed for a long period, but the interpretation of the response of N2

fixation to long telÏn water stress may be difficult, as the effects of water stress could be

confounded by responses to time and site.
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Table 2.2. Changes in nirogen accumulated per unit dry matter accumulated ([N]) in some

non-leguminous and leguminous species dependent upon N2 fixation or NO3- as source of

niftogen in response to water dehcit.

Species Main
sources

Changes
in [Nl*envrronment

Non-legumes

Oats

Sudangrass

Millet

Sorghum

Legumes

Alfalfa

Soybean

Soybean

White clover

Field pea

Soybean

Soybean

Soybean

Lablab bean

Cowpea

Black gram

Pigeon pea

Green gram

Soybean

cv.Buchanan

cv.Durack

Pot

Field

Field

Filed

Pot

Field

Pot

Pot

Pot

Pot

Field (1979)

Field (1980)

Field

Field

Field

Field

Field

Field

Field

+3Vo

-L4Vo

-I27o

-3l%o

-llVo

ÙVo

+277o (ns)

-57o (ns)

+247o (s)

+l3%o (s)

+237o (s)

+107o (ns)

O7o

No¡-

No¡-

No¡-

Nog-

Nq-

N2 fix.

N2 fix.

N2 fix.

N2 fix.

N2 fix.

N2 fix.

N2 fix.

Nz fix.

N2 fix.

N2 fix.

N2 fix.

Nz fix.

N2 fix.

N2 fix.

+22Vo

+28Vo

+28Vo

+22Vo

+3Vo (ns)

-9Vo (s)

Bourget and Carson, 1962

Bennett et a1.,1964

Bennett et a1.,1964

Bennett et a1.,7964

Bourget and Carson, 1962

Hunt ¿f al.,1979

Kuo and Boersma, 1971

Engin and Sprent,1973

Minchin and Pate, 1975b

Raper and Patterson, 1980

Matheny and Hunt, 1983

Matheny and Hunt, 1983

Chapman and Muchow, 1985

Chapman and Muchow, 1985

Chapman and Muchow, 1985

Chapman and Muchow, 1985

Chapman and Muchow, 1985

Chapman and Muchow, 1985

Chapman and Muchow, 1985

This is modified from and Hitz, 1983
[N]*:an increase or decrease in N concentration of stressed plants
unstressed plants, s and ns = statistical significance and non significance

relative to that of
respectively.
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2.3.2. The effect of water stress on acetylene reduction

The acetylene reduction assay is commonly used to study the response of Nz fixation

to water stress, due to its simplicity and high sensitivity resulting in the capacity to measure a

small change in nitrogenase activity in a short term. However, comparison of results from

different experiments is complicated by the differences in experimental procedures. Several

workers have measured acetylene reduction by plants disturbed in some manner, e.g.by

excising the root system, while others have used an undisturbed system. The following

review discusses the repors using disturbed and undisturbed systems separately to minimize

this complexity.

2.3.2.1. Acetylene reduction measured in undisturbed plants

Theoretically, the ideal procedure in the use of the acetylene reduction assay is to

expose growing plants in sítu to C2IJ2 without disturbing the root system. When this

technique was applied by Fiåbeck et at. (1973), it was found that ethylene production

increased as the soil water potential decreased. However, nitrogenase activity was reduced

by even a slight fall in soil water potential when plants were assayed after removal of the

rooting medium. This led the authors to suggest that the apparent increase in nitrogenase

activity under water stress when the undisturbed plants were assayed was attributable to a

decrease in soil resistance to gas diffusion resulting from the loss of water. Huang et al.

(I975a) found for a soil initially at field capacity that nitrogenase activity at first apparently

increased when water supply was withheld, but then declined as the period of water stress

was prolonged. When plants were assayed after removal of the rooting medium, nitrogenase

activity declined immediately water stress developed, a response similar to that obtained

above. The interpretation that the apparently increased nitrogenase activity observed during

water stress is due to an increase in the gas permeability of the soil can be accepted only if

the nitrogenase activity of plants removed from the rooting medium is similar to that of

undisturbed plants. It is possible that reduction in the nitrogenase activity of nodules
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exposed to air and consequently to water stress could result at least partially from the

disturbance of the nodules during removal of the rooting material. An alternative

interpretation is that limis to nitrogenase activity are imposed by the presence of water in the

gaseous path\¡/ays in the nodules of well-watered plants.

Weisz et al (1985) found no significant response of the nitrogenase activity of field-

grown soybean to the initial development of water stress. In this case, nitrogenase activity

was measured in growing plants in situ by the acetylene reduction assay using an open

system at a flow rate of 17 cm3 sec-I, which would minimize any effect of resistance to

gaseous transport in the soil. They found that acetylene reduction was significantly reduced

only after 5-6 days of drought. Unfortunately, the extent of the water stress experienced by

the plans was not measured. It should also be noted that the concentration of acetylene used

in the assay was sub-optimal, and maximum ethylene production was estimated. Further,

the same plants were assayed every day for acetylene reduction following the imposition of

treatments. There may be a serious problem in the use of acetylene reduction assay for

repetitive measurement of nitrogenase activity in plants gfowing in soil in that acetylene may

not disperse rapidly from the soil after the completion of each assay. If acetylene remained

in the soil for a long time, the metabolism of the nodules may be changed with the inhibition

of N2 fixation.

In a different system, but with undisturbed plants, Finn and Brun (1980) attempted to

eliminate these problems in the use of the acetylene reduction assay with soil-grown plants.

Soybean plants were grown in solution culture and water stress imposed abruptly by

exposure of the nodulated roots to a polyethylene glygol solution of -I.2 MPa. Acetylene

reduction remained constant for 6 hours whereas shoot carbon exchange rate was

substantially reduced after only one hour. This suggests that N2 fixation does not respond

rapidly to water stress. The failure of other workers to observe this response could be due to

limitations in the experimental or assay procedures.
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2.3.2.2. Acetylene reduction measured in disturbed plants

An acetylene reduction assay carried out on a disturbed plant, e.g detached nodules or

nodulated roots and plants transferred to darkness, rây not fully reflect the capacity of the

symbiosis to respond to water stress. However, this may depend upon species, and the

experimental or assay procedures employed. For instance if nitrogenase activity is mainly

dependent upon curent photosynthesis, a decrease and cessation in the supply of

carbohydrate from the shoot to nodules upon the removal of plants from the light and upon

detachment of nodules or nodulated roots respectively may interfere with the effect of water

stress on nitrogenase activity. Ethylene production by soybean nodules was reduced within

20 to 60 minutes when shoots were excised (Mederski and Streeter, 1977; Huang, I975a).

Respiration of nodulated roots in white clover fell within 10 minutes of the removal of the

expanded leaves or after darkening the shoot, and nitrogenase activity-tinked respiration

ceasedwithin 1-2hoursof leaf removal(Ryle etal,1985a). Problemsindetachednodules

may be more complex as resistance to 02 diffusion into the nodule appears to increase upon

detachment (Ralston and Imsande, L982).

When detached nodules of soybeans were allowed to dry out in air to create a

difference in nodule water content, nitrogenase activity was found to be sensitive to water

stress (Sprent, lgTlaand b). A reduction in nodule water content of LÙVo from the turgid

level caused a 50Vo inhibition in nitrogenase activity. V/hen nodule water content declined

further to ST%o,nitrogenase activity was suppressed almost completely. A similar degree of

sensitivity was also reported when water stress was imposed by withholding water from

plants growing in pots, but nitrogenase activity was measured with nodulated roots detached

and removed from the rooting medium. Sheoran et al (L981) reported, with this method

used on pigeonpea grown in pots in natural light, that acetylene reduction was reduced by

4I7o as nodule water potential fell from -0.65 to - 1.25 MPa as a result of withholding \¡/ater

for 2 days. No acetylene reduction was detectable when plants were stressed for 4 days with

a nodule water potential of -2.10 MPa. In mungbean, grown also in pots under natural light,

acetylene reduction was reduced by 467o, 857o and 96Vo when water was withheld from

plants for 2,4 and 6 days respectively (Kaur et a1.,1985). These periods of stress reduced
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nodule water content by \Vo,28Vo and 49Vo respectively. Since environmental conditions

during the experiments including the level of irradiance were not reported, these results

should be interpreted with care. However, Swaraj et al (1984a), working with soybean

grown in a controlled environment and stressed in situ, also found a sensitive response of

the nitrogenase activity of detached nodulated roots to water stress. Even a decrease in

nodule water content of only L%o after withholding water for 2 days caused a 46Vo decrease

in acetylene reduction and a 57Vo decrease in hydrogen evolution. When plants were

süessed for 3 days, acetylene reduction and hydrogen evolution fell to 24Vo of the unstressed

values. The nitrogenase activity of several other legumes including common bean, white

clover, lupin and siratro using the same procedure of water stress and assay was reported

also to be sensitive to water stress (Sprent, 1973, 1976a and b; Ismaili et al., 1983).

Further, the nitrogenase activity of several pasture legumes including alfalfa, subclover and

white clover measured with intact plants removed from the rooting medium but with water

stress imposed by withholding water before uprooting was also reported to be sensitive to

water stress (Aparicio-Tejo et a1.,1980; AparicieTejo and Sanchez-Diaz,1982).

In contrast, several other reports suggest that nitrogenase activity is not sensitive to

water stress. In the following studies nitrogenase activity was measured with detached

nodulated roots removed from the rooting medium after water stress had been imposed by

withholding water from the plants before detaching the nodulated roots for assay. Sprent

(1972c) found in one experiment with pot-grown soybean that nitrogenase activity remained

relatively constant as nodule fresh/dry ratio fell from about 4.5 to below 3.75 (equivalent to

a lTVo decrease in nodule fresh weight), but decreased sharply when nodule freslVdry ratio

fell to about 3 (equivalent to 677o nodule fresh weight). Bennett and Albrecht (1984),

working with the same species, showed that nitrogenase activity was significantly affected

by water stress only after nodule water potential fell to around -0.8 MPa ten days after

withholding water. Nevertheless, it was concluded that nitrogenase activity was very

sensitive to a decrease in nodule water potential. In faba bean, the nitrogenase activity per

unit nodule dry weight of stressed plants was the same as that of unstressed plants

(Gallacher and Sprent, 1978). The authors reported that plants from which water was

withheld had wilted indicating that the plants were stressed. However, nitrogenase activity
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per plant was reduced by water stress possibly due to nodule shedding or growth inhibition

of the nodules. In a field experiment with the same species, nitrogenase activity varied

considerabty with soil moisture content (Sprent, 1972c). While nitrogenase activity of some

plants was markedly reduced as soil moisture content fell below f,reld capacity, in others it

remained high. This suggests that the observed variations in nitrogenase activity at a slight

to medium level of water stress may not have been due to variation in the soil moisture

content. 'Water stress in this experiment was created by withholding water and protecting the

areas of the crop subjected to water stress with rain shelters. Plants were sampled from

unstressed and stressed areas twice a week during the experimental period of about 2 months

to construct the relationship between nitrogenase activity and soil moisture content. Climatic

data were not reported, and this raises a question as to whether environmental factors had

affected this relationship. Further, covering the plants subjected to stress with a polythene

sheet may have reduced iradiance and varied the temperature. The data were analyzedby

quadratic regression techniques and it was concluded that field capacity was the optimum

level of soil moisture content for maximum nitrogenase activity. In contrast, Albrecht et al.

(1984), working with field-grown soybean, found that withholding irrigation had no

signifrcant effect on nitrogenase activity until nodule water content fell to about 6OVo 14 days

after withholding irrigation. Nodule water content on day L2 had fallen to approximately

70Vo. These experiments suggest that an ability of nitrogenase activity to tolerate water

stress to some degree also can be observed when water stress is imposed on growing plants

ín situ. Therefore, the sensitive response reported in with other techniques (Sprent, 1971a

and b) may be due to the effect of detaching nodules and to the experimental procedures

employed to create water stress.

2.4. FACTORS LIMITING NZ FIXATION UNDER WATER STRESS

As the response of N2 fixation to water stress is controversial, as discussed above, it is

not surprising that the mechanism through which N2 fixation may be influenced by water
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stress is unresolved. Two major hypotheses have been proposed to explain an effect of

water stress on nitrogenase activity. The first states that water stress operates indirectly by

limiting photosynthesis and hence carbohydrate supply to the nodule. The second postulates

a direct effect of stress on the nodules, particularly a change in nodule resistance to oxygen

diffusion. It is also possible that nitrogenase activity under water stress is affected by a

change in cellular metabolism in the nodules. Experiments testing these hypotheses will be

reviewed and discussed.

2.4.1. Cellular water content.

The first change experienced by a plant during an episode of water stress is a reduction

in cellular water content. Reduction in the cellular water content of nodules may influence

nitrogenase activity through a change in resistance to metabolite transport induced by an

increase in the concentration of molecules, or through a decrease in energy metabolism

resulting from inhibiúon of mitochondrial activity. Nicholls and Lindberk (1972) found the

oxidation of glutamate and malate by mitochondria of rat liver inviffo to be reduced when

sucrose was added to the reaction medium. ATPase activity was also reduced by a high

sucrose concenEation. This inhibition \rras suggested to be due to the collapse of the matrix

compartment of the mitochondria. Novgorodov and Yaguzhinsky (1985) found that K+

efflux from rat liver mitochondria incubated at pH 7.9 decreased with increase in sucrose

concentration from 120 to 320 mosM. When incubated at pH 6.'7,K+ efflux was very low

but this increased as sucrose concentration was raised. Flowers and Hanson (1969) found

that the oxygen uptake by mitochondria from soybean hypocotyls was reduced with an

increase in concentration of sucrose or potassium choride. This reduction was considered to

be due to a decrease in the rate of reduction of the substrate. Several other workers have also

found a change in strucn¡re and activity of plant mitochondria under water stress (Nir er a/.,

1970; Miller et al., t97I).

The evidencc supporting the view that nitrogenase activity is directly affected by a

decrease in nodule water content is presented by Sprent (1971b and 1972c). She found that
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the nitrogenase activity of snessed soybean plants recovered following immersion of the

roots in water for 45 minutes. Even when acetylene reduction was reduced by 75Vo,

indicating that the plants had experienced severe stress, nitrogenase activity recovered within

that time. When roots were immersed in water containing 3H, labelled water flowed initially

into the nodules rather than directly to the shoot (Sprent 1972c). Most studies, however,

have shown that N2 fixation recovers from water stress slowly, and this rarely occurs within

one day even though nodule water status is fully restored and plants have experienced only a

mild water stress (Ismaili et a1.,1983; Albrecht et a1.,1984; Kaur ¿t aI., 1985). This is true

even for pigeonpea, a legume known to withstand water stress better than other legumes

(Sheoran et a1.,1981). Patterson et al. (1979) examined the responses of nitrogenase

activity, leaf water potential and nodule energy charge to re-\{/atering with soybean

previously stressed to a leaf water potential of -2.4 MPa. It was found that nitrogenase

activity, measured as acetylene reduction per unit nodule dry weight, recovered only after 12

days, while leaf water potential and the nodule energy charge of nodules were restored

within one day. In a separate experiment with plants of comparable a5e, recovery in leaf net

COz exchange lagged several days behind that in leaf water potential. The lag in the

recovery of nitrogenase activity could therefore be due to the lag in the recovery of leaf net

CØ exchange resulting from slow re-opening of stomata upon rewatering. Boyer (197L)

observed that stomatal resistance responded slowly to re-watering in comparison with leaf

water potential. This evidence suggests that N2 fixation during water stress appears not to

be limited by nodule water potential, leaf water potential and energy charge of the nodule,

but rather by photosynthesis.

2.4.2. Limitation in the supply of assimilate to nodules

The requirement for ATP and reductant for nitrogenase in the nodule is provided by

the respiratory process using photosynthate from the host as the substrate. An adequate

supply of photosynthate is therefore indispensible to maximize nitrogenase activity. This

dependence of nitrogenase activity on photosynthate supply has been demonstrated by many
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workers. Factors which increase photosynthesis result in an increase in nitrogenase activity

and those which decrease photosynthesis or carbohydrate partitioning to the nodule lead to a

reduction in nitrogenase activity (Chu and Robertson, 1974; Quebedeaux et al.,1975; Hardy

and Havelka,1976:, Hardy et a1.,1977; Silsbury, 1979 and 1981; Cheng and Sung, 1982;

Swaraj et al.,l984b; Chewerikov and Swaraj, 1985; Vil'yams et a1.,1985). In white clover

as mentioned in the foregoing discussion, the effect of reduced photosynthesis was dramatic,

the respiration of nodulated roots fell within l0 minutes of defoliation or shoot darkening

and nitrogenase activity-linked respiration was completely inhibited within 1-2 hours (Ryle et

al.,1985a)

Photosynthesis is usually reduced when plants are stressed (Hsiao, 1973; Hsiao et al.,

197 6; Begg and Turner , 197 6: Hanson and Hitz, 1982), but the degree of water stress which

results in a reduction in photosynthesis varies from one species to another (Boyer, 1976).

Therefore, it is reasonable to suggests that photosynthesis may be the main factor controlling

N2 fixation under water stress. Evidence supporting this view came from the works of

Huang et al., (I975a and b). They found that acetylene reduction remained constant for 6

hours when plants were maintained intact and exposed to light, but reduced within 30-60

minutes as the shoots were excised (Huang et al.,1975a). \Vhen plants were stressed by

withholding water, they obsewed a paraltel decrease with time in net carbon exchange of the

shoot and acetylene reduction. The relationship between net carbon exchange rate and leaf

water potential was similar to that between acetylene reduction and leaf water potential.

Further, the suppressing effect of water stress could be mimicked in unstressed plants by

reduction in the CO2 concentration surrounding the shoot, and nitrogenase activity of

stressed plants increased when the CO2 concentration was elevated (Huang et a1.,1975b).

On this basis, they concluded that the main factor limiting nitrogenase activity under water

stress is the rate of photosynthesis. However, the initial responses of acetylene reduction

and photosynthesis to \¡/ater stress where both declined at the same time and at the same level

of leaf water potential does not seem to support the conclusion. If nitrogenase activity is

dependent upon cunent photosynthesis, the decline in nitrogenase activity would be expected

to lag behind the decline in current photosynthesis by the time required for the transport of

photosynthate from the shoot to the nodules. Several workers have reported that the
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maximum accumulation of labelled carbon in nodules occurs between 70-90 minutes after the

leaves are exposed to l4COz (Lawrie and Wheeler,1975; Gordon et a1.,1985). Further,

acetylene reduction was measured in a closed system with undisturbed plants growing in a

pot sealed in a special designed chamber. tn this system, soil resistance to gaseous diffusion

may result in an underestimation of nitrogenase activity and the imposition of water stress

may change the magnitude of this resistance and confound the effects of water stress on the

N2 fixing system. No corrections for these sources of error were made. The soil resistance

would also prevent acetylene from rapidly diffusing away from the nodules, and hence

nodules would continue to waste energy and electrons in reducing this substrate. This and

the cessation of NH3 production may markedly disturb nodule metabolisms. The problems

of the techniques employed in this study, therefore, leave unresolved the claim that

nitrogenase activity is controlled by current photosynthesis during water stress.

When soybean plants were cultured in solution, nitrogenase activity measured in

undisturbed plants in situ was not affected by the exposure of nodulated roots to a PEG

solution with an osmotic potential of -1.2 MPa for at least 6 hours despite a reduction in the

net carbon exchange of the shoot system to near zero within an hour (Finn and Brun, 1980).

It was further found by a laCO2-labelling that the proportion of fixed 14C found in the roots

and nodules increased under water stress. Since nitrogenase activity was unaffected, this

cannot be associated with a lack of metabolism of the carbohydrate in the nodules but rather

indicates that the nodules were supplied with sufficient carbohydrate. This suggests that

nodules may be able to withstand water stress when there is an adequate reserve of

carbohydrate. Carbohydrate otherwise allocated for the gowth of the shoot may be exported

to the nodulated roots during water stress due to inhibition of shoot growth. However, it

has been shown that, in many cases, the carbohydrate pool in the plant is not able to support

continued nitrogenase activity (Minchin and Pate, 1974; Chewerikov and Swaraj, 1985;

Huss-Danell and Sellstedt, 1985; Ryle er al.,I985a and b; Swaraj et a1.,1984b; Vil'yams er

aI., L985).
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2.4.3. Limitation to the diffusion of Oz into nodules

The energy for nitrogenase is generated through oxidative phosphorylation by

bacteroids in the central tissues of the nodule (Appteby et aI.,1974; Bergersen, 1975), and

therefore, in addition to photosynthate, oxygen is required for N2 fixation. The supply of

02 to nodules is considered to be mainly by diffusion from the atmosphere across the cortical

cells of the nodule to infected cells (Sprent, 1972a; Tjepkema and Yocum, 1973; Pankhurst

and Sprent,I975a; Tjepkema, L978; Bergersen and Goodchild, 1973).

The supply of Ozto the bacteroid respiratory enzymes seems to be regulated by both

leghaemoglobin and nodule resistance to diffusion. Wittenberget al. (I974) found thatOz

uptake, acetylene reduction and 15Nz reduction in suspension of bacteroids isolated from

soybean nodules were increased by the supply of leghaemoglobin. Acetylene reduction

without leghaemoglobin was very low despite the fact that the rate of 02 uptake was

sufficiently large. This led the authors to deduce that the function of leghaemoglobin in the

nodule was to facilitate 02 diffusion. Bacteroids were considered to have two terminal

oxidases, one has a high affinity to Oz and produces ATP inefficiently, while the other with

a low affinity and derivin1 Oz from leghaemoglobin, produces ATP efficiently.

Leghaemoglobin binds free O2in the nodule and transports it across the solution

surrounding bacteroids. This may also create a gradient in oxygen tension to the atmosphere

which facilitates the diffusion of 02 into the nodule. The leghaemoglobin content of nodules

has been reported to decline during water stress, a lÙVo fall in the relative water content of

leaves causing a 6l%o reduction in leghaemoglobin content at the stage of nodule initiation

(Rathore et aI., 1981). Swaraj et al (198aa) even reported a 48Vo decrease in the

leghaemoglobin content of soybean nodules with a decrease in nodule water content of only

l7o.

Evidence from study of the effect of 02 tension on nitrogen fixation suggests that

nodule resistance may also contribute to the regulation of the flux of Oz into the nodule.

When nodulated roots of intact white clover plants were exposed to 02 tensions ranging

from2lVo to 807o, respiration of nodulated roots varied only slightly (Sheehy et a1.,1983).

They suggested that this lack of response in respiratory 02 consumption to elevated 02



36

tension would result in the accumulation of 02 concentr¿tion in the nodule if the flux of 02

into the nodule was not reduced. This accumulation of OZ would inactivate nitrogenase.

However, they found that nitrogenase activity measured as either hydrogen evolution or

acetylene reduction increased slightly in response to elevated o2 and fell to initiat levels as Oz

tension was returnedto2lVo. These results indicate an absence of enzyme damage and were

interpreted to indicate an increase in nodule resistance with increasing external 02 tension.

However, this evidence cannot eliminate the possible involvement of leghaemoglobin in the

protection of nitrogenase.

Nodule resistance may increase during water stress due to impedance in the gaseous

diffusion pathway following structural damage to cellular organization. The inner layer of

the nodule cortex adjacent to the bacteroid zone located in the central nodule is believed to be

the main site of resistance to gaseous diffusion as this region lacks intercellular air spaces

(Tjepkema, 1978). Sprent (l97la) observed the presence of a cytoplasmic connection

between uninfected cells of the nodule cortex and infected cells in bacteroid zone of soybean

nodules. V/hen detached nodules were desiccated with desiccant such as glycerol, the

cytoplasm of uninfected cells shrank away from cell wall and the connection disappeared as

nodule water content fell to SOVo of the maximum fresh weight but the structure of infected

cells remained intact even under more severe water stress. The cells of the nodule cortex

were mostly vacuolar in contrast to those in the bacteroid region and this may be the cause of

the difference in the sensitivity to water stress. Such effects, however, are common in

plasmolyzed or air-stressed ússues but not in soil-grown plants stressed in situ.

An increase in nodule resistance may also result from a decrease in the turgor potential

of the cells of the nodule cortex surrounding intercellular spaces through which Oz diffuses.

A fall in the turgor potential of these cells may be followed by a decrease in the volume of

this pathway and an increased in resistance to 02 diffusion (Sinclair and Goudrian, 1981).

Denison et aI (1983) found a parallel decrease in acetylene reduction and calculated nodule

conductance following the withholding of water from field-grown soybean. Weisz et al.

(1935) calculated about a 5OVo reduction in the nodule conductance of field-grown soybeans

during 6 to 9 days of withholding water. The relationship between acetylene reduction and

nodule conductance was found to be linear.
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Evidence supporting the view that 02 supply into the nodules is a limiting factor for

nitrogenase activity during water stress came from Pankhurst and Sprent (1975a). They

found that the nitrogenase activity and respiration of nodules was reduced by 757o and 5O7o

respectively as the water potential of detached nodules fell from -0.1 MPa to -0.9 MPa.

When these stressed nodules were incubated at an 02 tension of 8 x 104Pa, nitrogenase

activity and nodule respiration both recovered completely to the unstressed level. Similarly,

Sprent and Gallacher (1976) found that the nitrogenase activity of nodules stressed to a2OVo

loss of \rrater content was restored with exposure to 40vo 02. However, nitrogenase activity

recovered only partially when nodules experienced more severe stress (Pankhurst and

Sprent, L975a) suggesting that nitnogenase activity was limited by other factors in addition to

02 supply. Even under mild stress, care should be taken in interpreting the results because

the reported responses were obtained in short term experiments (during incubation). It is

questionable whether nirogenase activity can be maintained at a high rate in the long term if

stressed nodules are exposed to elevated OZ tension. Moreover, such evidence cannot

eliminate the possibility of photosynthate supply as a limiting factor as this factor was not

examined.

Nitrogenase activity and nodule respiration of unstressed nodules also increased in

response to elevated 02 tension and reached a maximum at about 5 x 10aPa. This suggests

the presence of an abundant supply of photosynthate to the nodules which does not agrce

with the sensitive response of nitrogenase activity to current photosynthesis observed in

many studies as mentioned in the foregoing discussion. It is possible that the increase \Ã/as a

reaction taken to prevent 02 accumulation in the nodules in the protection of nitrogenase

activity from 02 damage. If this is true, this may also be offered as an alternative

explanation for the increase in nitrogenase activity and respiration of stressed nodules under

a high 02 tension. Such a protective process may occur in as short term by using reserve

carbohydrate but is questionable in the long term.

There appears to be evidence that nitrogenase activity under water stess may be limited

by a low supply of Oz into the nodule resulting from either a decrease in leghaemoglobin

concentration or an increase in nodule resistance. However, care should be taken to inærpret

the response of nitrogenase activity and nodule respiration to elevated 02 tension particularly
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in a short term experiment. The evidence presented by Pankhurst and Sprent (1975a) has

been derived from a short term experiment, and examination of the response of nitrogenase

activity of stressed nodules to a high 02 tension over a long term is vital in this case.

2.4.4. Change in cellular metabolism

A change in cellular metabolism (rccuß when a plant is subjected to water stress, these

include changes in carbon, nitrogen and energy metabolism. Since this subject has been

reviewed elsewhere (Naylor, 1972; Hsiao, 1973; Hsiao and Acevedo, 1974; Hsiao ¿r

a1.,.1976; Kluge, L976; Hanson and Hitz, 1982 and 1983), only the most relevant reports

will be discussed below.

Protein synthesis. Since nitrogenase, like other enzymes, is a protein, protein

synthesis is an important process in biological Nz fixation. Bisseling et al. (1980) reported

the half life of component II to be between 1 and 2 days. Protein is synthesized on

polyribosomes, single ribosomes which have been separated from messenger RNA, are

inactive. The ratio of polyribosomes to single ribosomes is often used to analyze the effect

of water stf€ss on protein synthesis as water stress causes a decrease in the proportion of

polyribosomes and an increase in single ribosomes (Hsiao, 1973; Bewley, 1981). Sutton

(1980) found that induction of nitrogenase activity in cultured lupin nodules is hindered

when protein synthesis is inhibited by chloramphenicol, rifampicin, spectinomycin,

cycloheximide or anisomycin. Although no evidence of an effect of water stress on protein

synthesis in nodules has been reported, water stress can presumably affect nitrogenase

activity through inhibition of its synthesis as part of a general inhibition of protein synthesis.

In comparison, Bisseling et ¿f. (1980) found water-logging to induce a decrease in the

nitrogenase activity of intact pea plants accompanied by a parallel reduction in the level of

active nifogenase.
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Soluble nitrogen. Water stress causes a rise in the concentration of soluble

nitrogen in the plant resulting from the degradation of nucleic acids and protein, and the

inhibition of incorporation of amino acids into protein (Naylor, 1972). This rise in soluble

nitrogen could conceivably result in a reduction in nitrogenase activity through the operation

of a feedback mechanism. The inhibitory effect of external mineral nitrogen on N2 fixation

by legumes is well recognized (W'ong, 1980; Streeter, 1980). Silsbury and Catchpoole

(19S4) found, in subterr¿nean clover, that inhibition of nitrogenase activity, measured either

by acetylene reduction or hydrogen evolution, following the an application of NO3 was not

immediate, but followed more than 12 hours. They suggest that the adverse effect of NO3

on nitrogenase activity could be due partly to a feedback effect of the niEogen accumulated in

plant.

Nitrogen assimilation. The activities of some enzymes involved in the

assimilation of the prducts of nitrogen fixation have been found to decrease under water

stress (Sheoran et a1.,1981; Kaur ef al., 1985). These include glutamate synthetase,

asparagine synthetase, aspartate amino transferase, xanthin dehydrogenase and uricase.

However, glutamate dehydrogenase activity was reduced in pigeonpea, but increased in

mung bean. Other enzymes, such as allanoinase and allantoicase were not influenced by

moderate water stress but were inhibited by severe water stress. The reduced activity of the

first four enzymes could result from reduced nitrogen fixation. In contrast, the increased

activity of glutamate dehydrogenase in mung bean may indicate the occurrence of NI{4+

accumulation, as this enzyme is activated only in the presence of a high concentration of

NH++. This NII¿+ accumulation possibly results from an inhibition in the activities of

glutamine synthetase and glutamate synthase or be the result of protein breakdown to amino

acids which are further oxidized to NH¿+ (Naylor, 1912; Hsiao, 1973). The increased

NII4+ pool may inhibit nitrogenase activity through a feedback response.

Nitrate reductase. Nitrate reductase (NR), which is also involved in nitrogen

metabolism, shows a marked response to water stress. There is considerable evidence that

NR activity is reduced by water stress (Sinha and Nicholas, 1981) and this may be followed
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by a rise in the level of ninate in the plant. Although it was not specifically stated, it is

understood that this NR is of the assimilatory type. Another type of NR, dissimilatory

(respiratory) NR, has been observed in Rhizobium meliloti (Sik and Ba¡abas, 1977) and in

bacteroids isolated from soybean nodules (Rigaud et a1.,1973). This dissimilatory NR also

reduces NO¡- to NO2-, but with the generation of ATP, and is activated under anaerobic

conditions. However, the presence of dissimilatory NR in nodules is dependent upon the

rhizobial strain @aniel et a1.,1982; Van Berkum and Keyser, 1985).

Aparicio-Tejo and Sanchez-Diaz (1982) found in alfalfa that nodular NR activity

increased during water stress, while leaf NR activity was reduced. The increase in nodula¡

NR was thought ro result from dissimilatory NR activity. Chen and Sung (1983) assayed

cytosol NR and bacteroid NR separately and found that the activity of cytosol NR was

reduced, but that of bacteroid NR was increased by water stress. The reduction in the

oxygen supply to the nodules under water stress suggested by the observation of Pankhurst

and Sprent (1975a) may be responsible for the activation of dissimilatory NR. On the other

hand, it can be speculated that the increase in nodule or bacteroid NR (Aparicio-Tejo and

Sanchez-Diaz,1982; Chen and Sung, 1983) may alleviate the inhibitory effect of water

stress on nitrogenase activity if : (i) the inhibition was due to a limitation in nodule oxygen

supply ; and (ii) the nodule NR stimulated by water stress is of the respiratory type. Rigaud

et aI. (1973) found that bacteroids, isolated from soybean nodules inoculated by R.

japonicum strain CCY05 and having a high activity of NR, reduced CzEzto CzH+ and N2 to

NH3 under anaerobic condition provided that NO3 was supplied. Acetylene reduction by 45

mg dry weight of bacteroids increases rapidly with increase in concentration of NO3 to about

2 mM and slowly thereafter with further increase to 8 mM NO3. This suggests that the

energy produced by respiratory NR using NO¡- as an electron acceptor can support

nitrogenase activity. However reduced assimilatory NR activity in the shoot, which may

lead to an accumulation of ninate in the plant, could inhibit nitrogenase activity through a

feedback mechanism. Aparicio-Tejo and Sanchez-Diaz (1982) found acetylene reduction to

be reduced in parallel with leaf NR activity following imposition of water stress, while

nodular NR increased-
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Energy metabolism. The amount of energy available for N2 fixation is determined

by the total energy generated by respiration and the amount of energy partitioned to other

processes. Water stress may influence energy available to N2 fixation through its influence

upon total energy generation. There is considerable evidence for the conclusion that

respiratory energy generation is readily suppressed by water stress, and that this could be

due to the inhibition of the respiratory enzymes (Hsiao, 1973). Water stress may also

influence the supply of energy available for NZ fixation through its influence upon g¡owth

and maintenance processes requiring energy. As growth processes are very sensitive to

water srress (Hsiao, 1973), the proportion of available energy for NZ fixation and

maintenance processes might be expected to increase under water stress. If the reduction in

total energy available is slight, the absolute energy for N2 fixation and hence nitrogenase

activity may actually increase during water stress. However, this is also dependent upon the

response of the maintenance processes to water stress. Moldau and Rahi (1983) found that

the respiratory energy required for the maintenance of a unit biomass increased in beans

subjected to a rapidly developing water stress, but Wilson et aI. (1980) found the

maintenance coeffrcient of sorghum to be reduced with a slow development of water stress.

This suggests that nitrogenase activity under water stress may be influenced by energy

availability resulting from either a decrease in total energy generation and a change in

partitioning of energy to other processes

2.5. CONCLUSION AND HYPOTHESES

The results of works reviewed above suggest that N2-fixing system may be able to

withstand water stress to some extent when stress is imposed on undisturbed plants in sítu.

However, nitrogenase activity is sensitive when stress is imposed on detached nodules.

This suggests that the factor responsible for the ability of N2-fixing system to tolerate water

stress resides mainly in the host plants, and this could be photosynthate.

The factors limiting N2 fixation under water stress may be nodule water content, ø

transport from the atmosphere to the nodule, photosynthate supply from the shoot to the
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nodule and nodule metabolism. However, it is not clear which is the main factor controlling

N2 fixation under water stress. N2 fixation of faba bean producing indeterminate nodules

may be more limited by photosynthate supply than others. Sprent (1981) proposed that

legumes bearing indeterminate nodules (elongate type) may be better able to adapt to drought

conditions than those producing determinate nodules (spherical type). The reasons advanced

were : (i) gaseous diffusion in indeterminate nodules can take place over the whole surface of

the nodules, but is confined to particular pathways (lenticels) in determinate nodules; and (ii)

indeterminate nodules export amides which are more soluble than the ureides, the products

exported by determinate ndules. As the rate of export of products from nodules is a

function of transpirational flow (Minchin and Pate,1974), a more soluble product may be

advantageous during water stress and reduced transpirational flow.

The following hypotheses were proposed in the present study that (i) nitrogenase

activity is not sensitive to "mild" water stress, (ii) nitrogenase activity of faba bean under

water stress is mainly limited by photosynthate supply.





CHAPTER 3

GENERAL METHODS

3.1. PLANT ESTABLISHMENT

3.1.1. Plant culture

Faba bean (Viciafaba L.) cv. "Fiord" was the major legume studied throughout these

experiments, seed being obtained locally. Seeds of cowpea (Vigna unguículata L.) cv.

"Caloona", and soybean (Glycine max L.) cv. "Davis" were obtained from Provincial

Farming (Queensland).

Except where otherwise stated, seed was sown in square black plastic pots of 2 litres

capacity and germinated in a greenhouse. Seedlings were thinned from five plants to one per

pot a week after emergence. The main rooting medium was washed river sand with a \¡/ater

holding capacity of about 117o. "IJrrbrae loam" and "Oil Dri" were usedin particular

experiments identified later. The loam was of a fine sandy type classified as a Red-Brown

Earth (Oades et a1.,1981) with a water holding capacity of I5Vo. "Oil Dri" is a loose and

porous material made from calcined clay (van Bavel et a1.,1978) with a water holding

capacity of 3lVo. Plants grown in the sand and "Oil Dri" could be removed easily without

major disturbance to the nodulated root system which is an advantage in the study of

nirogen hxation.

Plants at the first leaf stage (a week after emergence) were transferred to a growth

cabinet equipped with sodium vapor "Lumalux lamps" (Sylvania, GTE Australia) providing

a photosynthetic photon flux density (PPFD) of 750 pE m-25-1 measured at the plant surface.

Day and night temperatures were maintained atzOoC + loC with a photoperiod of 12 h set

from 09.00 to 21.00 h. Relative humidity in the glowth cabinet was not controlled and

fluctuated diurnally, declining in the day and increasing at night (Fig. 3.1).
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3.1.2. Inoculation

Faba bean was inoculated with Rhizobium leguminosa,rurn strain SU 391, the

commercially available peat inoculum classified as "Group E" (Nodulaid, Agricultural

laboratories, N.S.W). The peat was made into a slurry with deionized water and mixed with

the seed before sowing. Plants supplied with this strain usually nodulated late, produced

most nodules on the secondary roots, and showed symptoms of nitrogen deficiency after 4
6cuecc)

weeks of growth. A new strain NA 533 ^was then found which gave earlier and better

nodulation (Plate l&2). This stain was cultured and prepared in peat form for subsequent

experiments.
îrtrd3tßizoÞr'url ap' I r'locroqton'ro)

Cowpea was inoculated at sowing with n strain CB 756 obtained

commercially in a peat form classified as 'Group I" (Root Nodule, N.S.W). Soybean was
ßroctgrÇìrzoloiunn

inoculated at emergence with ^ japonicum strain CB 1809

obtained from the Department of Agricultural Biochemistry, Waite Agricultural Research

Institute and prepared as a liquid culture in yeasVmannitol broth.

3.1.3. Nutrient solution

Plants were nonnally watered each morning with nutrient solution free of mineral

nitogen, commencing at sowing up to the time they were subjected to water stress. This
l.Ðf'rea

nutrient solution (Table 3.1) was slightly acid when prepared with deionized"but pH was

adjusted to 6.5 with potassium hydroxide.
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Plate 1. Nodule formation in faba bean inoculated with Rhizobium

Ieguminosarutn strain NA 533. Observation was made by light

microscope a week after emergence. Most nodules were prduced on the

main root.

Plate2. The intemal structure of the nodule prcsented in the plate 1 which

shows the bacteroid zone.
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Table 3.1. Chemical composition of nutrient solution

Chemical
constituent (mg.l-1)

Molarity
(Pmol.l-1)

MgSOa

KH2POa

NazMoO¿

CuSO¿

ZnSO¿

MnCl2

HsBO¡

FeSO¿

KzSO¿

CaSO¿

COONalz

246.38

34.0

0.12

0.08

o.22

1.81

2.86

28.82

19.92

2t7.75

430.0

2046

249.882

0.583

0.501

1.363

14.383

46.271

85.746

t3t.L39

t249.t13

31s8.513

3.1.4. Growth temperature

An experiment was conducted to determine the optimum growth temperature for

nitrogenase activity in faba bean. Plants inoculated with R. legwninosaru¡n stalrn SU 391 at

sowing were divided into three g¡oups, one being grown at20,25 and 30oC in temperature-

conrolled compartments of a glasshouse. Half of the plants in each group were supplied

with minus-N nutrient solution and the other half with nutrient solution containing nitrate 7.5

mmol.l-l as a comparison. The application of nitrate was aimed at comparing response of

plants relying on N2 and on external nitrogen. Nitrogenase activity was measured by

acetylene reduction in a closed system 40 days after planting. Measurements were also made

of the number of nodules, the number of leaves and the amount of plant dry maner.
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The total dry weight of plants significantly increased as temperature was raised from

20oC to 25"C, but was not influenced by a further increase to 30oC (Table 3.2). This effect

was independent of whether the plant relied on N2 fixation or external nitrogen. However,

plants supplied with nitrate 7.5 mmol.1-l grew better and produced more dry matter and

number of leaves than those relying on N2 fixation. The response of total dry weight to

temperature was associated with the response of shoot rather than with roots which was not

significantly influenced by temperature. The response of leaf dry weight to increase in

temperature paralleled that of the shoot dry weight. While number of leaves increased

continuously with increase in temperature up to 30oC.

Nitrogenase activity was not affected by the temperature and there was no significant

interaction between temperature and nitrogen source. While nodule dry weight and number

were increased by an increase in temperature in plants relying on N2 fixation. This may

reflect a response of plants to an increase in photosynthate production and demand of growth

particularly of the shoot for nitrogen (Table 3.3). This suggests that the absent response of

nitrogenase activity to temperature is not attributed to the lack of photosynthate production

and the lack of demand for nitrogen. This could be due to the inhibition in the synthesis of

nitrogenase or in the activity of nitrogenase per s¿ per unit nodule affected directly by the

temperature. This is reflected in a decrease in nitrogenase activity per unit nodule dry weight

with increase in temperature. The optimum temperature for nitrogenase activity is believed to

be around 20-22oC (Meyer and Anderson, 1959; Hardy et a1.,1968; Lindemann and Ham,

1979; Bertelsen, 1985) although the response to temperature is influenced by the host

species (Gibson, l97I). Dart and Day (1971) found acetylene reduction per unit nodule dry

weight in faba beans, barrel medic and vetch to reach a maximum at20"C. The optimum

temperature for nitrogenase activity in other legumes (soybean, subterranean clover, red

clover,lucerne and cowpea) varied between 25 and40oc.

The application of nitrate reduced substantially nitrogenase activity independent of

temperature. Nodule number and dry weight were also reduced by the application of nirate

(Table 3.3). This reduction in nodule number increased with an increase in temperature.

This indicates that the inhibition of nitrogenase activity is due pa¡tly to inhibition in nodule

formation which may result from the large use of material for shoot growth as external
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Table. 3.2. The effects of growth temperature and nitrate on acetylene reduction and plant

growth

20 25 30

Total dry weight
(g.planrl)

Shoot dry weight
(g.planrl)

Leaf dry weight
(g.planrl)

Root dry weight
(g.planrl)

Number of leaves
(leaves planrl)

Acetylene reduction
(pmol.h-t.nlant-1)

Nodule dry weight
(g.plant-1)

Nodule number
(nodutes.planrl)

Specific activity of nitrogenase
(pmol h-l gNDV/-l*¡ 125.6 54.9

0.78 0.92 0.88

0.4s 0.55 0.56

0.23 0.27 0.27

0.34 0.37 0.32

t2 14 18

0.85 0.67 0.52

0.013 0.015 0.032 0.003 0.005 0.002 0.004

Table. 3.3. The interaction of temperature and nitrate on nodule weight and nodule

number and on specifrc nitrogenase activity.

20 25 30 20 2s 30 7o

34555713939

36.0 57.r 41.2 13.5 t2.3

0.08

0.03

0.02

ns

1

ns

0.51

0.03

0.02

0.03

0.05

1

o.77 0.95

0.45 0.59

o.2r 0.30

o.32 0.37

t4 16

r.23 0.12

LSD
(57o\

I,SD
67o\

Nitrate (.mmol)
0 7.5

*NDW = Nodule dry weight
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nitrogen is available. 'When external nitrogen is not available, the plants use some of the

material to produce nodules and to synthesize nitrogenase at the expense of shoot growth.

It appears that a high temperature stimulated growth of both plants relying on

biological N2 fixation and external nitrogen supply. However, the rate of acetylene

reduction per unit nodule dry weight is highest in plants grown at 20"C. Nirogenase activity

is severely inhibited in the presence of nitrate. On this basis, it was decided to grow faba

beans at20"C without an external supply of nitrate throughout the subsequent experiments.

3.2. MEASUREMENT OF COz EXCHANGE

3.2.L. Gas exchange chamber

A gas exchange chamber was made with the objectives of : (i) measuring the COz

exchange rates of the shoot and the nodulated roots separately ; (ü) assaying growing plants

by the acetylene reduction method ín sítu without disturbing the rooting system; and (iii)

enabling water stress to be imposed rapidty by withholding water.

The chamber consisted of a top compartment to house the shoot and sealed from the

smaller, bottom, root compartment (Fig. 3.2). A heat exchanger was used to control the

temperature of the air circulated over it with a small fan. The temperature of the heat

exchanger was regulated by water circulated from a bath by a small pump. The temperature

of the water was controlled by a combination of a "Thermomix" (Model L42O, B. Braun,

Melsungen, Germany) and a small refrigerator (Paton Industries, South Australia). The

bottom compartment was equipped with a nozzle connected to a small pump placed outside

the chamber. Nutrient solution placed in this compartment was sprayed onto the nodulated

roots for a second every minute as regulated by a timer (Omron Tateisi electronics Co.,

Japan).
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FLg. 3.2. Diagram of gas flow and insffuments in the system of COz

exchange measurement. 1= Incoming air, 2 = Coil, 3a&b = Water bath

equipped with a refrigerator,4a&b = Temperature controller (Thermomix),

5a&b = Flow meter, 6 = Humidifíer,7 = Water trap, 8a&b = Mass flow

controller, 9 = Dehumidifier (filled with ice), 10 = Gas exchange chamber, 11

= Fan, 12 = Mini radiator, 13 = Jet pump, 14 = Nozzle, 15a&b = Gas

exhaustion,16 = Air filter, 17 = Gas handling system, 18 = Infra red Gas

analy zer, 19 = Recorder, 20 = Timer and 2L = Light source.
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3.2.2. Air flow rate, PPFD and temperature

Air was pumped from outside at a flow rate of 26Lmin-l through a filter, humidifrer

and a coil held at 20oC in a water bath. The flow to the top compartment was 201min-l and

to the bottom compartrnent 5 I min-f both controlled by mass flow controllers. The air to the

bottom compartment and to the reference tube for IRGA were humidified. The air running

out to waste from each compartment was sampled by a small pump at a flow rate of 400 ml

min-l through a dehumidifier to a gas handling system and then to the IRGA.

A "Metalarc" lamp was used as a source of light providing photosynthetic photon flux

density (PPFD) of 750 F.E m-2s-l ar the plant top inside the chamber which was similar to the

level used in the growth cabinet. The room temperature was maintained at 20oC by an air

conditioner, and the air temperatures in the top and the bottom compartments were monitored

by thermocouples connected to a recorder.

The main problem encountered in operating this system was the high water content of

air emerging from the bottom compartment. This led to widely fluctuating readings of CØ

with peaks being produced when the nutrient solution was sprayed in the chamber. Several

factors were investigated concerning the effect of spraying on nodulated root system

including the evolution of COZ from nodulated roots and the COZ concentration in the air in

the chamber in relation to the CØ content of the nutrient solution. Adjustment of these

factors did not eliminate the problem. Eventually, it was found that the concentrations of

water in the reference and sample air should be equal and low. This was achieved by

humidifying the sample air before it flowed into the bottom compartment, as well as the

reference air so as to saturate the ai¡ with water vapour. In this manner, the water content of

the sample air would not change when it passed through the bottom compartment.

Subsequently, air emerging from the chamber and reference air were dehumidifred before

they flowed into the IRGA. In this manner the water content of both streams of air was

equalized and reduced.

Plants at the six leaf stage were removed carefully from the rooting medium and

shaken gently in deionized water atzDoc to remove sand. Two plants were sealed in the gas

exchange chambers with rubber stoppers at the stem bases supported by "Prestik" sealing
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(Plate 3, 4 and 5). The plants were acclimated in the chamber for at least 24 h before

measurements were taken. The root compattment was filled with 1000 ml nutrient solution

which was changed every 2 days.

3.2.3. Infra red gas analyzer

An infra-red gas analyzer (IRGA) operating in differential mode was used to measure

the difference in CØ concentration (ÂCØ) between the (reference) air entering the chamber

and the air leaving the chamber (the sample air) (Catsky et al., l97l)(Fig.3.2)- This

measures (delta CO2). The COzconcenration in the sample airwas calculated as follows

pmor co2 =$* tco2l *r *ffi- # (3.1)

where R = reading of ÂCO2 (mm), D = deflection reading of reference air during calibration

(mm), tCOzl = COzconcentration in reference air (p1.1-l), F = the flow rate of air through

the chamber, T = temperature of the compartment (oK) and 22.414 is the volume (pl)

occupied by one pmol gas at STP.

The COZ concentration of the reference air was continuously monitored with another

IRGA operating in the absolute mode.

3.3. ACETYLENE REDUCTION ASSAY

Nitrogenase activity was estimated by the acetylene reducúon method which is widely

used in the study of nitrogen fixation (Hardy et a1.,1968 and 1973). This method was used

as a closed and as an open system in the present study. The basic difference between these

two systems is that in the closed system the accumulation of ethylene is measured, while in

the open system the concentration of ethylene is measured in a stream of air.
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Plate 3. The gas exchange chamber used to measure NCE of the shoot and

root of faba bean. The top picture displays the way that the shoot system was

sealed into the top compartment of the chamber and the bottom picture

displays the whole gas exchange chamber with two faba bean plants

experiencing water stress (3 h after withholding water) and the syringes used

to sample the chamber.
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Plate 4. A more detailed picture of the gas exchange chamber including the

infra red gas analyzer and gas handling system.
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3.3.1. Closed system

3.3.1.1. General procedures

Plants were taken from the controlled-growth cabinet at 11.00 (2 h after the sta¡t of the

tight period) and carefully separated from the rooting medium and shaken gently to remove

adherent material. An intact plant was sealed in a lJife jar equipped with a screw-type lid

which included a rubber septum through which gas could be introduced or withdrawn.

Since the experiments dealt with the effect of water stress, the roots were not washed.

Mague and Bu¡ris (1972) found that when nodules were soaked for 10 minutes and then

blotted dry, acetylene reduction was reduced by neaÃy 30Vo. Further, they found that a

washing treatment caused a considerable variation in nitrogenase activity.

Acetylene was injected into ttre jar with a hypodermic syringe so that allowing for the

air which escaped through an extra needle stuck through the rubber septum, a concentration

of approximately l\Vo was achieved. Incubation was conducted at20"C and triplicate gas

samples of about 1 ml were withd¡awn from the jar after 10 and 40 minutes using small

syringes. The syringes were usually stuck into rubber stoppers to prevent gas leakage

before 500 pl of gas was injected into a gas chromatograph (Varian, Model 940) equipped

with a flame ionization detector and a column (30-100 mesh range, Propak N). The

temperature of column, detector and injector was 50oC, 150oC and 150oC respectively.

Standard gas mixtures of ethylene at known concentrations in air were analyzeÀto calibrate

the chromatograph. The peak height of ethylene from the gas samples were recorded and

compared with that of pure ethylene to estimate ethylene concentration in the samples as

shown in the equation (3.2).

pmor czH+:ff#"ffi (3.2)

where ps and Pc are the readings of ethylene peak (mm) of gas sample and pure ethylene

(control) respectively. Vs and Vc are the gas volumes in the sample jar and control jar

respectively, C is the concentration of pure ethylene (pl l1), T is the incubation temperature
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(oK) and 22.414is volume (pl) occupied by one pmol gas at STP. Ethylene production was

calculated from the difference in molar concentr¿tion of gas samples taken at 10 minutes and

40 minutes. The volume of the jar occupied by gas was measured gravimetrically after

completion of the assay.

3.3.1.2. Verification of the assay system

The critical consideration in the application of the acetylene reduction assay in a closed

system resides in the linearity of ethylene production with time of incubation- This was

checked by growing plants in "Oil Dri" in pots which could be sealed. The enclosed root

systems (6 weeks old) were assayed for acetylene reduction by incubation in I07o acetylene

ar 20oC for a total of 60 minutes, gas samples being withdrawn in trinlicle at intervals of 10

minutes. The results demonstrated a linearity in cumulative ethylene production with time of

incubation (Fig. 3.3). The relationship was also analyzed by second-order polynomial

regression to test for curvilinearity. Although the model could described very well the

relationship, the coefficient of quadratic variable (x2) was not significant for all plants (Table

3.4)

Diurnal fluctuation in nitrogenase activity was also investigated by similar procedures

to determine the best time of day for assay. Plants were assayed in a closed system after six

weeks. Ethylene production was low at the end of the dark period but increased after plants

were exposed to light (Frg. 3.4). Nitrogenase activity increased rapidly during the frst 3 h

after exposure ro light and slowly thereafter @ig. 3.5). On this basis, it was decided to

assay plants during the light period, the assay usually being conducted at 11.00 (2 h after

exposure to light ) for convenience.



58

Table. 3.4. Results of analyses of the relationship between acetylene reduction (Y) and time

of incubation (X) in a closed system by second order polynomial (Y = Þo + ÞrX + þZX2)

Plants Coefficiens Values SE* Probability P2

1

2

J

po

B1

þ2

po

p1

þ2

Bo
p1

þ2

-2.175

0.293

0.001

-5.033

0.090

-0.002

-o.547

0.328

0.001

0.046

0.001

0.0067

0.001

0.080

0.001

0.059

0.001

0.0078

0.1200

0.0008

0.1682

0.0264

0.5978

0.0250

0.7079

0.998

0.999

0.994

0.994
4 Bo

p1

þ2

0.21

0.244

0.0003

SE* - Standard error

3.3.1.3. Exploration of an assay method for undisturbed growing plants

It has been demonstrated repeatedly that nodule activity is dependent upon current

photosynthesis (Bach et a1.,1958; Wheeler, l97l; Lawrie and Wheeler, 1973; Chen and

Sung, 1982; Kouchi and Yoneyama, 1984a and b; Kouchi et al-,1985; Ryle er al',1985a

and b; Gordon et a1.,1985). Water stress causes a reduction in photosynthesis and hence

probably a reduction in nitrogenase activity. If a plant is removed from the light and then

from its rooting medium for acetylene reduction assay, photosynthesis will cease

instantaneously and the supply of carbohydrate to the nodules may be intemrpted. Thus, the

acetylene reduction actually measured may not represent nitrogenase activity of growing

plants.
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The possibility of reduction in the carbohydrate supply to the nodules could be

eliminated by assaying undisturbed, growing plants. This technique was explored by raising

inoculatedplants in glass jars of 1 litre capacity filled with "Oil Dri" as the rooting medium.

The jars, covered with aluminium foil, were equipped with screw-type lids pierced with two

holes. The plant emerged though a one hole, while the other was fitted with a septum for

gas injection and withdrawal. After 35 days, the plants were divided into rwo groups of 18

and assayed by the acetylene reduction method. The first group was assayed twice, firstly

the undisturbed åot system was assaye d in vivo, and then the "Oil Dri" was removed and

the whole plant assayed. The second group was assayed once as whole plant after removal

of the rooting medium. This functioned as a control for the second assay of the first group.

A¡ ptants were taken from the growth cabinet at the same time and each jar was sealed with

rubber stoppers in the drainage hole and around the stem base supported by "Prestik" sealing

(Emhart, Australia). Results showed that nitrogenase activity of the undisturbed plants was

about 50Vo ofthat measured when plants were assayed after removal of the "Oil Dri" (Table

3.5). Nitrogenase activity of the second assay of the first gloup was not markedly different

from that of the second group suggesting that there was no residual effect of the first assay-

Table. 3.5. The effect of rooting medium on acetylene reduction

AssaY type Group I
Ethylene production (pmol h-lpl¿nrl)

Group tr

+ Rooting medium (n=18 Plants)

- Rooting medium (n=18 plants)

3.9r

7.09

(!2.70)

G3.81) 7.38 (t3.19)

Each value in the bracket is standard deviation

The low nitrogenase activity of the undisturbed, growing plants is likely to be due to

the resistance offered by the "Oil Dri" to diffusion of acetylene and ethylene or other gases.

This cannot be associated with other factors since plants were treated similarly except for the
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treatment under study. The magnitude of the resistance of "Oil Dri" to the diffusion of

ethylene or acetylene \ilas investigated by measuring acetylene diffusion through a column of

"Oil Dri" placed in an acrylic tube (Fig. 3.6). Fifty ml of acetylene representing

approximate\y lOVo by volume in air was introduced at A, and the accumulation, with time,

of acetylene at C was measured. The accumulation of acetylene during the first 60 minutes

was linear with time (Frg. 3.7). Deviation from linear was due to decrease in concentration

gradient between the two sites. A diffusion coefficient @) was calculated for acetylene in

"OilDri"byJ=D(AA/Ax),whereJ=isthefluxofacerylene,A=corcentrationofacetylene

and x = the length of the tube filled with "Oil Dri" and found to be 1.03 . 106 cm2s-1- As a

comparison, the diffusion coefficient of Cz*zin water at OoC is 1.10 16-5 sm2t-l (Weast and

Astle, 1981). This indicates that the diffusion of acetylene in "Oil Dri" is about 10 times

slower than in the water.

A CB

Fig. 3.6. The tube used to estimate the diffusion coefhcient of.Acetyle¡e in dry "Oil
Dñ". A = C = 12 cm, B containing oil dry = 10 cm and the inside dia¡neter of the

tutre = 3.8 cm. Acetylene was injecied into A and measured its accumulation at C.

3.3.2. Open system

3.3.2.1. General procedures

The advantage of an open system for acetylene reduction assay is ttrat the evolution of

COZ from nodules or nodulated roots can be measured concurrently with the acetylene-

reducing activity of nitrogenase. This has a useful application in understanding the
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relationship between nitnogenase activity and respiration and in assessing the inhibitory effect

of acetylen e per se on acetylene reduction (Minchin et a1.,1983a,b; V/iny et al., 1984).

The gas exchange system developed to measure fluxes of COZ using undisturbed

plants cultured in nutrient solution was also used to measure nitrogenase activity (Table 3.1).

Volume of the bottom root compartnent w¿ts 7 | after deducting the volume taken by nutrient

solution placed in this compartment. At first, the flow rate of air (carrier gas) entering the

chamber was reduced from 5 I min-l, the flow rate used to measrtre respiration of the

nodulated roots, to 2.7 I min-l controlled by a mass flow controller (ModelFC-202, Tylan

Co.). Acetylene was innoduced into this compartment and admitted through a syringe

needle at a flow rate of 300 rnl min-l (l\Vo by volume) controlled by a "Flowrator" meter

(Fischer & Porter, Australia). A final concentration of l07o acetylene in the chamber was

reached 5 minutes after the introduction of acetylene (Fig. 3.8).

The time for acetylene to come to a constant concentration in the chamber was

compared with a theoretical model derived mathematically. The process of acetylene build-

up in the chamber can be considered as a process of constant infusion in a one comparbnent

system (Atkins, 1969). The theoretical model for a such a system is presented in figure

3.9. The equation to describe the change with time in acetylene concentration in the chamber

is

$= co* - on

which on integration becomes

n=S<t-e-kt)

(3.3)

(3.4)

where e = the actual amount of acetylene in the chamber, Co = the concentration of acetylene

introduced (l\Vo by volume), R = flow rate (3 Vmin.). The amount of acetylene in the

chamber e = ClV, where Ct = the concentration of acetylene in the chamber and V = the

volume of the chamber. Substitution in equation (3.4) yields

C1V=$ t 1-e-kt) (3.s)
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Fig. 3.9 The compartment containing nodulated roots in which acetylene infused at a

constantrateof 107o(CoR). U isthevolumeof airinthecompartment(7litres),k

is constant, q and 0 is the absolute amount and the concentration of acetylene in the

comparfrnent respectively.

The constant ' k' is the ratio of volume flow per minute to chamber volume ( k = (R/rQ =

0.43 ), when the volume flow per minute equals chamber volume, k = 1. Substitution in

equation (3.5) results in

Ct = lOVo (1-e-0'a3t ¡ (3.6)

Values calculated from equation (3.5) were very similar to measured values (Ftg. 3.8).

v/hen the system \rras tested with nodulated roots, ethylene concentration in the air

leaving the chamber increased rapidly in the first 5 minutes in parallet with the increase in

acetylene concentration, and was nearly constant thereafter (Fig. 3.10)- No decline was

observed in the rate of ethylene production during 20 minutes of incubation. It could be,

however, that acetylene inhibiæd nitrogenase before the concentration of lOTo acetylene was

reached, and consequently ethylene production did not show a mar<imum and decline. This

possibility was tested with a set of plants which were assayed as before but with sufficient

acetylene to give a concentration of l07o in the chamber injected with a syringe just before

the flow of l07o acetylene in air was turned on. The objective was to reduce the time taken
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to reach lOTo acetylenc concentration, and would be expected to enable detection of any

decline in ethylene production. The time required to reach maximum ethylene production

with acetylene injected was similar to that when the gas mixture (lÙ7o CZfl+ in air) was

introduced (Fig. 3.10). However in this case the rate of ethylene production declined

slightly after a maximum level was reached and then remained constant. This decline could

have been due to a sudden exposure to acetylene when this was injected-

The effect of the flow of a gas mixture relative to volume of the assay chamber on

acetylene-reducing activity was examined using a small assay chamber of 500 ml. A

maximum raæ of ethylene production was achieved after about 12 minuæs at the lowest flow

rate (200 ml), and when successive assays were made at higher flow rates the time taken to

reach the maximum decreased; but the rate of ethylene production then decreased to

successively lowervalues (Frg.3.11). This supports theprevious result (Fig.3.10) and

suggests that a "fast" exposure to lOTo acetylene induces a different pattern of ethylene

production from that obtained from a "slow" exposure. This was not investigated further

and a "slow" was always subsequently used, although the relevance of this finding to the

existence of an acetylene induced decline (Minchin et a1.,1983b) is appreciated

3.3.2.2. The possible inhibitory effect of acetylene

The cessation of NH3 production for a relatively long period during assay with

acetylene may markedly disturb nodule metabolism and influence nitnogenase activity. It has

been suggested that the amount of NH3 exported by bacteroids to the host plant determines

the quota of nutients allocated by the host plant for bacteroid activity (Kahn et a1.,1985). It

would therefore appear to be important to flush away all ethylene and acetylene after the

completion of each assay to restore N2 fixation as soon as possible. This was achieved by

flushing the chamber with air at a flow rate of l0l min-r for two minutes and then at 5 I

min-l until the next assay. This resulted in a rapid decay in acetylene and ethylene
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concentration (Fig. 3.12) so ttrat the concentration of both gases had fallen to an undetectable

level in L5 minutes

3.4. HYDROGEN EVOLUTION

The fact that nitrogenase also reduces protons to H2 during N2 fixation (Eisbrenner

and Evans, 1983) enables estimation of nitrogenase activity through measuremsnt of

hydrogen evolution. If this measurement is combined with that of acetylene reduction, the

allocation of electrons for N2 fixation can be estimated. The electron allocation coefficient

(EAC) for NZ fixation is calculated as follows (Burns and Hardy, 1975)

c

EAC =
elótrons allocated to N fixation

electrons allocated to (H+ reduction + N2 fixation)

OT

EAC =
AR-HE

AR
(3.7)

where AR = acetylene reduction, fIE = hydrogen evolution. Schubert and Evans (1976)

used a term'relative efficiency (RE)' for EAC.

Hydrogen evolution was measrred in some experiments in the present study using a

closed system and conducted before acetylene reduction assay. Plants or nodulated roots

were sealed in jars , and fiplicate gas samples withdrawn after 10 and 40 minutes with 1 ml

syringes. The gas samples were injected into a gas chromatograph (L&D instrument'

Australia) to estimate H2 concentration by the same procedure as applied in the acetylene

reduction assay. After the completion of H2 assay,'the jars were flushed with fresh air and

resealed for the acetylene reduction assay. The incubation period for plants cultured in

solution in the gas exchange chamber was limited to 10 minutes, and gas samples withdrawn

I{E
m1
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at2 and 10 minutes. The chamber was flushed with air for 5 minutes at a flow rate of 5 I

min-l before plants were assayed for acetylene reducúon.

The accumulation of H2 in the closed chamber was linear with time (Fig. 3.13).

Possible loss of H2 during incubation due to leakage or H2 recycling due to the activity of

hydrogenase was invesúgated. Pure H2 at 100 pl was injected into the sealed chamber

before H2 accumulation was measured as before. Again H2 accumulation was found to be

linear with time indicating that there was no H2 loss during the incubation. This test,

however, was not sufficiently sensitive to rule out the possible presence an uptake of

hydrogenase.

3.5. MEASUREMENT OF WATER POTENTIAL

The water potenúals of nodulated roots and shoots were measured with a pressure

bomb. After completion of an acetylene reduction assay, the nodulated root system was

separated from the shoot 5 cm above the uppermost secondary root and immediately

wrapped in a plastic bag and sealed in the pressure chamber allowing one cm of the cut end

to protrude from the chamber. The chamber was pressurized using compressed nitrogen

until tiquid was seen to appear at the cut surface. The pressure applied to achieve this was

recorded as the water potential of the nodulated roots. The water potential of the shoot was

measured following the same procedure except that the excised shoot was sealed in the assay

jar before determination to prevent water loss.

Nodule water potential was measured with a "Vy'escor" psychrometer (HR-33T,

Logan, Utah) operating in both psychrometric and dew point modes. The psychrometer was

calibrated with NaCl solutions of known osmotic potential. Plants were taken from the

growth cabinet, removed carefully from the rooting medium, shaken gently to separate

adherent sand and 3-4 nodules were detached from each plant and loaded into a

psychrometric chamber. The chamber was fitted with a thermocouple, immersed in a water

bath and equilibrated rt25"C. After 4 h equilibration, the oulput from the thermocouple was
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recorded, first in the dew point mode and then in the psychrometric mode. The water

potential was calculated from these readings using the relationship between the measurement

and osmotic potential of a NaCl solution obtained previously. Although the results from

both modes were very close, the values of water potential presented were the average of the

results of the two modes. The typical course of nodule water potential during equilibration

time was that it increased rapidly initially then slowly up to constant after about 3 h ( Fig.

3.14). This validates the occurrence of equilibration in water potential with time in the

chamber.
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CHAPTER 4

NITROGEN FIXATION AND VARIATION IN THE EXTERNAL

WATER SUPPLY: WATER STRESS DEVELOPED SLOWLY

BY WITHHOLDING WATER

4.T. INTRODUCTION

In the field, water stress normally deveþs gradually wittr time following a shortage of

rain. During this progress, other environmental factors such as temperature and irradiance

may also change. Kramer (1980) stated that high temperature generally occurring during

drought often confounds the effect of water stress. This may hold true for the process of NZ

fixation, because nitrogenase activity is readily affected by a change in temperature and light

flux density. On the basis of these facts, it is difficult to undertake a study of the Nz fxation

in relation to water stress in the field free from risk of interference from other factors. Most

studies of the effect of drought on N2 fixation have involved the creation of an artificial

drought by withholding water. Accordingly, the present experiments, in which water stress

was created by withholding water, were carried out in a controlled environment.

4.2. EXPERIMENT 1

Seeds of faba bean inoculated with Rhizobium leguminosarurn sÍ:atî SU 391 were

sown in plastic pots using "IJrrbrae" loam as rooting medium. Plants were established in a

growth cabinet frtted with "Metalarc" lamps providing 750 FE m-2s-1 photosynthetic photon

flux density (PPFD), a constant day/night tempenrture of 20o + loC and12 h photoperiod set

from 09.00 h to 21.00 h. 'Water containing nutrient solution free from mineral nitrogen was

supplied in the morning every 2 days commencing at sowing until the imposition of water
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stress. Plants of uniform size were selected and divided randomly into two groups at 8

weeks, the first group was subjected to a water stress by withholding water, while the

second was watefed on alternate days. Measurements wefe made at intervals of one day

conìmencing one day before withholding water. Three planß were sampled randomly from

each group in the morning for measufement of leaf and nodule water potential with a

,''Wescor,, psychrometer. After the preparation for measurement of water potential was

completed, a further five plants were sampled randomly from each group for measurement of

nitrogenase activity by acetylene reduction (AR) in a closed system with a gas

chromatograph. This experiment was alranged according to a completely randomized

design.

The effects of withholding water on the water potentials of nodules (NWP) and leaves

(LIWP), and on AR are shown in Figs. 4.1 and 4.2 respectively. Both pre-dawn nodule and

leaf water potentials were reduced following withholding water. Leaf water potential

declined slowly to -0.51 Mpa on the third day after withholding water and rapidly thereafter.

On day 3 plants exhibited early signs of loss in leaf turgrdity and became severely wilted and

flaccid by the end of the experiment when pre-dawn leaf water potential had declined to -

1. 1g Mpa. Nodule water potential declined with time in parallet with leaf water potential to -

0.39 MPa on the first day after withholding and to -1.06 MPa at the termination of

experiment. AR of control plants was relatively constant throughout the period of the

experimenr with an average of 50.3 pmol czE+¡-l gNDW-t @ig. 4.2). No significant

response occurred in plants subjected to water stress in the first 3 days, but there was a

reduction in AR of almost 5O7o onday 5 and of more than 8O7o on day 7 '

These results show that the initial response of nitrogenase activity to water stress

differed from that of nodule or leaf water potential. The decrease in leaf and nodule water

potential was not followed immediately by a decrease in AR, but there was a lag of about 3

days. This suggests that nitrogenase activity was not limited by the decrease in pre-dawn

nodule and leaf water potential to -0.5 MPa. However, either nodule or leaf water potential

or both could be limiting factors for nitrogenase activity when water potential fell to less than

-0.5 Mpa. However, as it was diff,rcult to remove plants from "Urrbrae loam" for the AR
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assays when they were under stress, it was necessary to check whether similar results could

be obtained using a rooting medium which could be removed easily.

4.3. EXPERIMENT 2

Inoculated plants were grown in a coa¡se sand to facilitate plant removal. Water stress

was expected to develop more rapidly in this rooting medium, which has a water holding

capacity of LlTo than it did in "IJrrbrae loam" with a water holding capacity of 157o. At 6

weeks plants were selected for uniform size and divided into 6 groups. Water was supplied

continuously every ?4htothe first group and withheld for 26,50,74,98 ot L22 h from the

others. Treatments were imposed so that plants of all treatments were assayed at the same

time. Leaf diffusive resistance of plants in síu was measured with a porometer' nitrogenase

activity of intact plants by acetylene reduction assay in a closed system, and nodule water

potential with a "'Wescor" psychrometer after the completion of the acetylene reduction

assay.

Change in leaf diffusive resistance (LDR) and in soil water content (SV/C) with time

are shown in Fig. 4.3. l-e,afdiffusive resistance increased curvilinearly from 1.7 s cm-l to

92.7 scm-las soil water content decreased steadily with time from14.67o to3.l%o at the end

of the experiment Plants wilted visibly by 72h. Change in plant water status, as indicated

by change in leaf diffusive resistance, was also reflected in a change in nodule water

potential which fell steadily from -0.42 MPa to -0.80 MPa by 74 h. AR did not decrease

with this change in nodule water potential but, rather, activity was increased significantly

when water was withheld for 26 h and showed no significant reduction until 98 h when

nodule waterpotential was -1.0 MPa or tess (Fig. 4-4).

These results confirm those of experiment 1 in that nitrogenase activity was enhanced

rather than reduced as nodule water potential decreased from -0.42 to -0.51 MPa. There was

thus no direct relationship between nitrogenase activity and nodule water potential over this

fange.
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Fig. 4.1. Pre-dawn warer potential of nodules (NWP) and leaves

(LWP) of faba bean plants inoculated with R. legwnirnsarurz strain SU

391, grown in "IJrrbrae" loam and subjected to water stress by

withholding water. Each point is the mean of three replicates, and the

bars are the standard error of the means.

Fig. 4.2. Acetylene reduction of control and stressed faba bean plants

inoculated, with R. Ieguminosarurn strain SU 391 and grown in

"LJrrbrae" loam. Water stress was created by by withholding water.

Each point is the mean of five replicates, and the bar is LSD at

P.0.0s.
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Fig. 4.3. Soil water content (SWC) and leaf diffusive resistance (LDR)

of faba bean plants inoculated with R. legwninosarum. sÍ.aln NA 533'

grown in sand and subjected to water stress after 6 weeks by

withholding water. Each point is the mean of four replicates, and the

ba¡s are LSD atP.0.05.

Fig.4.4. Nodule water potential (N\YP) and acetylene reduction of

faba bean plants inoculated with R. legwninosarun stfatn NA 533'

grown in sand and subjected to water stfess after 6 weeks by

withholding water. Each point is the mean of four replicates, and the

bars are LSD at P.0.05.
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4.4. EXPERIMENT 3

This experiment was designed to test experimentally the apparent lack of correlation

between nitrogenase activity and nodule water potential observed in experiments 1 and 2'

The objective was to maintain a high nodule waterpoæntial as plants were allowed to dry out

and experience stress. The technique used was to reduce the total supply of water to the

plant but, at the same time supplying the nodules with sufficient water locally to maintain

their turgidity. Six week old faba bean plants were divided into 4 $oups ' Three groups

were allowed to dry out until the water content of the sand in which they were growing

reached 75Vo, 50Vo or 257o of field capacity, and the fourth group was watered to field

capacity. These levels of 757o,5O7o and257o ñeldcapacity were achieved after withholding

water for 24,48 and 72 h respectively. These water regimes were maintained for at least 3

days, depending upon the water regime, by daily replacing the amount of water lost over the

previous 24 h. The rooting medium within 2 cm radius of the main roots, where most

nodules were borne, was always saturated during watering to avoid nodules experiencing

water stress while the shoot was subjected to stress. Measurements of leaf diffusive

resistance, nodule water potential and nitrogenase activity, using the same methods as in the

experiment 2,weremade on the last day of the experimental period.

Nodule water potenrial varied from -0.59 to - 0.75 MPa and was not significantly

affected by a decrease in the water content of the rooting medium C[able 4.1). This indicates

that the technique used to water the plants maintained a high nodule water potential even

when the water content of the rooting medium fell to 25Vo of field capacity. However, leaf

diffusive resistance increased significantly with a decrease in rooting medium water content

to 50Vo and below indicating that the plants were under stress. The diffusive resistance of

the abaxial surface increased significantly more than that of the adaxial surface. AR,

measured on either plant or nodule dry weight (specific acúvity) basis, was unaffected by a

decrease in the water content of the rooting medium toTS%o,but was reduced by about 507o

as the water content of the rooting medium fell further to 5O7o. At a sand water content of
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25Vo, when nodule water potential was still not significantly different from that of control

plants, AR had fallen to about a tenth of that in control plants.

Table 4.1. Sand moisture content (Vo),leaf diffusive resistance (sec cm-l), acetylene

reduction and nodule water potential (MPa) of faba bean under different levels of water

regime of rooting medium (7o of water content at field capacity).

Measurements Waterregime
75 50

T^SD
(5Vol100 25

Sand moisture content

Leaf diffusive resistance

Abaxial surface

Adaxíal surfoce

Nodule water potential

Acetylene reduction

¡tmol C2H4lhlplant

5.2 2.510.4

6.66

3.32

5.66

2.98

22.09

4.56

1.4

31.24

7.99

5.47

r.52

NS

2.08

-0.59 -0.7s -0.70 -0.67

11.36 tr.L1 5.4r 0.83

¡tmol C2H4lhlgNDW 93.40 99.84 50.17 10-75 6.98

Notes : *)NDW = nodule dry weight; sand moisture content = \ryater content of the rooting

medium at the time where other measurements were made and ns = non significance.

4.5. DISCUSSION

The results of the present experiments show that the acetylene-reducing activity of faba

bean nodules (nitrogenase activity) is not influenced by a fatl in nodule water potential to

approximately -0.8 MPa (Fig. 4.4). This is consistent with the findings of Gallacher and

Sprent (1978) that nitrogenase activity in faba bean, expressed on a nodule weight basis,

was not influenced by water stress up to wilting point. Sprent (1972c) also showed in one



80

experiment with pot-grown soybean that acetylene reduction was markedly reduced only

after fresh to dry weight ratio (FWDW) fell below 3.5. This is equivalent to approximately

70Vo of the water conrent of the turgid nodule which has a FWDW of 4.5. Several other

workers have also found insensitivity of soybean nitrogenase activity to water stress (Finn

and Brun, 1980; Matheny and Hunt, 1983).

The results are not consistent with the conclusion that nitrogenase activity is directly

sensitive to water stress (Sprent,1971a). This difference in interpretation may reside in the

experimental procedures. Sprent examined the response to water stress of the nitrogenase

activity of detached soybean nodules allowed to dry out in air. This response may not be

representative of that of intact plants as the supply of photosynthate from the shoot ceases

upon detachment and nodule function is dependent upon that supply (Wheeler, l97l; Ryle er

aI.,1985; Kouchi et a1.,1985). Alternatively, Ralston and Imsande (1982) suggested that

02 transport into the nodules was disturbed by nodule detachment. Either of these two

conditions may have contributed to the sensitivity of nitrogenase activity to water stress

apparent in detached nodules.

The lack of direct response of nitrogenase activity to mild lvater stress can be

interpreted as due to a threshold relationship with water stress, such as has been postulated

for many plant processes including photosynthesis and respiration (Hsiao, 1973)-

However, nitrogenase activity was not sustained when the water content of the rooting

medium was reduce dby 507o or more, despite nodule water potenúal being maintained at a

relatively high level (Table 4.1). This suggests that the response of nitrogenase activity to

water stress was not associated with nodule water potential. The response was more closely

related to that of leaf diffusive resistance (Figs. 4.3, 4.4 and Table 4.1) suggesting that

photosynthesis may be a more significant factor than nodule water potential in the

determination of nitrogenase activity during water stress. In severe water stress in these

experiments nodule water potential and leaf diffusive resistance decreased in parallel with

each other and with nitrogenase activity and in these circumstances the limiting factor cannot

be distinguished.
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The increase in nitrogenase activity observed with the initial development of water

stress and pre-dawn water potentials of nodules and leaves fell from -0.30 MPa to - 0.39

Mpa and from -0.11 MPa to 0.30 MPa respectively in experiment I (Figs. 4.1 and 4-2) and

nodule warer potential fell from -0.42 MPa to -0.51 MPa in experiment 2 (Fig. 4.4) could be

an artifact. Mague and Burris (1972) found that nitrogenase activity lvas reduced by 307o

when nodules were soaked for 10 minutes in water and blotted dry. In the present study, the

control plants in experiments 1 and 2 were watered 2 h before the measurement of AR.

When plants were not watered shortly before assay @xperiment 3), no marked increase with

water stress was found. The increase may be a response to a decrease in resistance to 02

diffusion in the rooting medium and nodule with mitd water stress. At field capacity , all

pores of diameter < 30 pm are filled with water (Milthorpe and Moorby, t974); this water

will be replaced gfadually by air as water stress develops with a resultant decrease in

resistance to 02 diffusion. Similarly, the avenue of diffusion of Oz into nodules has been

suggested to be air-filled intercellular spaces (Bergersen and Goodchild,1973) but

intercellular spaces in turgid nodules may be partty filled with water (Sheehy et a1.,1985)

offering a higher resistance to Oz diffusion. 'Water may also pose a diffusive resistance in

the cells of the inner cortex where intercellular spaces are absent (fjepkema,1979). During

water stress, the resistance due to water would be reduced as nodule water content declined,

resulting in an increase in Ø flux into the nodules and increased nitrogenase activity, as

nitrogenase activity and nodule respiration increase in response to elevated external 02

tension @ergersen, 19 62 Waughman, 197 2; Tiepkema and Yocum, 197 3).

Another possibility is that mild stress may lead to an increase in nitrogenase activity

due to increase in the availabitity of carbohydrate. In nodulated legumes actively frxing N2,

carbohydrate is used for growth, maintenance and N2 fixation. The gowth process is very

sensitive to water stress, and hence it is likely that the proportion of available carbohydrate

allocated to Nz fixation and maintenance may increase under water stress. When the total

production of carbohydrate is not substantially reduced, as under mild water stress, the

absolute amount of carbohydrate available to N2 fixation may increase with a resultant

increase in Nz fixation.
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Fishbeck er øt (L973) and Huang et al. (1975a) also reported an increase in

nitrogenase activity with a decrease in soil water potential to about -0.2MPa and nodule

water potential to -0.4 MPa. This could have been due to a decrease in soil resistance to

gaseous diffusion as the plants were assayed in the presence of the rooting medium. Swaraj

et at. (1986) recently reported an increase in the nitrogenase activity of soybean under mild

water stress, where the relative water content of the nodules was 85.27o. This increase

could not be associated with soil resistance to gaseous diffusion because the plants were

assayed free from the rooting medium as in the present experiments.

In conclusion, N2 fixation, measured as acetylene reduction, of faba bean has the

ability to withstand mild water stress, but is reduced as water stress develops severely. This

does not seem to be related to nodule water potential but could be associated with

carbohydrate supply.





CHAPTER 5

NITROGEN FIXATION AND VARIATION IN THE EXTERNAL

WATER SUPPLY: WATER STRESS INDUCED BY EXPOSURE OF

ROOTS TO POLYETFIYLENE GLYCOL

5.1. INTRODUCTION

It was found (Chapter 4) that acetylene reduction (AR) was unaltered as the water

potential of the nodules decreased to about -0.80 MPa in plants undergoing a slow

development of water stress. This suggests that the nitrogenase activity of faba bean is not

sensitive to water stress in contrast to the results of Sprent (197la) with soybean who found

that AR declined as nodule water content declined. The difference may be due to the fact that

Sprent used detached nodules which may be more sensitive to water stress than nodules still

attached to their host plants. This may also be due to the rapid development of water stress

in detached nodules which may not allow for the N2 fixing system to adapt to the reduced

water potential compared with a slow development of stress.

The present experiment was aimed to examine the effect of a rapid development of

water stress on N2 fixation. In the previous experiments (Chapter 4), NZ fixation was

measured by acetylene reduction. Although this method has been widely used to estimate N2

fixation (Hardy and Havelka,1975), there is a basic difference in the reduction of these two

substrates. When nodules are exposed to air, a proportion of the electrons are used to reduce

protons to H2. In contrast, all electrons are used to produce ethylene when nodules are

exposed to l07o CzHz. Thus, the accuracy of AR as an estimate of N2 fixation under

different conditions depends upon whether the allocation of electron to H+ and N2 reduction

is constant or not. Several workers have found that the proportion of electrons allocated to

proton reduction increase with an increase in temperature (Rainbirdet al.,l983b; Bertelsen,

1985). It is, thus, necessary to check whether the response of AR to water stress can
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represent the response of N2 fixation. Therefore, this experiment also investigates the

response of apparent nitrogen fixation to water stress in comparison with the response of

acetylene reduction to water stress. Water stress was imposed on gfowing plants rather than

on detached nodules to eliminate effects of factors other than water stress on nitrogenase

activity. This was achieved by an application of polyethylene glycol.

5.2. MATERIALS AND METHODS

Six week old faba bean plants raised in "Oil Dri" were divided into four groups. One

was watered with deionized water and the ottrer three given solutions of Polyethylene Glycol

(PEG, MW. 4000) of osmotic potential of -0.5, -1.0 and -1.5 MPa respectively. Half of the

plants from each group were transferred to a low PPFD (250 pE m-2 s-1) at 11.00 h (two

hours after light period), and the other half maintained at a high PPFD (750 FE m-2.s-1).

The appropriate solutions were supptied to the roots immediately after the transfer by

flushing three times over a period of 30 minutes. One of the four replicates was treated each

day and the experiment arranged in a split plot design wittr light as the main factor.

Plants were assayed for hydrogen evolution followed by AR 0, 3, 6, 10 and 20 h after

the imposition of treatments and after this the water potentials of the nodulated root and the

shoot were measured with a pressure bomb (see Chapter 3). Apparent N2 fixation was

obtained from the difference between AR and hydrogen evolution.

5.3. RESULTS

5.3.1. 'Water potential

The effect of the PEG solution on water potential of the root and of the shoot over time

are presented in Figs. 5.1 and 5.2. When plants were not stressed, the water potential of

plants decreased during the 10 h of light and increased during the following 10 h of
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darkness. Water potential of the root system was always higher than that of the shoot

system which aglees with the basic principle of water transport in plants generated by a

gradient in water potential.

The application of PEG solution reduced the water potential of both the root and the

shoot within 3 h. The lower the osmotic potential of the osmoticum applied, the greater the

reduction in water potential. As water stress progressed with time, the water potentials was

further reduced proportional to the osmotic potential of PEG applied. Some recovery was

observed after 10 h of da¡kness. The effect of this PEG solution over time was independent

of whether plants were maintained under a high PPFD or transferred to a low PPFD during

the imposition of water stress.

When plants were transferred to a low PPFD, the \¡/ater potential of the root and of the

shoot became higher than that of plants maintained under a high PPFD (Figs. 5.3 and 5.4).

A ma¡ked difference in water potential of the shoot occured within 3 h and of the root after 6

h. This cannot be attributed to a difference in vapour pressure deficit, as plants were placed

in the same growth cabinet fitted wittr fans to circulate air in the room. It could be associated

with stomatal opening as Virgin (1956) found that the rate of transpiration in wheat declined

under low light due to a restricted opening of stomata. A decrease in the opening of stomata

may increase the plant water status in the short term due to a difference between the rate of

water uptake and the rate of water loss before an equilibrium is achieved. This circumstance

would be expected to occur first in the shoot system and then in the root system as observed

in the present experimenL

The effect of light flux density on the water potential of the root was also dependent

upon the osmotic potential of PEG (Fig. 5.5). The water potential of the root under high

light was reduced on average by about -0.34 MPa per 1.0 MPa of osmotic potential applied,

but only by -0.28 MPa under low light.
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Fig. 5.1. Changes in water potential of root with time following the

imposition of the PEG solutions. PEG solutions of different osmotic

potentials were imposed 2 h after the light was turned on and the "time"

in the figure is hours after the imposition of the osmoticum. Each

column is the average of 4 replicates and 2levels of light, and the

vertical bar is the LSD at P.0.05.

Fig. 5.2. Changes in water potenúal of shoot with time following the

imposition of the PEG solutions. PEG solutions of different osmotic

potentials were imposed 2 h after the light was turned on and the "time"

in the figure is hours after the imposition of the osmoticum. Each

column is the average of 4 replicates and 2 levels of light, and the

vertical bar is the LSD at P.0.05.
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Fig. 5.3. Changes with time in water potential of root of faba beans

grown at high (750 ¡rp.m-2.s-l) and low PPFD (250 ¡r5.m-z.t-l¡. This

treaünent was imposed2hafter the light was turned on and the "time"

in the frgure is hours after the imposition of the treatment. Each

column is the average of 4 replicates and 4 levels of PEG, and the

vertical bar is the LSD at P.0.05.

Fig. 5.4. Changes with time in water potential of shoot of faba beans

gfown at high (750 ¡r3.m-2.s-l) and low PPFD (250 ¡r3.m-z.t-l¡. This

treatrnent was imposed 2 h after the light was turned on and the "time"

in the frgure is hours after the imposition of the treatment. Each column

is the average of 4 replicates and 4 levels of PEG, and the vertical bar is

the LSD at P.0.05.
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Fig. 5.5. Water potential of roor of faba beans grown at high (750

pE.m-2.s-l) and low PPFD (250 ¡rE.m-2.yl) and subjected to different

osmotic potentials of PEG. These treatments were imposed 2 h after

the light was turned on. Each column is the average of 4 replicates and

5 observations, and the vertical ba¡ is the LSD at P.0.05.
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5.3.2. Nitrogenase activity

5.3.2.1. Acetylene reduction (AR)

The effect of PEG and time on AR at a low and a high PPFD are presented in Figs. 5.6

and 5.7 respectively. When plants were grown at high PPFD and not stressed, nodules

reduced acetylene at a rate of 26.26 pmol C2H4 h-1 plant-l after 2 h of light when

treatments were imposed. AR increased by more than 25Vo in the next 3 h, was constant

over the rest of the light period and fell by about SVo below the initial value after 10 h in

darkness. Application of -0.5MPa PEG had no significant effect but -1.0 and -1.5 MPa

PEG reduced AR after 6 hby l57o and467o respectively.

The transfer of plants to a low PPFD after 2 h under a high PPFD reduced AR by

almost 25Vo in the first 3 h. Activity declined further with time and fell to 60Vo of that at a

high PPFD at the end of the light period. After 10 h in darkness, AR of plants transferred to

the low PPFD was much lower than that of plants maintained at a high PPFD. The

application of -0.5 MPa PEG to these plants had no significant effect but -1.0 and -1.5 MPa

PEG reduced AR after 10 and 3 h by 597o and40Vo respectively.

5.3.2.2. Apparent Nz fixation

The effects of PEG, time and light on apparent N2 fixation are presented in Figs. 5.8

and 5.9. Apparent N2 fixation at a high PPFD was 23.11 pmol h-l plant-l after 2 h of the

light period. This increased by 2O7o in the next 6 h and felt by about l07o after 10 h in

darkness. An application of -0.5 MPa PEG had no significant effect on this activity

throughout the period of the experiment. PEG of -1.0 and -1.5 MPa reduced apparent N2

fixation after 10 and 6 h respectively. The reduction after 10 h was 23Vo at -1.0 MPa and

457o at -1.5 MPa. After 10 h in darkness, the apparent N2 fixation of plants treated with -

1.0 and -1.5 MPa PEG was lower than that of control plants.
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Fig. 5.6. Acetylene reduction of faba beans g¡own at high PPFD (750

pE.m-2.s-1) during the imposition of u,ater stress induced by PEG

solutions of different osmotic potentials. The"time" in the frgure is

hours after the treatment imposition. Each column is the average of 4

replicates, and the ba¡ is LSD at P.0.05-

Fig. 5.7. Acetylene reduction of faba beans grown at low PPFD (250

pE.m-2.s-l) during the imposition of water stress induced by PEG

solutions of different osmotic potentials. The"time" in the frgure is

hours after the treatment imposition. Each column is the average of 4

replicates, and the bar is LSD at P.0.05.
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Fig. 5.8. Apparent nitrogen fixation of faba beans grown at high PPFD

(750 ¡rE.m-2.s-l) during the imposition of water stress induced by PEG

solutions of different osmotic potentials. The"time" in the figure is

hours after the treafinent imposition. Each column is the average of 4

replicates, and the bar is LSD at P.0.05.

Fig. 5.9. Apparent nitrogen fixation of faba beans g¡own at low PPFD

(250 ¡rE.m-2.s-l) during the imposition of water stress induced by PEG

solutions of different osmotic potentials. The"time" in the figure is

hours after the treatment imposition. Each column is the average of 4

replicates, and the bar is LSD at P.0.05.
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When plants were transferred to a low PPFD, apparent N2 fixation was reducedby lSVo in

the first 3 h. This activity was reduced by 35Vo after l0 h (the end of ttre light period) and

fell to 58 7o afær 10 h in darkness. The response of apparent N2 fixation to stress at low

PPFD was similar to that found at the high PPFD. Apparent N2 f,rxation was not

signif,rcantly affected by -0.5 MPa PEG but reduced by -1.0 MPa after 10 h by 58Vo andby -

1.5 MPa within 3hby 37Vo.

5.4. DISCUSSION

The water potential of the root and the shoot was reduced within 3 h by the application

of -0.5 MPa PEG (Figs. 5.1 and 5.2) but this was not accompanied by a decrease in

acetylene reduction (Figs. 5.6 and 5.7). Even an application of -1.0 or -1.5 MPa PEG did

not immediately reduce AR. Changes in the water potential of the root and shoot induced by

light treatment (Figs 5.3, 5.4 and 5.5) were also not followed by changes in AR. This

confîrms the results of previous experiments (Chapter 4) that nitrogenase activity of faba

bean is not sensitive to water stress. It shows that this lack of sensitivity applies not only to

a slowly developed water stress, but also to rapid water stress as in the present experiment.

A lack of response of acetylene reduction by nitrogenase to a short term, PEG-induced

water süess has been reported previously by Finn and Brun (1980) with soybeans cultured

in a nutrient solution. They found that acetylene reduction remained constant for 6 h

following the imposition of -1.2MPa PEG despite the fact that plants had experienced stress

as the carbon exchange rate of the shoot declined markedly within an hour, and was reduced

by SOVo after 3 h. The water potential of plants was not measured so it is diffrcult to

compare these results with others. Further, the lower limit of water potential in the rooting

medium that could be tolerated by ninogenase activity was not assessed. The results of the

present experiment show that the application of -1.0 MPa PEG reduced AR after 6 h

accompanied by a fall in water potential of the root and the shoot to -0.79 and -0.92 MPa

(Figs. 5.1,5.2 and 5.6). Since the evolution of H2 was measured in the present experiment,

the effect of osmotic potential in the medium on apparent N2 frxation also could be measured
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allowing a more complete study of the relationship between nitrogenase activity and water

stress.

Apparent N2 fixation was unaffected by -0.5 MPa PEG but was reduced by -1.5 MPa

PEG within 3 h (Fig. 5.5) concomitant with a fall in water potential of the root and the shoot

to -0.83 MPa and -0.93 MPa respectively. These \¡/ater potentials are not significantly

different from those associated with the initial decrease in AR demonstrating that the

response of N2 fixation and AR to water stress are relatively similar. A close relationship

was found between these nvo processes (FiS. 5.10). This suggests that a decrease in the

total flux of electrons to nitrogenase induced by water stress, measured as AR, does not

influence the allocation of electrons to N2 reduction. This does not agree with the results of

Hageman and Burris (1930) with a nitrogenase purified fromAzotobacter vinelandii. They

found that the electron flux through the MoFe component of nitrogenase was the main factor

determining the allocation of electrons to Nz fixation. Nitrogenase used more electrons for

N2 fixation at a high electron flux and favoured proton reduction at a low electron flux. A

change in the proportion of electrons allocated to apparent N2 fixation with a change in the '

total flux of electrons to nitrogenase, generated by da¡kness, was reported recently with pea

plants inoculated with R. leguminosa¡um of a strain capable of expressing hydrogenase

(Mahon and Nelson, 1986). V/hen plants were inoculated with strains which did not

produce hydrogenase, the relationship between hydrogen evolution and acetylene reduction

was linear as was the case with subterranean clover exposed to different light flux densities

(Silsbury, 1981). This may explain the linea¡ relationship between apparent N2 fixation and

AR obtained in the present experiment where plants were inoculated with strain of SU 391

which is incapable of expressing hydrogenase.

The relative efficiency (RE) of 0.76, the ratio of electrons allocated to NZ fixation to

total electrons (AR-HE/AR) indicated by the coefficient of the regression presented in Fig.
lc

5.5, is very close to the maximum level of 0.75 suggested for a N2 fixing system lacking

uptake hydrogenase (Dixon, 1987). This maximum level is based upon the assumption that

at least one mole H2 is evolved for every mole N2 reduced. The values derived from direct
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Fig. 5.10. Relationship between acetylene reduction and apparent

nitrogen fixation. Each point is the average of 4 replicates and 5

observations.

AR = 0.76 N* + 1.76

r = O.974 (n = 32)

N* = apparent nitrogen fixation
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measurements in many legumes varied from 0.20 in subterranean clover to 0.99 in cowpea

(Schubert and Evans,1976). These authors reported that the high RE in cowpea was not

associated with the activity of uptake hydrogenase. Sellstedt (1986), working with grey

alder inoculated with Frankía lacking hydrogenase, found that RE was mostly higher than

0.80. This evidence raises the question of the validity of the suggested maximum value of

RE, but it should not be overlooked that expression of hydrogenase is not solely a function

of rhizobial strain and host species, but also growth conditions (Dixon, 1978)- The MoFe

component of nitrogenase can also function as a H2 uptake protein under suiøble conditions

(Wang and'Watt, 1984).

Nitrogenase activity is sensitive to a low PPFD as AR and apparent N2 fixation were

alt reduced within 3 h of transfer from a high to a low PPFD (Figs. 5.7 and 5.9). This is

consistent with the conclusion that nitrogenase or nodule activity is dependent upon cuÍent

photosynthesis (Rainbird. et al., 1983a; Kouchi et a1.,1985, 1986 a and b; Ryle et al.,

1985a,b and 1986). Further, the nitrogenase activity of low PPFD plants remained lower

than that of high PPFD plants after both were in darkness for 10 h suggesting that

nitrogenase activity can also be affected indirectly by photosynthesis through the size of the

carbohydrate pool in the plant. On the basis of this evidence and the response of nitrogenase

activity to stress ar low and high PPFD, it is tempting to speculate that the factorinfluencing

nitrogenase activity during stress is not the diffusion of Oz into the nodules. If nitrogenase

activity during water stress were affected directly by nodule water content acting on the

diffusion of 02 into the nodule (Weisz et a1.,1985), the level of water potential causing a

decrease in nitrogenase activity would presumably be lower at a low PPFD ttran at a high

PPFD as the amount of Oz required to support nodule activity at the low PPFD would be

lower than that at a high PPFD due to the reduction in supply of photosynthate. If

nitrogenase activity, on the other hand, is affected by water stress through photosynthesis,

the response of nitrogenase activity to water sEess at a low PPFD would be dependent upon

the response of photosynthesis to stress at that PPFD. This response may be more sensitive

than at high PPFD as Kassam (1973) found that leaf diffusive resistance of faba bean plants

in a low light regime was more sensitive to a decrease in leaf water potential than that of

plants at a higher light regime. The results show that AR and apparent N2 fixation at a low
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PPFD were both reduced by -1.5 MPa PEG within 3 h (Frg. 5.9 ) coincident with a fall in

warer potenrial of the nodulated root and the shoot to -0.83 and -0.93 MPa respectively.

These water potentials are not significantly different from those associated with the initial

decrease in AR and apparent N2 fixation at the high PPFD.

In summary, the results of the present experiment show that nitrogenase activity is no

more responsive to rapid development of water stress (induced by PEG) than to slowly

developing stress. Thus, the sensitive response observed by Sprent (1971a) in acetylene-

reducing activity of detached soybean nodules could have been due to the separation of the

nodules from the host plants, the disturbance of the nodules during excision, or the

leguminous species (soybean), which may be different from faba bean in response to water

stress, rather than to the rapid onset of water stress. The effects of PEG-induced stress on

AR and apparent N2 fîxation are the same, so AR can be used to assess the response of N2

fîxation to water stress in this system





CHAPTER 6

NITROGEN FIXATION AND VARIATION IN THE EXTERNAL

WATER SUPPLY: WATER STRESS DEVELOPED RAPIDLY

BY Ð(POSURE OF ROOTS TO AIR

6.1. INTRODUCTION

The experiments described in Chapter 4 and 5 in which faba bean plants were

subjected to water stress either developed slowly by withholding water over several days

from plants grown in soil, or developed rapidly over several hours by the application of

solution of PEG to plants gfown in "Oil Dri" showed that whilst there was a general

relationship between decrease in nodule water potential and decrease in nodule activity, N2

fixation appeared to withstand a "mild" water stress. However when the water potential of

the nodule decreased below about -0.8 MPa, activity was markedly decreased. These results

do not support the thesis that the capacity of nitrogenase to reduce acetylene is directly

regulated by the water potential of the nodule down to -0.8 MPa. Even when the potential

was reduced further and acetylene reduction fell in direct concert with decrease in nodule

water potential, it is possible that the further decline in acetylene reduction was due to a

decrease in carbohydrate supply brought about by reduced photosynthesis through

prolonged exposure of the shoot system to stress.

The hypothesis of a direct regulation of the rate of N2 fixation by nodule water content

is supported by results from the rewatering of stressed plants. Sprent (I97lb and 1972c)

found that nitrogenase activity of stressed soybean plants grown in pots recovered within 45

minutes upon rewatering. When the roots were supplied with tritiated water, labelled water

flowed initially into the nodules rather than directly to the shoot. Albrecht et aI (1984)

found that nitrogenase activity of field-grown soybean recovered in parallel with a recovery

in nodule water potential with no recovery in apparent photosynthesis. Sheoran et ¿/. (1981)

and Kaur et al. (1985), however, found that nitrogenase activity of stressed plants failed to
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recover after rewatering following even mild water stress despite nodule water potential

being restored to the unstressed level.

The experiments described here were designed to ascertain the nature of the

relationship between nodule water potential and nitrogenase activity. Nodules were exposed

to desiccation suddenly and, in this way, to permit a rapid change in the water status of the

nodules without inducing any major change in the carbohydrate supply from the shoor This

was achieved by removing plants from the rooting medium and suspending the nodulated

roots still attached to the shoot in air..

6.2. EXPERIMENT 1

Seedlings inoculated wíth Rhizobiwn legwtinosarutn smin SU 391 were grown with

their shoots introduced through a hole in the tid of a 1 l jar at 750 pE m-2s-1 PPFD, with a

consrantday/nighttemperatureof 20oC+ l"C andal}hphotoperiod- At36days, 16plans

of uniform size were selected and, after 2 h of light, the rooting medium (Oil Dri) was

carefully removed. Each plant was then suspended in a separate glass jar wrapped with

aluminium foil so that the shoot system was supported by a slit-pierced rubber stopper

inserted in the hole in the jar lid which had, up to this point, a collar on the plant. The root

systems of each plant could thus either be exposed to ai¡ or enclosed for AR assay by sealing

the sropper and screwing down the lid. Half of the plants were stressed by allowing them to

dry in air. The other half were watered by addin9250 ml deionized H2O to the jars so that

some roots were covered with water but the nodulated portions were left exposed. The

plants were placed in darkness at20"C during the imposition of treatments. Acetylene was

injected into the jar to l07o by volume and gas samples were taken after 10 and 40 minutes

for the estimation of ethylene production. Half the plants of each treatment were used for

AR and the other half for nodule water potential. AR was measured with a gas

chromatograph and nodule water potential with a "'Wescor" psychrometer at 0, 2,4,6 and 8

h after withholding water. The jars of unstressed plants were emptied of water during the

acetylene reduction assay and refilled after completion of the assay following flushing of the
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jars with fresh air. Nodule water potential was measured after each acetylene reduction

assay had been completed by samplin g 3-4 nodules from each plant of the other set each

time. The results were analyzed as a fully randomized design.

The effects on nodule water potential and AR of withholding water from plants

transferred to darkness with the nodulated roots exposed to open atmosphere are presented

in Table 6.1. The nodule water potential of control plants with the lower part of the root

system immersed in water remained constant throughout the experimental period of 8 h, but

that of plants allowed to dry out in air declined significantly within 2 h from -0.29 MPa to

-0.40 MPa. Subsequently, there was a relatively slow fall in nodule water potential to -0.67

MPa at 8 h. This could be explained by the rapid onset of stomatal closure upon darkening

Table 6.1. The effect of water stress on nodule water potential (NWP) and AR of faba bean

placed under darkness.

'Water

regime 0

Hours after treatment imposition

246 8

I.SD

(5Vo')

Control

Stressed

Control

Stressed

Mean

-o.29 -O.29

-o.29 -0.40

22.30

23.41

22.86

NWP (MPa)

-0.29 -O.29

-0.55 -0.61

AR (¡rmol CzH¿ þ-lpl¿n¡- 1)

18.48 10.91 6.84

18.76 8.28 4.79

18.62 9.59 5.82

-o.29

-0.67

5.70

3.19

4.45

0.05a)

3.t2b)

interaction between sress and time in AR)
a) ûre LSO for the interaction between stress and time, and b) t¡e I-So for the effect of time (no signifrrcant
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which largely prevented further water toss (Meidner and Mansfield, 1968). Withholding

warer from plants did not significantly influence AR (Table 6.1), even after 8 h, despite

nodule warer potential having fallen to -0.67 MPa (Table 6.2). This indicates that the

acetylene-reducing activity of nitrogenase is not limited by a decrease in nodule water

potential to about -0.7 MPa. In contrast, AR declined significantly with time after the plants

were transferred to darkness independently of whether they were supplied with water or

stressed and was reduced by nearly 2O7o wi¡hin 2 h, and 8O7o after 8 h (table 6.1). This

suggests that nitrogenase activity is strongly dependent upon current photosynthesis.

6.3. EXPERIMENT 2

This experiment was designed to examine further the effect of a slight fall in nodule

water potential on nitrogenase activity. In contrast to experiment 1, plants were maintained

under light during the imposition of water stress to maintain a supply of carbohydrate to

nodules during the stress period. All other procedures were the same as those in experiment

1. A light flux density of only 400 pE m-2s-1 during stress imposition was used so as to

prevent a very rapid decline in nodule water potential.

Nodule water potential significantly declined when water was withheld, the effect

increasing with time (Table 6.2). Nodule water potential of plants supplied with water

remained constant during the experimental period, but that of plants allowed to dry out was

signif,rcantly reduced within 2 h. Stress developed more rapidly than it did in experiment 1

with nodule water potential falling to -O.14 MPa after 8 h AR was not significantly

influenced by withholding water but decreased with time as in experiment 1. This decrease,

however, was of only l27o in 6 h and by less than 3OVo at 8 h and is likely to have been due

to adjustment to changes in light flux density and a consequent decrease in carbohydrate

supply. This confirms the results of experiment 1, and also clarifies that the light regime has

no influence on the response of nitrogenase activity to water stress.
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Table 6-2. The effect of water stress on nodule water potential and AR of faba bean placed

under light.

0

Hours after treaünent imposition

246 8

I-SD

6Vo\

Control

Stressed

Control

Stressed

Mean

19.02

18.52

18.77

17.47

17.66

17.57

16.70

17.10

16.90

t6.t4

16.96

16.55

14.74

t2.05

13.40

0.074)

1.59b)

-0.25 -0.30
NWP (MPa)
-o.29 -0.30 -0.30

-0.25 -0.45 -0.62 -0.70 -0.74

AR (pmol CzH¿ h- lptant-l)

a) is the LSD for the interaction between sEess and time, and b) is ttre LSD for the effect of time (no

significant interaction between sEess and time in AR).

6.4. EXPERIMENT 3

This experiment was designed to examine the responses of the nitrogenase activity of

faba bean to a wide range of nodule rilater potentials, and to investigate the effect of light

pre-treatment on the rcsponse of nitrogenase activity to water stress. The latter objective was

to explore a possible role of plant carbohydrate content in the response of N2 fixation to

water stress.

Faba bean plants of uniform size were selected from a population established in a

controlled growth cabinet as in the previous experiments and divided into 3 groups 34 days

after sowing. The fust group was maintained at the same PPFD as that in which all had

been grown i.e.,750 pE m-2s-1. A second was transferred to 200 pE m-2s-l and a third to

1200 pE m-2s-1 each for two days and then returned to 750 þE m-2s-l PPFD on the third

day. The 1200, 750 and 200 pE m-2s-r PPFD a¡e termed high, median and low PPFD for
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simplicity. All plants were removed from the rooting medium at 08.00 h on the third day

and the nodulated roots capped in jars following the procedure of experiment l. Prior to the

imposition of stress, the nodulated roots were sprayed with deionized water every 10

minutes. The plants in each group were further divided into six sub-groups which were

subjected to water stress for 10, 8, 6, 4,2 and 0 h respectively. Water stress, created by

withholding water, was imposed at different times for each sub-group commencing at 11.00

h so that all treatments were assayed for acetylene reduction at the same time (21.00 h).

Plants were assayed for acetylene reduction followed by the measurement of nodule water

potential. The experiment was replicated on successive days for four days and ananged in a

split-plot design with the light pre-treatment as the main factor and the period of drying as

the sub-factor. The data for plants maintained under the medium PPFD were also analyzed

as a randomized block experiment for the pu{poses of comparison with data from other

legumes presented in experiment 4.

The effects of light pre-treatrnent and withholding water on nodule water potential are

presented in Table 6.3. There was a significant interaction between withholding water and

light pre-treatment on nodule water potential. Nodule water potential of plans transferred to

a low PPFD was significantly higher than ttrat of those transfened to a high PPFD between

2-6h afær withholding water. Nodule water potential of plants experiencing stress at the

low PPFD was -0.27 MPa after 2 h of light, declined to -0.50 MPa 2 h after withholding

water, remained relatively constant in the next 4 h and fell to -0.99 MPa after 10 h of the

stress period.'When plants had experienced two days at high PPFD, nodule water potential

was reduced to -0.46 MPa before the imposition of water stress, declined markedly to -0.70

MPa within 2 h of withholding water, remained constant in the next2 h, fell to -0.93 MPa

after 6 h and was constant in the last 4 h of the stress period. There was no significant

difference in nodule water potential between plants maintained at median PPFD and those

transferred either to a low or high PPFD.
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Table 6.3. Interaction of light pre-treatment and water stress on nodule water potential

(MPa) of faba bean.

Light

prc-treaünent 0 2

Hours after withholding water

468 l0
I-SD

(5Vo)

High PPFD

Median PPFD

Low PPFD

-o.46

-0.36

-0.27

-0.70

-0.51

-0.50

-o.76

-0.70

-0.51

-0.93

-0.85

-0.53

-0.91

-0.91

-0.74

-0.98

-1.05

-0.99

0.19

High, median and low PPFD is 1200, 750 and 200 ¡tE r-2r-l respectively.

AR per plant and per unit nodule dry weight were both significantly affected by light-

prc-treatment and withholding water, but no significant interaction between these factors was

found (Table 6.4). AR of plants transferred to a high PPFD for 2 days was not significantly

different from those maintained at the median PPFD suggesting that the high PPFD was

unable to increase the ca¡bohydrate supply for N2 fixation. In contrast, AR of plants

transferred to a low PPFD was reduced, on average, by 4l%o indicating a considerable

decrease in carbohydrate available to support N2 fixation. Thus, the absence of response of

AR to the high PPFD could be due to a limitation in the capacity of the carbohydrate pool to

absorb the surplus production of photosynthate. AR was not significantly affected by up to

4 h of withholding water, independent of the light pre-treatment, but reduced, on a plant

basis, by more than 50Vo of the initial value after 6 h and by more than 707o at the end of an

experimental perid of 10 h. A comparable response to light-pre-treaûnent and water st¡ess

was shown by acetylene reduction per unit nodule dry weight.

These results are consistent with those of experiment I and 2 in that a decrease in

nodule water potential to about -0.7 MPa \¡/as not accompanied by a decrease in AR,

suggesting that nitrrogenase activity is not directly controlled by nodule water potential. This

response was also independent of the light pre-tre¿¡ n (low or high PPFD) suggesting that

the initial carbohydrate status of the plant had no effect on the response of nitrogenase

activity to water stress.
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Table 6.4. The effects of light pre-treaÍnent and water stress on AR of faba bean.

Light

pfe-treatrnent 0 2

Hours after withholding water

468
Means

l0

AR (pmol Cz}J¿ þ- lpl¿n¡-l)

High PPFD

Medium PPFD

Low PPFD

Means

LSD (57o)

High PPFD

Medium PPFD

Low PPFD

Means

LSD (57o)

28.81

26.87

17.55

24.4r

93.78

89.29

72.72

84.93

22.87

26.49

t4.43

2t.26

94.81

85.30

42.2r

74.t\

16.74

t2.74

7.99

12.49

8.29

7.54

s.56

7.t3

33.17

3r.63

20.46

28.42

19.97

17.84

10.55

3.r2b)

72.19

64.95

39.46

832b)

28.29 14.83

20.22 13.20

10.67 7.10

19.72 LT.1I

4.72a)

AR (pmol CzH+h-l gNDW-l)

100.41 53.84 57.13

83.05 52.04 48.38

4r.2s 29.08 3r.04

74.90 44.99 45.52

12.06^)

a) and b) is ttre LSD for the effect of time and light-pre-treatrnent respectively

6.5. EXPERIMENT 4

This experiment was conducted to compare the responses of nitrogenase activity of

faba bean to water stress with those of cowpea and soybean. Cowpea inoculated with

Rhizobiwn sp and soybean with Bradyrhizobiwn were grown sequentially in the same

growth cabinet as faba bean @xperiment 1) in the same environment apart from a

temperature of 25oC. Plants of uniform size were selected after 34 days, removed from the

rooting medium early in the morning and subjected to water stress 2 h after the light period

began. The water stress treatment and other experimental procedures were similar to those
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applied in experiment 3. Data for each species were analyzed separately, each as a

randomized block.

The effects of water stress on nodule water potential, and on AR per plant and per unit

nodule dry weight are shown in Table 6.5. Nodule water potential for all species declined

with time following the withholding of water. While nodule water potential of faba bean fell

markedly only after 4 h, that of cowpea and soybean was reduced within 2 h. This

difference could be due to the difference in growth temperature or species. The effect of

water stress on nitrogenase activity was comparable between species - a ma¡ked decrease in

AR lagged behind a fall in nodule \¡/ater potential.

6.6. DISCUSSION

The main objective of the present experiments was to ascertain whether there was a

direct relationship between ninogenase activity and nodule water potential. This objective

was approached by exposing of nodules to atmospheric dehydration to create a rapid

decrease in nodule water potential. If there is a direct relationship between nitrogenase

activity and nodule water potential, a decrease in nodule water potential should be followed

by a parallel decrease in nitrogenase activity. 'When plants were transferred to darkness and

water stress was imposed, AR was not influenced by a decrease in nodule water potential to

-0.67 MPa (Table 6. t ). This is consistent with the results of previous experiments

(Chapters 4 and 5) and suggests there to be no direct relationship between nitrogenase

activity and nodule water potential.

However, nitrogenase activity declined with time following the transfer of plants to

da¡kness suggesting that ninogenase activity is dependent upon current photosynthesis.

Therefore, it can be argued that the absence of a direct relationship between nitrogenase

activity and nodule water potential could be due to a sub-optimal supply of carbohydrate to

the nitrogenase system resulting from the cessation of photosynthesis in darkness. This

possibility was tested in experiment 2 in which plants were maintained under light during the



106

Table 6.5. The effect of water stress on nodule water potential (NWP), AR of faba bean,

cowpea and soybean.

Measurements 0

Hours of stress

246 8 10

I,SD

67o)

Faba bean

-0.36 -0.51 -0.70 -0.85 -0.91 -1.05 0.r7N\ryP (MPa)

AR
-(pmol CzHtþ-lplanrl)
-(¡rmol CzH¿ h- I gNDW- l)

NWP (MPa)

AR
-(pmol CzH¿¡-lphnrl)
- (pmol CzHq h- I gNDV/- l)

Cowpea

-0.39 -0.70 -0.76 -0.86 -0.93 -0.98 0.13

26.9

88.3

45.r

98.9

26.5

85.3

39.9

86.4

95.2

L27.3

20.2

83.0

28.7

67.8

67.3

98.1

13.2

52.0

16.5

44.8

52.3

66.4

12.7

48.4

18.1

39.5

10.9

t6.2

7.5

3r.6

r3.0

33.3

1.9

2.8

10.1

18.6

11.5

13.7

SoYbean

-0.33 -0.61 -1.00 -r.22 -1.30 -r.41 0.14NWP (MPa)

AR
-(pmol CzH+¡-lplanrl) 17.6

17.0-(pmol CzH¿ h-1gNDV/-1)

104.0

145.8
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imposition of water stress. The results showed that nitrogenase activity was not affected by

withholding water for up to 8 h despite the fact that nodule water potential had fallen to

-.0.74 MPa (Table 6.Â). This suggests that the lack of effect of nodule water potential on

nitrogenase activity in darkness was not associated with a limitation in the carbohydrate

supply.

The above conclusion was further supported by the results of experiment 3 where the

effect of light pre-treatment, imposed before the imposition of water sEess, on the response

of N2 fixation to water stress was examined. The light pre-treatment could be expected to

vary carbohydrate contents of plants (Minchin and Pate, 1973; Kerr- et al., 1985; Walsh er

a1.,1987; Mullen and Koller, 1988a and b). AR of plants transferred to a low PPFD was

substantially reduced suggesting that the carbohydrate supply in these plants was lower than

that in plants maintained at median or transferred to a high PPFD. However, the response of

AR to water stress was not significantly different between plants pre-treated with low PPFD

and those maintained at median or transferred to a high PPFD (Tables 6.3 and 6.lr). In

contrast, changes in nodule water potential with time after withholding \4/ater were dependent

upon the light pre-treatment. Thus, the response of N2 fixation to water stress does not

depend upon the response of nodule water potential.

The direct effect of nodule water content on N2 fixation was associated with the nodule

resistance to Oz diffusion (Pankhurst and Sprent,1975a). This was based upon evidence

that N2 fixation of stressed nodules recovered with exposure of the nodules to a high Oz

tension. If this is true, the response of N2 fixation to water stress would be expected to be

influenced by the supply of carbohydrate to the N2 fixing system. Nodules of plants having

a low carbohydrate supply would be relatively more resistant to water stress than those of

plants with a high carbohydrate supply, as 02 consumption of the former plants would be

lower than that of the latter. This idea was explored in a previous experiment in which

plants were transfered to a low PPFD during the imposition of water stress. The results of

experiment 3 agree with those of the previous experiment and suggest that Nz fixation

during water stress was not affected by nodule water potential acting on 02 supply.

Sprent (1981) discussed the possibility that leguminous species producing

indeterminate nodules such as faba bean have a greater ability to withstand water stress than



108

other legumes. Gaseous transport into the nodule is not restricted to a particular pathway in

faba bean as it is in soybean and cowpea nodules where it is confined to lenticels. Faba bean

nodules mainly export the relatively more soluble compound asparagine in contrast to the

relatively insoluble ureid exported by soybean and cowpea. As the products of the nodule

a¡e carried in the transpiration stream (Minchin and Pate, 1973),legumes that export more

soluble products would be expected to have greater ability to withstand water stress. The

present experiments show that the response of nitrogenase activity to water stress is similar

in the three species tested (Iable 6.5). This suggests that the ability to withstand "mild"

water stress may not be confined to faba bean.





CHAPTER 7

NITROGEN FIXATION AND COz EXCHANGE: VARIATION IN COz

EXCHANGE INDUCED BYWATER STRESS

7.I. INTRODUCTION

N2 fixation in faba bean declined as water stress developed to a moderate level and

nodule water potential fell below about -0.8 MPa (Chapters 4, 5 and 6). A decrease in N2

fixation during water stress has been also reported in several other species (Sprent, 1976a

and b; Foulds, 1978: Patterson, L979; Zablotowicz, 1981) but the mechanism through

which this process is influenced by water stress'is obscure.

Ea¡lier studies suggested that nitrogenase activity is directly affected by nodule water

content, a conclusion founded on evidence that the nitrogenase activity of stressed plants

recovered immediately upon rewatering (Sprent, 1972c). It was further concluded that N2

fixation is affected by water stress through a limitation to oxygen diffusion into the nodules

(Pankhurst and Sprent, 1975a; Sprent and Gallacher, 1976). The evidence supporting this

conclusion is that the nitrogenase activity of stressed nodules or plants recovered when the

nodules or nodulated roots of plants were exposed to a high oxygen tension. For instance,

nitrogenase activity of plants stressed to a nodule water potential of -0.9 MPa recovered at an

oxygen tension of 105 Pa. Furthermore, Weisz et al. (1985) demonstrated a decrease in

nodule conductance to gaseous diffusion as a result of water stress. However, Huang et al.

(1975b) hold the view that N2 fixaúon is mainly limited by photosynthesis. They found that

: (i) the nitrogenase activity of plants not subjected to stress is strongly dependent upon

curent photosynthesis; (ii) the effect of water stress on nitrogenase activity could be

mimicked by reducing the CO2 concentration su¡rounding the shoot; and (iii) the reduced

nitrogenase activity could be partially restored by exposing the shoot to a high CO2

concentration.
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The results of previous experiments (Chapters 4, 5 and 6) show that a decrease in

nitrogenase activity with water stress was not associated directly with nodule water potential.

A decrease in nodule water potential as water stress developed was not accompanied by a

concurrent decrease in nitrogenase activity, and nitrogenase activity fell as water stress

developed to moderate stress despite nodule water potential being maintained experimentally

at a high level. The data do not support the view that nitrogenase activity is directly

responsive to nodule water content (Sprent, L97lb; Engin and Sprent,1973). Rather, the

reaction of nitrogenase activity to water stress was observed to be close to that of leaf

diffusive resistance, suggesting that photosynthesis may be the important factor influencing

nitrogenase activity. The present experiments were designed to investigate this possibility.

This was approached by examining changes in nitrogenase activity and net ca¡bon exchange

rate of the nodulated roots in relation to changes in the net carbon exchange rate of the shoot

with and without water stress. The experiments were conducted in a specially designed

chamber in which the nodulated root system and the shoot system could be sealed into

separate compaftments allowing the net carbon exchange rate of each part to be monitored

separately. For simplicity the nodulated root system is referred to as foot.

7.2. EXPERIMBNT 1

This experiment was conducted to investigate the relationship between changes in net

carbon exchange (NCE) of the shoot and root in plants with and without water stress.

Plants inoculated with Rhízobiwn leguminosarutn strain NA 533 at sowing, grown in pots

using sand as the rooting medium and thinned to one plant per pot after emergence, were

established in a controlled growth cabinet fitted with "Metalarc" lamps providing 750 ¡tE m-

2s-l photosynthetic flux density (PPFD), a constant day/night temperature of 20oC + loC and

12 h photoperiod set from 09.00 to 21.00. Water containing all nutrients except mineral

nitrogen was supplied in the morning every day commencing at sowing until the transfer of

the plants to the gas exchange chamber. At the six leaf stage (30 days), two plants were

removed carefully from the pots by immersion in deionized water at 20oC and shaking gently
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to remove the sand. The plants were placed in the gas exchange chamber with the shoots

and root sealed in separate comparrnents with split-pierced rubber stoppers at the stem bases

supported by "Prestik"sealing (see Chapter 3). The lower compartment housing the

nodulated root system contained 1000 rnt of nutrient solution free of mineral nitrogen which

was sprayed automatically onto the root for one second every minute. The light flux density

measured at the plant surface within the chamber, was adjusted to that in the growth cabinet

(750 pE m-2s-r). The temperature of shoot and root compartments was maintained

constantly at zOoC and monitored continuously by thermocouples. The plants were

acclimated in the chamber for 24 h, measurements were made on the second and third days.

On the second day the water supply was maintained but water stress was created on the third

day by taking water out of the chamber and turning off the sprayer at the beginning of the

light period (09.00 h). V/ater was supplied once more at 18.00 h. NCE of the shoot and of

the root (root respiration) was monitored continuously wittr an infr¿ red gas analyzet (IRGA)

operating in the differential mode. At the end of day 3, the plants were taken from the

chamber and replaced by 2 replicate plants of similar size and the procedures described

above repeated to give 4 replicaæs in total.

7.2.1. The establishment of the gas exchange system

The validity of this gas exchange system for the measurement of the CO2 exchange

rate was examined by observing the course of COZ exchange for 3 days consisting of 2 days

without water stress and 1 day with stress. The carbon economy of the plants was also

analyzed and compared with that reported in the literature.

Diurnal pattern of carbon exchønge rate. The diurnal variations in net carbon

exchange (NCE) of the shoot and root of individual replicates measured continuously over 3

consecutive days are presented in Figs. 7.1 and 7.2 respectively. In the absence of water

stress on day 1 and 2, net carbon exchange rate of the shoot showed only a slight variation
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Fig. 7.1. Diurnal changes in NCE of the shoot of faba bean during the

first (acclimation), second (well watered) and third (water-stressed)

days. Each line represents a single replicate.
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Fig.7 .2. Diurnal changes in NCE of the root of faba bean during the

first (acclimation, second (well watered) and third (water-stressed)

days. Each line represents a single replicate'
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with time in the light, and generally attained a high rate early in the light period (Fig. 7.1).

In darkness, NCE of the shoot (dark respiration) showed a continuous decrease after an

hour. NCE of the root showed a marked diurnal fluctuation, increasing continuously in the

light and decreasing continuously in darkness (Fig. 7.2). When water stress was imposed

on day 3, NCE of the shoot declined with time afrcr 2 h, while that of the root increased in

the first 3 h and then declined thereafter. Upon rewatering, NCE of the shoot increased

gradually with time but that of the roots increased rapidly to a higher level varying with the

replicate. The diurnal fluctuation in the carbon exchange rate when planS were well watered

followed a regular pattern and was repeatable. The amount of CO2 assimilated and evolved

on the second day was a little higher than that on the first day, probably due to an increase in

plant biomass and leaf area. The response of NCE to water stress and rewatering also

showed a consistent pattern.

Relationshíp between the uptake and the evolutíon of COz. Two equations

were used to analyze the relationship between COz uptake and evolution during these frst

two days. The first was R = crPg + PW (McCree,1970), where R is the total CO2

evolution over 24 h, Pg is the total CO2 uptake over 12 h of light period, W is the total plant

dry weight, o and p are coefficients. This is equivalent to Thornley's (1970) theoretical

equation i.e. R = (l-Yg)Pg + mYgW, where Yg = growth efficiency and m is a maintenance

coefficient. The second equation was N = kD + cW (McCree,1974), where N = total CO2

evolution over 12 h of darkness, D = net CO2 uptake during 12 h of light period, lç = growth

coeffrcient and c = maintenance coeffrcient.

Each equation fitted the data for COz evolution and uptake with a high degree of

correlation (Figs. 7.3 and7.4). The calculated value of coefficient cr was 0.24 which is

close to the reported value of 0.25 for white clover (McCree, l97O). The growth efficiency

(Yg) can be calculated from the first equation using Thornley's equation; Yg = l- 0.24 =

0.76 and is close to values (0.67 - 0.72) reported earlier for the same species (Irving and

Silsbury, 1987). The growth coefficient (k) from the second equation is 0.15 which is very

close to the value reported for clover and sorghum (k = 0.14) (McCree, 1974) and to

theoretical values based upon the biochemical composition of plant biomass (0.12 for
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Fig.7.3. Relationship between estimated total dark respiration over 24

h (R) and total ca¡bon uptake during the previous 12 h of day (Pg).

Each point is the average of 2 plants.

R = 0.24 Pg + 1286

r = 0.976

FLg.7.4. Relationship between total carbon loss during the night (N)

and total ca¡bon uptake during the previous day (D). Each point is the

average of2 plants.

N=0.14D+784

r = O.962
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sunflower and 0.14 for maize) (Penning de Vries, 1972 and 1974). This indicates that the

rates of CO2 uptake and evolution found in the present experiment conform with normal

processes of plant carbon economy. The intercepts in both regression equations, however,

cannot be attributed entirely to maintenance processes as CO2 evolution is also linked to

nitrogenase activity.

7.2.2. The effect of water stress and rewatering

The mean of NCE of the shoot and the root during the second day (plants not stressed)

and the third day (plants subjected to stress) are presented in Fig 7.5,7.7 andT .7 . It was

observed that COz uptake by the shoot was very sensitive to light, detectable within 2

minutes of the light being turned on and fell to zero within the same period in darkness (data

not shown). On average, the NCE of shoot during the day was 907o of the daily maximum

rate in the fîrst hour, increased slightly during the next 6 h to the maximum and declined

gradually thereafter to about 80Vo at the end of the light period (Fig. 7.5). Net carbon

evolution by the shoot was observed within two minutes of the light being turned off (data

not shown) and reached a maximum in the first hour. It declined thereafter to 60Vo of the

maximum rate at the end of the dark period (Fig. 7.6). Root respiration was less sensitive to

light than was shoot NCE, and only increased after about an hour of exposure to light, but

increased rapidly after this lag phase (Fíg. 7.7). After 6 h of light, the rate of root

respiration was about LNTo above the rate during the first hour of light. This rate was

mainøined nearly constant during the next 4 h but then increased slightty once more to reach

a maximum during the first hour of darkness. In the following hours of darkness, the rate

of root respiration fell continuously to a level of 45Vo of the maximum rate at the end of the

dark period.

'When water was withheld for t h commencing at the beginning of the third day, NCE

of the shoot and root were both reduced substantially (Figs. 7.5,7.6 and7.7). NCE of the

shoot during the light period fell markedly within 3 h to 84Vo of the initial rate and was less

than 3OVo after t h of withholding water (Fig. 7.5). However, NCE of the root was
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Fig. 7.5. Changes with time during the day in NCE of the shoot of

control and stressed plants. Each point is the mean of 5 replicates and

the bars are standard errors of the means.

Fig. 7.6. Changes with time during the night in NCE of the shoot of

control and previously stressed plants. Each point is the mean of 5

replicates and the bars a¡e standard errors of the means.
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Fíg.7.7. Changes with time during the day and night in NCE of the

root of control and stressed plants. Each point is the mean of 5

replicates and the ba¡s are standard errors of the means.
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signifrcantly reduced only after 5 h to 83Vo of control rate, but showed a nearly linear decline

thereafter and fell to 46Vo of the control rate at the end of the stress period-

Upon rewatering, NCE of the shoot and the root showed an immediate response

(Figs. 7.5 and 7.7). However, neither the shoot nor the root NCE recovered to their

respective control levels . rù/hite NCE of the shoot showed a continuous increase with time

from 357o of the control rate in the first hour after rewatering to 68Vo in the last hour of the

light period, the NCE of the root return .'dto 57Vo of the control rate in the first hour and then

increased to777o after 3 h (at the end of the light period). During the following dark period,

the NCE of the root declined in parallel with that of control plants. NCE of the shoot also

declined with time during the night, that of the stressed plants was l4%o lower than that of

control plants (Fig. 7.6).

7.3. EXPERIMENT 2

This experiment was conducted to investigate the relationship between changes in

nitrogenase activity and in NCE of the root and shoot during a normal day without and with

water stress. All procedures of plant establishment in the glowth cabinet and in the gas

exchange chamber were similar to those in experiment 1 except that nitrogenase activity w¿ìs

measured in this experiment at 09.00, 12.00, 14.00, 17.00, and 21.00 h during the second

and third days. The root compartment was sealed, and triplicate 1 ml samples of gas were

withdrawn from the compartment with syringes after 2 and 10 minutes. Hydrogen

concentration of these samples was measured by injecting 0.5 ml of the gas into a gas

chromatograph (see Chapter 3). The chamber was then flushed with air for 5 minutes at a

flow rate of 5 I min-l before plants were assayed for acetylene reduction with an open

system. Acetylene at a flow rate of 300 ml min-l was inEoduced into the air flowing to the

chamber at a rate of 2.7 I min-l, and gas samples were withdrawn from the exhausted air

every minute for 20 minutes of incubation by 1 ml syringes in triplicate samples. After the

completion of each assay, the root compartment was flushed with air at a flow rate of 10 I
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min-l for two minutes and then returned to 5 I min-l, the flow rate used for measurement of

the CGz exchange rate of the root.

7.3.L. The effect of water stress on NCE

NCE of the shoot and the root during the second and third days are presented in Figs.

7.8,7.9 and 7.10. The course of NCE of the shoot during the day and and night, and their

responses to water stress and rewatering were comparable with those found in the first

experiment. However, the root NCE showed a pattern slightly different from that in the

previous experiment. This is possibly due to the effect of the acetylene reduction assay

which caused a reduction in the root NCE after each AR assay, recovering after about 60

minutes. After a steady state of COZ evolution had been reached, the rate was recorded, and

the inferred - rate of CO2 evolution during the time of assay and recovery was estimated by

trend analysis.

7.3.2. The effect of water stress on nitrogenase activity

The course of acetylene reduction (AR) with time during incubation is presented in

Fig. 7.11. The rate of AR increased rapidly and almost linearly in the first 5-7 minutes

following the introduction of acetylene, increased slowly to a maximum within the next 10

minutes and remained constant thereafter. This pattern of AR during incubation held true

independent of time of assay and water treatment, and no acetylene-induced decline in the

rate of ethylene evolution was observed. The effect of water stress was marked only after 5

h of withholding water and showed a decrease in the rate of AR.

AR, hydrogen evolution QIE) and apparent N2 fixation calculated from the difference

between AR and IIE (AR-HE) expressed per hour are presented in Figs. 7.12, 7.13 and

7.14 respectively. The AR data are calculated from the maximum rate of AR per minute.

AR, ÉIE and AR-FIE of control plants in the beginning of light period were 13.83, 5.09 and
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Fig. 7.8. Changes with time during the day in NCE of the shoot of

control and stressed plants. Each point is the mean of 5 replicates and

the bars are standatd errors of the means.

Fig. 7.9. Changes with time during ttre night in NCE of the shoot of

control and previously stressed plants. Each point is the mean of 5

replicates and the bars are standard eilors of the means.
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Fig. 7.10. Changes with time during the day and night in NCE of the

root of control and stressed plants. Each point is the mean of 5

replicates and the ba¡s are standard errors of the means.
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Fig. 7.1la and b. The co¡rse with time of acetylene reduction during

incubation in an open system. Plants were assayed before the

imposition of water stress (a) and 3 h after water was withheld. Each

point is the mean of 5 replicates and the bars afe standafd erors of the

means.
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Fig. 7.1lc and d. The course with time of acetylene reduction during

incubation in an open system. Plants wero assayed 5 h (c) and 8 h (d)

after water was withheld. Each point is the mean of 5 replicates and the

bars are standard errors of the means.
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Fig. 7.11e. The course with time of acetylene reduction during

incubation in an open system. Plants were assayed 3 after watering

was resumed. Each point is the mean of 5 replicates and the bars are

standard enors of the means.
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8.74 pmol þ-lplanrl respectively. These activities showed a similar pattern in their courses

with time in that each increased rapidly at the beginning of light period and slowly thereafter

up to the end of the light period. AR, HE and AR-HE increased by 126 Vo, 169 Vo and

l02%o in the first 3 h, and by 2517o, 3I87o and 2L2Vo at the end of the light period

respectively. Withholding water for up to 3 h had no significant effect on either AR, fIE or

AR-HE (Figs. 7.L2,7.13 andT .I4). However, these activities were reduced successively

to 49Vo,397o and577o ofthe control level when water was withheld for 5 h and fel|to267o,

22Vo and 30Vo afær 8 h. The relative efficiency of stressed plants was numerically lower

than that of control plants, but this difference was statistically significant only in the

measurement made 5 h after withholding water (Fig. 7.15).

Upon rewatering, AR, HE and AR-HE increased but did not completely recover

within 3 h. The rates of AR, tIE and AR-HE after 3 h of rewatering was 42Vo,327o and

507o respectively of the control level. The relative efficiency of stressed plants was

signifrcantly higher than that of control plants upon rewatering.

7.3.3. Relationship between nitrogenase activity
and NCE of the root

The relationships between nitrogenase activity, expressed as either AR or FIE, and

NCE of the root are presented in Figs. 7 .16 and 7 .I7 . The two processes show a linear

relationship with a high degree of correlation (r = 0.922 for AR and r = 0.957 for FIE with n

= 60). Since N2 hxation is an energy-consuming process, a linear relationship between

nitrogenase activity and CO2 evolution from the root is not surprising. However, the

observed linea¡ relationship between nitrogenase activity and NCE of the root suggests that

the diurnal variation in NCE of the root of the well watered plants and the change induced by

water stress are mainly associated with the change in nitrogenase activity. No significant

difference in this relationship was found between control and sEessed plants, the evolution

of O.29 pmoles COz from the root being associated with the production of 1 pmole
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Fig.7 .12. Acetylene reduction of control and stressed plants in relation

to time of day. Each point is the mean of 5 replicates and the ba¡s are

standard errors of the means.

Fig. 7.L3. Hydrogen evolution of control and stressed plants in

relation to time of day. Each point is the mean of 5 replicates and the

bars are standard errors of the means.
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Fig.7 .L4. Apparent nitrogen fixation (AR-I{E) of control and stressed

plants in relation to time of day. Each point is the mean of 5 replicates

and the bars are standard errors of the means.

Fig. 7.15. Relative efficiency of of control and stressed plants in

relation to time of day. Each point is the mean of 5 replicates and the

bars are standard errors of the means.
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Fig. 7.16. Relationship between acetylene reduction (AR) and NCE of
the root of control, stressed and rewatered plants. Each point

represents an individual measuremenL

AR = 0.29 NCE - 10.78

r = 0.927 (n = 50)

Fig.7.l7. Relationship between hydrogen evolution (HE) and NCE of
the root of control, stressed and rewatered plants. Each point

represents an individual measuremenl

HE = 0.14 NCE - 7.53

r = 0.954 (n = 50)
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Fig. 7.18. Relationship between hydrogen evolution (HE) and

acetylene reduction (AR) of control, stressed and rewatered plants.

Each point represents an individual measurement.
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AR. During N2 fixation, the evolution of 0.14 pmoles COz is attributed to the reduction of

I ¡rmole proton. The relationship between HE and AR was linear in this experiment and

independent of the water regime (Fig. 7.18).

7.4. EXPERIMENT 3

This experiment was aimed to investigate the effect of water stress on nodule water

relations during gas exchange in the conditions of the previous experiments' All

experimental procedures were similar to those in the first experiment, measurements of

nodule water potential (NWP), nodule osmotic potential (NOP) and nodule turgor potential

(NTp) were made during the water-stress cycle. At each time of measurement,3-4 nodules

were taken at random from the plants, blotted with tissue paper and loaded into a

psychrometric chamber for measurement of water potential with a "Wescor" psychrometer

(see Chapter 3). After the completion of NWP measurement, the nodules were sealed in the

psychrometer chamber , frozen with liquid nitrogen for a few seconds and thawed at room

temperature (25'C) for about an hour. The water potential of these nodules was then

measured by the same procedure to obtain nodule osmotic potential (see Chapter 2). Nodule

turgor potential was calculated from the difference between NOP and NWP'

NWP declined continuously with time after withholding water and fell from -0.35

Mpa ro -0.75 Mpa within 3 h and to -1.20 MPa after 8 h (Fig. 7.19). This decrease in

NWp was followed by a slower decrease in NOP which fell from -0.91 MPa to -1.03 MPa

in the firsr 3 h and to -1.28 Mpa at the end of stress period. This difference resulted in a

conrinuous decrease in NTp from 0.55 MPa to 0.28 MPa in the first 3 h of withholding

water and to 0.01 MPa after 8 h (Fig. 7.20). Rewatering restored NWP, NOP and NTP to

their initial values within a¡r hour.



r32

Fig.7.19. Nodule warerpotential (NWP) and nodule osmotic potential (NOP) of

faba bean plants undergoing water stress. Watering was withheld at 0 h of day and

resumed as indicated. Each point is the mean of 5 replicates and bars are standard

errors of the means.

Fig.7.20. Nodule rurgor potential (NTP) of faba bean plants under going water

stress. V/atering was withheld at 0 h of day and resumed as indicated. Each point

is the mean of 5 replicates and bars are standard erroß of the means-
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7.4. DISCUSSION

Gas exchange system

The double chambers designed and used for the experiments enabled rates of CO2

exchange of the root and shoot systems to be measured without disturbing the plants. It also

allowed for AR determination of undisturbed, nodulated roots. Since the lower part of the

root system was immersed in nutrient solution which was sprayed regularly over the rest of

the (exposed) roots and nodules, adequate supplies of water and mineral nutrients were

available to ttre whole plant. This system had two advantages: (i) it eliminated the problem

of soil resistance to gaseous diffusion; and (ii) it allowed for the imposition of "immediate"

stress by withholding water. Huang et al. (1975a and b) used a chamber simila¡ to this to

study the effects of water stress on N2 fixation of soybean. However, plants were grown in

soil which may have led to an underestimate of nitrogenase activity due to soil resistance to

gaseous diffusion. The effect of water stress on N2 fixation may also be confounded by the

effect of water stress on soil resistance and by the effects of the presence of acetylene in the

soil for prolonged periods. In such conditions, nodules would continue to reduce this

substrate with consequent disturbance of nodule metabolism due to the cessation of NH3

production. Such problems of the technique lead to the conclusion that the claim that N2

fixation is controlled by current photosynthesis during \¡/ater stress is unresolved.

Finn and Brun (1980) also used a similar chamber and cultured plants in nutrient

solution, but the supply of water and nutrients to the plant relied on uptake by the lower part

of the root system alone. Further, water stress was imposed by replacing the nutrient

solution with a solution of polyethylene glycol. However, the main problem of the

technique they employed was the use of a very low concentration of acetylene (1.67o by

volume) for acetylene reduction assay as the optimum concentration of acetylene for this

purpose is 1O7o (Koch and Evans, 1966; Hardy et al., 1973). Moreover, this gas was

bubbled through nutrient solution which might have further reduced the concentration of

acetylene in the gas phase due to its high solubility in water, for instance 0.08 rnl ml-l at 0.1

atm pC2H2 and 30oC (Stewart, 1980; Turner and Gibson, 1980). Finn and Brun did not
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comment on possible effects that the accumulated acetylene in water could have had on the

results of the experiment and of these considerations raise questions about the results.

Overall results show that the NCE of the shoot and the root of faba bean fluctuate

diurnally following a regular and repeatable pattern (Figs. 7.1 and 7.2). It can be seen in

these figures that the effect of water stress on shoot and root NCE were also consistent.

Analysis of the CO2 exchange data further show that the carbon requirement for growth is

comparable with that reported in the literature. This justif,res the use of the gas exchange

system for the measurement of the CO2 economy of the plant. Further, the chamber is also

suitable for measurement of acetylene reduction (see Chapter 3).

Net carbon exchange (NCE)

It is well understood that carbohydrate in plant required for various processes

including N2 fixation in Rhizobium -legume symbiosis is derived from photosynthesis.

There is no doubt that the rate of photosynthesis determines the rate of carbohydrate use

particularly under a limited supply of carbohydrate. However, the nature of relationship

between photosynthesis and carbohydrate use for particular processes such as N2 fixation is

not clearly understood. The system used in the present experiments allowing the continuous

monitoring of COZ exchange from the shoot and root systems enables an understanding of

the nature of the relationship between these two processes.

When plants were not stressed, the net carbon exchange of the shoot varied only

slightty during the day and attained a high rute (90Vo of maximum) in the first hours of the

light period (Figs. 7.5 and 7.8). This pattern is similar to those reported for soybean

(Upmeyer and Koller,1972) and faba bean (Pearson, 1974). The steady rate of COz

uptake during the day was due to the constant photosynthetic photon flux density. In

contrast, marked fluctuations in net photosynthesis occur in the field in parallel with changes

in the quantum flux density of the natural inadiance (Rawson et al., 1978; Turner et al.,

1978). The lower rates of NCE during the first and last hours of light may be attributed to

mesophyll and leaf resistance (Pearson, 1974). Reduction of NCE during the last hours of

light may be also due to the accumulation of carbohydrate in leaves (Upmeyer and Koller,

r973).
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Net carbon exchange of the root increased rapidly after an hour of the shoot

commencing to assimilate CØ and reached a level twice the initial level after 6 h @gs. 7.7

and 7.10). The increase in root NCE with time during a normal light period followed a

pattern similar to a rectangular hyperbola. When photosynthesis ceased at night, root NCE

declined with time following the first hour of darkness. This suggests that recently

assimilated COz is used immediately for root respiration and that the carbohydrate reserve is

not suff,rcient to sustain a high rate of respiration for a long period of time. The dependence

of root respiration on current photosynthesis ensures that root NCE fluctuates diurnally.

Diurnal fluctuation in root respiration has been reported previously in a non-leguminous

species lDenis elliptíca ù¿f.l Benth.l (Huck et al.,lg62),and in several legumes species

including peas (Minchin and Pate, 1974; Mahon, 1977a), cowpea (Rainbird et a1.,1983a

and b) and soybean (Rainbird et a1.,1984). The fluctuation observed in the present study

was not due to a change in temperature.As suggested by some workers (Ryle et al.,1979a

and b; Denison and Sinclair, 1985; Millhollon and Williams,l986), since the temperatures of

both the shoot and the root compartments of the gas exchange chamber were maintained

constant ú 20o+ loC day and night. The lag of an hour in the response of NCE of the

nodulated roots to a change in shoot NCE is probably attributable to the time required for

translocation of photosynthate from the shoot to the nodulated roots (Lawrie and Wheeler,

197 5). Thus, photosynthesis has a direct effect on root respiration.

This conclusion is supported by results of COz-labelling experiments which

demonstrate that photosynthate is rapidly exported to nodules in which it is used as a source

of energy and carbon skeleton for the products of N2 fixation (Wheeler, l97l; Lawrie and

Vy'heeler, 1975; Ryle et al.,l98l; Kouchi and Yonejama, 1984a and b; Gordon et a1.,1985;

Romanov et a1.,1985; Kouchi et a1.,1986a and b; Kouchi and Higuchi, 1988). Other

studies have shown that COz evolution from nodulated roots or nodules is reduced within 10

minutes when photosynthesis is reduced by defoliation or darkening the shoot, (Ryte et al.,

1985a; Swaraj et a1.,1984b).

NCE of the shoot at night ( shoot dark respiration) also showed a continuous decline

with time from 2-4 h after the beginning of the dark period (Figs. 7 .6 and 7.9). This, and

the observed decrease in root NCE in darkness, could be due to depletion of substrate as a
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consequence of the cessation of carbohydrate production through photosynthesis. Kerr et

¿/. (1985) showed that non-structural carbohydrates, including starch, sucrose and hexose in

the leaves, petioles, stems and roots of soybean accumulated in the light decreased in the

following night. Approximately 9O7o of the starch, 667o of the sucrose and 597o of the

hexose was lost during 12 h of darkness. Kouchi et al. (1985) found that the labelled

carbon accumulated in leaves and stem+petioles during 10 h of feeding with l3CO2 was

reduced by more than 32Vo in the following 12 h, and 53Vo of the labelled carbon

accumulated in mature leaves was lost by respiration. Mullen and Koller (1988a and b)

reported a parallel decrease in leaf carbohydrate content (sucrose and sta¡ch concentration)

and respiration with time.

When u,ater was withheld, NCE of the shoot in the light was reduced within 3 h

(Figs. 7.5 and 7.8) due presumably to stomatal closure ( Hsiao, 1973; Boyer, 1976). A

decrease in NCE of the root was also observed during water stress, but lagged 2 h behind

the decrease in shoot NCE (Figs .7.7 and 7.10). As the respiration of the root is strongly

influenced by current photosynthesis, decrease in NCE of the stressed root is most likely a

result of the decrease in ca¡bon supply and the time lag of 2hcould again be associated with

the time required for carbohydrate transport. When NCE of the root is plotted as a function

of NCE of the shoot one hour previously, the relationship between the two processes is

linear (Frg. 7.21). This supports the view that there is a direct metabolic link between root

respiration and current photosynthesis. Upon rewatering, root NCE increased markedly

within an hour but did not recover to the control level within 3 h (Figs.7.7 and7.10). This

lack of recovery is comparable to the lack of recovery in shoot NCE @gs. 7.5 and 7.8) and

further suggests that water is not a direct timiting factor for the respiration of the root during

water stress. The burst of COZ from the root in the fust hour after rewatering could be an

artifact. McCree et at. (1984) and Richardson and McCree (1985), however, also found

simila¡ results with sorghum which was associated with resumed synthesis of biomass using

reserve carbohydrate.
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Nitrogenase activity

Nitrogenase activity of well watered plants, measured as AR, HE and AR-HE,

increased with time during a normal light period (Figs. 7 .12,7.I3 and 7.14). When water

was withheld, nitrogenase activity was unaffected during the first 3 h consistent with the

results given in Chapters 4, 5 and 6 that nitrogenase activity was not sensitive to "mild"

water stress. However, activity was reduced markedly when plants were not watered for 5

h or more a response comparable with that of carbon exchange rate of the root. There is a

close linear relationship between nitrogenase activity and root respiration (Figs. 7.16 and

7.17) suggesting that there is a direct metabolic link between these two processes responsive

to the same factor. Further, the relationship was not affected by water stress suggesting that

the same factor influence nitrogenase activity and root respiration in well-water conditions

and during water stress. A linear relationship between respiration of nodules or roots and

nitrogenase activity has been well established with well watered plants (Mahon, 1977a&b;

Witty et a1.,1983; Sheehy et a1.,1983: Rainbird et a1.,1984; ), but not with water-stressed

plants. If the supply of photosynthate is the factor affecting respiration of roots under both

conditions, this factor is likely also to control nitrogenase activity. A dependence of

nitrogenase activity on curent photosynthesis has been demonstrated where photosynthesis

has been va¡ied by shading, darkness or defoliation (Virtanen et a1.,1955; Bayne et al.,

1984; Chewerikov and Swaraj, 1985; Huss-Danell and Sellstedt, 1985; Swaraj et al.,

1984b; Vil'yams et a1.,1985; ). Again, the difference in timing is attributable to the time

required for carbohydrate translocation.

It does not appear that nodule water potential, osmotic potential or turgor potential play

a major role in determining nitrogenase activity during water stress as each of these declined

3 h after withholding water (Figs. 7.19 and 7.20), whereas nitrogenase activity was initially

unaffected. This conclusion is further supported by the response of nitrogenase activity to

rewatering. If nitrogenase activity is controlled directly by nodule water content, then

acetylene reduction and hydrogen evolution as well as apparent nitrogen fixation should have

recovered completely upon rewatering. In fact, neither nitrogenase activity nor shoot and

root NCE was fully restored upon rewatering despite the fact that nodule water potential,

osmotic potential and turgor potential were restored within an hour of rewatering. There
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was an increase in AR, FIE and apparent N2 fixation after 3 h of rewatering which could be

due to the resumption in carbohydrate supply to the nodules following some recovery in

photosynthesis as suggested by the paltial fecovery of shoot NCE at that time.

However, it may be questioned whether the observed decrease in Nz fixation during

water stress is entirely accounted for by variation in the photosynthate supply. This was

approached by calculating the multiple regression relating N2 fixation, expressed as AR, to

photosynthate supply (PHS), expressed as shoot NCE, and water stress, measured as

nodule water potential (NWP), during the stress period. There was a close corelation

between these variables (R = 0.85, n= 20) with the addition of NWP to the relationship

significantly reducing the residual sum of squares (Table 7.1). However, the relationship

between AR and NWP alone was very poor ( r = 0.167), in contrast to the relationship

between AR and PHS where r = 0.706 (n = 20). This suggests that the key factor

determining the response of N2 fixation to water stress is photosynthate supply, but there

appe¿ìrs to be an additional minor effect of water stress not associated with photosynthate.

Table 7.1. Analysis of va¡iance for the relationship between AR and PHS + NWP.

Regression models Residual SS df F

A.AR=a+bPHS

B.AR=a*bNWP

C.AR=a*bPHS+cNWP

(A) - (c)

(B) - (c)

906.821

1757.672

487.929

4t8.897

1269.743

18

18

t]
1

1

L4.595**

44.239**

** highly significant
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In summary, the results of the present experiments suggest that the decrease in root

respiration and N2 fixation during water st¡ess is due mainly to the decrease in photosynthate

supply. These results a¡e consistent with the view proposed by earlier workers (Huang er

al.,l975b) and do not support the hypothesis that N2 fixation is primarily controlled by

nodule water content (Sprent, 1972c).
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Fig.T.2l.RelationshipbetweenNCEoftherootandNCEofshoot
measuredonehourpreviouslyduringstressperiod.Eachpoint
represents an individual measurement'

Rr = 0.125 Pn + 31.688

r = 0.908 (n = 70)

Rr = Root respiration (NCE of the rooÐ

Pn=Netphotosynthesis(NCEoftheshootduringtheday)
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CHAPTER 8

NITROGEN FIXATION AND COZ EXCHANGÊ

VARIATION IN COZ EXCHANGE INDUCED BY LIGHT FLUX DENSITY

8.1. INTRODUCTION

The results of the previous experiments (Chapter 7) suggest that the decrease in the

rate of N2 fixation and respiration of root of faba bean during water stress is largely due to a

decrease in the rate of current photosynthesis. This is based upon the observation that

change in shoot NCE during a diurnal cycle and the change induced by water stress are

always followed by a proportional change in both NCE of the root and in nitrogenase

activity. If this is tnre, reducing photosynthesis by lowering the light flux density should

have the same effect on N2 fixation as does water stress at the same level of net carbon

exchange.

The present experiments were designed to examine the above prediction. N2 fixation

was not measured directty but as carbon exchange of the root. This is justified by the results

of previous experiments (Chapter 7) where a close correlation between AR and carbon

exchange of the root in both well-watered and stressed plants was found and where there

was no significant difference between these relationships for the two sets of conditions.

This is of particular importance in a situation where changes in NZ fixation have to be

monitored continuously for a long time, as the acetylene reduction assay is not suitable for

this purpose (Brouzes and Knowles, 1971; David and Fay, 1977). Ryle er ¿/.. (1985b)

have also used a similar approach in examining responses of nitrogenase activity to reduced

photosynthesis induced by darkening the shoot or defoliation in white clover.
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8.2. EXPERIMENT 1

This experiment examined the response of NCE of the root to a decrease in NCE of the

shoot induced by a reduction in photosynthetic photon flux density (PPFD). Faba bean

plants inoculated withRhizobiwn leguminosarum strain NA 533 were glown in a controlled

growth cabinet at 750 pF m-2s-1, a constant temperature of 20oC and 12 h photoperiod. At

the six leaf stage (30 days after plantin1),2 plants were gently removed from the pots and

transferred to a gas exchange chamber where plants were cultured in a nutrient solution free

from mineral nitrogen with roots and shoots sealed into separate compartments of the

chamber as described in Chapters 3 and 7. Measurement of carbon exchange was started

after plants had been acclimated for 24 h. On the third day, the PPFD was reduced in steps

at one hour intervals, commencing at 11.00 h (2 h after light on), to a level that gave an

effect on the rate of photosynthesis approximately equal to the effect of withholding water

from 09.00 h onwards. The results of previous experiments (Chapter 7) were used to

predict the effect of water stress. At 18.00 h, the plants were returned to the initial PPFD

level (750 FEm-25-l¡. Plants were replaced by 2rcplicateplants at the end of day 3 and the

same procedures were repeated to grve 5 replicates in total.

The average time course in NCE of the shoot and root during the second day when

PPFD was constant and for the third day when it was reduced are presented in Figs. 8.1, 8.2

and 8.3. When the PPFD was constant, NCE of both the shoot and the root followed the

same pattern as in previous experiments (Chapter 7). The shoot system took up CO2 at' a

high rate from rhe beginning of the light period with only a slight variation with time. At

night, dark respiration of the shoot declined slowly in the first 8 h and rapidly thereafter.

Respiration of the root was steady for an hour after the light was turned on but then

increased sharpty in the following 3 h and was near constant thereafter before increasing

slightly in the last 2 h of the light period. In the night, it declined continuously after an hour

of darkness.
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Fig. 8. 1. NCE of the shoot during the day of plants exposed either to a

constant high PPFD (controt) or reduced PPFD. Each point is the

avefage of 5 replicates, and the vertical ba¡s a¡e standard enors of the

means. The PPFD was reduced in 7 steps of one hour duration-

Fig. 8.2. NCE of the shoot during the night of plants exposed

previously either to a constant high PPFD (control) or reduced PPFD.

Each point is the average of 5 replicates, and the vertical bars are

standard errors of the means. The PPFD was reduced in 7 steps of one

hour duration.
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Fig. 8.3. NCE of the root during the day and night of plants exposed

either to a constant high PPFD (control) or reduced PPFD. Each point

is the average of 5 replicates, and the vertical bars a¡e standafd emors of

the mean The PPFD was reduced in 7 steps of one hour duration.

¡
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'When the PPFD was reduced 2h after the light was switched on, NCE of the shoot

and the root were also reduced. Decrease in shoot NCE occurred immediately following the

reduction in PPFD and further reductions in PPFD were followed by proportional de¡reases

in the shoot NCE (Fig. 8.1). Upon return to the initial condition, the shoot showed an

instantaneous response with net carbon exchange recovering completely within 2 minutes.

The photosynthesis of the plans was thus very sensitive to light flux density but imposition

of a low PPFD during the day had no residual effect on photosynthesis after return to high

light. Indeed, the plants subjected to reduced light had a higher rate of photosynthesis than

control plants when re-exposed to high light. Dark respiration of the shoot of these plants

was lower than that of those grown under high light but displayed a similar pattern of decline

with time.

Respiration of the root of light-reduced plants was not immediately affected by a

decrease in PPFD but declined gradually with time after about an hour (Fig. 8.2). A ma¡ked

reduction was observed after 4 h and the net ca¡bon exchange declined almost linearly with

time thereafter. The response to high PPFD after plants had been in a low light environment

for 7 h was slow in the first hour but the net carbon exchange of the root increased rapidly

thereafter and was restored to 837o of the control level at the end of the light period- During

the night, the rate of root respiration of plants which experienced a reduced PPFD declined

continuously with time and remained lower than that of the control plants, and at the end of

the dark period it fell to 457o of thevalue reached at the end of light period

Root NCE was plotted as a function of shoot NCE one hour previously to examine the

relationship between the two processes. The basis of this technique has been discussed

previously (Chapter 7). The relationship between these two processes was found to be

linear (Frg. 8.4) as it was for the changes in root and shoot NCE generated by water stress

(Chapter 7, also presented in Fig. 8.4). This similarity suggests that the factors affecting

respiration of roots during water stress and low light are similar. The data used for the

analysis of the relationship for both light-treated plants and water-stressed plants were

obtained between 11.00 h and 17.00 h, when PPFD was reduced and the effects of
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Fig. 8.4. Relationship benveen NCE of the root [R] and NCE of the shoot

[P] in plants exposed either to reduced PPFD or to water stress. Each point

represents a single measuremenL

Reduced Light
R=0.11P+55.03
r = 0.903 (n = 30)

Water stressed

R=0.14P+34.24
r = 0.904 (n = 30)
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withholding water on NCE of the root became operative'

Despite the similarity in the relationship, there is some difference in slope of the two

regression lines, i.e. 0.11 pmol CO2 pmol CO2 r for light-treated plants and 0'14 pmol CO2

pmol CO2-1 for water-stressed plants. This was analyzed to discern whether there was a

statistically significant difference (Appendix II, Tables 1 and 2)' but as the two coefficients

were not significantly different at P.0.05, but were different at P'0'10 the results were

equivocal. Since this is crucial to determining whether the effect of water stress on root

respiration and hence N2 fixaúon are entirely attributable to photosynthesis' a second

experiment was conducted to compare the effect of reduced light and water stress'

8.3. EXPERIMENT 2

In this experiment the effect of reduced light flux density and of lvatef stress on the

relationship between root respiration and net carbon exchange of the shoot were investigated

in the same plants. The procedures of plant establishment and preparation for the

measurement of gas exchange were similaf to those of experiment 1' The imposition of

treatrnents with time is summarized in Table g.1. After being accrimated in the gas exchange

Table 8.1. The imposition of treatments with time'

TreaÍnents

1'¡' 2 3** 5*,lc* 6 7

Day

4

High High

Supplied SuPrPlied

Redú€d High

Supplied SuPPlied

HighHigh High

Rewafered
PPFD

Water Wittrheld Rewatered

* Plants were acclimated for 24 h,** subjected to reduced PPFD and ***subjected to water stress'

chamber lor 24h, net carbon exchange of plants exposed to constant-high PPFD (750 pE m-

2s-1) was recorded on the second day as control. Plants were then subjected to reduced
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ppFD on the third day commencing at 11.00 h, returned to the high PPFD at 18.00 h and

maintained at this PPFD for the remaining days of the experimental period. They were

subjected to water stress on the fifth day commencing at 09.00 h and rewatered at 18.00 h

and maintained on a high water supply for the last days. This experiment was replicated 5

times as in the first experiment.

The patterns of net ca¡bon exchange of the shoot and the root under high PPFD (Figs.

8.5 and 8.6) were the same as found previously (Figs. 8.1, 8.2 and 8'3)' Shoot NCE

declined immediately PPFD was reduced, but 3 h elapsed before withholding water had any

effect on this process (Frg. S.5). Shoot net carbon exchange recovered immediately when

the plants at low PPFD were exposed to the high PPFD, but was not fully restored in water-

stressed plants upon rewatering within 3 h. Root respiration was not immediately reduced

by a reduction in PPFD as in experiment 1 but was gradually suppressed with time (Fig.

8.6). Similarly, withholding v/ater did not immediately reduce root respiration and a marked

decrease occurred only after about 4 h. Recovery in root respiration to control level took 4 h

when light-treated plants were exposed to the initial high PPFD, but was not achieved in

water-stressed plants within 24 h. During the night, net carbon exchange of the foot and

shoot of plants previously experiencing low PPFD or water stress were lower than those of

their respective control plants, but they showed similar courses of change with time (Fig. 8.5

and g.6). These results are comparable with those obtained in the first experiment for the

effect of reduced light and in the experiments reported in chapter 7 for the effect of water

stress.

The relationship berween root NCE and shoot NCE during the imposition of reduced

PPFD and water stress were analyzed following the procedure described previously. Again,

the relationships between these two processes for both conditions of reduced PPFD and

water stress are significantly linear (Fig. 8.7) and the relationship obtained under reduced

ppFD is paraltel with that obtained during water stress without any significant difference in

the slope of the two regression lines (Appendix II, Tables 3 and 4 ). On average' root

respiration was reduced by 0.14 pmol COZ for each pmol COZ decrease in net

photosynthesis.
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Fig. 8.5. NCE of the shoot over 24 h on day 1 after acclimation (high PPFD

+ well watered), day 2(reduced PPFD + well watered), day 3 (high PPFD +

well watered) and day 4 (high PPFD + water withheld). PPFD was reduced

in steps between 11.00 h and 17.00 h and at 18.00 h plants were exposed to

the initiat high PPFD. Water was withheld at 09.00 and re-supplied at 18.00

h. Each point is the average of 5 replicates, and the vertical ba¡s are standard

errofs of the means. When the ba¡s are not seen, they a¡e contained within

the symbols.
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Fig. 8.6. NCE of the root over24 h on day I after acclimation (high PPFD +

well watered), day 2 (reduced PPFD + well watered), day 3 (high PPFD +

well watered) and day 4 (high PPFD + water withheld). PPFD was reduced

in steps between 11.00 h and 17.00 h and at 18.00 h plants were exposed to

initial high PPFD. Water was withheld at 09.00 and re-supplied at 18.00 h.

Each point is the average of 5 replicates, and the vertical bars are standa¡d

errors of the means. When the ba¡s are not seen, they a¡e contained in the

symbols.
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Fig. 8.7. Relationship between NCE of the root [R] and NCE of the shoot

[P] during the day when PPFD was reduced or when water was withheld.

The same plants were subjected first to reduced PPFD and then to water

stess (see Figs 8.6 and 8.7). Each point represents a single measurement.

Reduced Lisht
R=44.34+0.15P
r = 0.874 (n = 30)

TVater stress

R - 23.11 + 0.13 P
r = 0.973 (n = 30)
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The recovery in NCE in plants after water stress was followed in this second

experiment over a 63 h period. Recovery from water stress for both NCE of the shoot and

of the root was a slow process (Figs. 8.8 and 8.9). Although complete recovery in leaf

turgidity was observed within 2-3 h after rewatering, illuminated shoor NCE had not fully

recovered at that time @g. 8.8). During the night, shoot NCE (the da¡k shoot respiration)

of plants previously stressed was lower than that of unstressed plants (Frg. 8.S). Likewise,

root NCE was not restored immediately despite the fact that nodule water potential would

have increased to the control level within an hour (see Chapter 7). However, NCE of both

the shoot and the root increased gradually with time and reached values higher than those of

the respective control plants by the second day after rewatering indicating that plants had

fully recovered.

8.4. DISCUSSTON

The experiments demonstrate that root respiration is stnongly dependent largely upon

current net photosynthesis. When shoot NCE was reduced by lowering the level of PPFD,

which occurred within a minute (Fig. S. 1), this was followed by a decrease in root NCE

aftet 2-3 h (Frg. 8.3). This implies that the carbohydrate pool in the normal growing plant is

rapidly depleted when photosynthesis is curtailed and becomes insufficient to support a high

rate of root respiration. It is thus reasonable to postulate for this system that the rate of root

respiration is dictated by the recent rate of photosynthesis. The dependence of root

respiration on net photosynthesis is demonstrated by the linear relationship between NCE of

the root and NCE of the shoot measured one hour previously (Frg. 8.4).

The effects on root respiration of reduced photosynthesis arising from reduced PPFD

(FiS. 8.3) are similar to those due to reduced photosynthesis induced by water stress

(Chapter 7). This is seen clearly in the relationship between root NCE and shoot NCE @ig.

8.4). Similar results were obtained when the same plants were subjected successively to
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Fig. 8.8. NCE of the shoot ovet 24h on day 3 (high PPFD + well watered),

day 4 (high PPFD + water withheld) and days 5 and 6 (high PPFD +

rewatered). NCE of the shoot during the night was negative (net COZ

evolution). Water was withheld at 09.00 and re-supplied at 18.00 h on day

4. Each point is the average of 5 replicates, and the venical bars a¡e standa¡d

errofs of the means. When the bars are not seen, they are contained within

the symbols.
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Fig. 8.9. NCE of the root over 24 h on day 3 (high PPFD + well watered),

day 4 (high PPFD + water withheld), and days 5 and 6 (high PPFD +

rewatered). 'V/ater was withheld at 09.00 and re-supplied at 18.00 h on day

4. Each point is the average of 5 replicates, and the vertical ba¡s are standa¡d

errors of the means. When the bars are not seen, they are contained with in

the symbols.
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reduced light flux density and then to \ryater stress in experiment 2 (Figs. 8.5 and 8.6). The

relationships between root NCE and shoot NCE in this set of plants during reduced light is

parallel with that during water stress (Fig. 8.7). This conf,rrms that a decrease in

photosynthesis either by reducing light or imposing water stress produces the same amount

of decrease in root respiration. The difference benveen reduced light and water stress in the

inærcept of the relationship of root and shoot NCE appears to be due to the effect of reduced

light imposed previously. When plans under reduced PPFD were retumed to the initial high

PPFD, shoot NCE recovered rapidly and in the first 2 h on the day when lvater stress was

imposed it was higher than that the previous day for the same period (Fig. 8.5). In

comparison, root NCE recovered slowly and in the fust 2 h on the day when water stress

was imposed only came to the same level as that reached on the previous day for the same

period (Fig. S.6). In other words, an increase in shoot NCE was not followed by a

proportional increase in root NCE following the decreased light treatment. This was the

cause that root NCE per unit shoot NCE during \pater stress was apparently lower than that

during reduced light. The presence of a residual effect of reduced PPFD can also be

demonstrated by comparing the relationship between root and shoot NCE for water stressed

plants of the previous experiment, presented in Fig. 8.4, \t ith that of the second experiment

(Fie. 8.10).

However, the main point from this study is that the effect on root respiration of

reduced light is similar to that of water stress. It is reasonable to conclude, therefore, that

the observed decrease in root respiration under water stress is due primarily to the decrease

in photosynthesis. This also means that the primary factor controlling the response of N2

fixation to water stress is the photosynthate supply as nitrogenase activity is closely and

linearly related to root NCE and independent of plant water status. This conclusion is

further supported by the response of stressed plants to rewatering. Root respiration did not

recover immediately when water-stressed plants were rewatered (Fig. 8.9). This was not

due to slow recovery in root water status as nodule \¡/ater potential recovered completely

within an hour (Chapter 7). A more likely explanation is the slow recovery in shoot NCE

(Fig. S.8). A similar detayed photosynthetic recovery from water sffess, found with

sunflower, has been attributed to a delayed re-opening of stomata (Boyer, t97l). In the
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present study, root NCE increased in parallel with recovery of shoot NCE, and both had

recovered completely by the second day afterrewatering. This compleæ recovery suggests

that there was no permanent damage to the N2 fixing system. Patterson et al. (1979) found

that a similar slow recovery in nitrogenase activity measured as acetylene reduction was

associated with neither leaf water potential nor nodule energy charge. Fellows et al. (1987)

found a complete recovery in photosynthesis and acetylene reduction 2 days after

rewatering, as in the present experiment, and concluded that the availability of carbohydrate

in plant tissues and the rate of crrrrent photosynthesis were responsible for the recovery

process.
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Fig. 8.10. Relationship between NCE of the root [R] and NCE of the shoot

[P] in water stressed plants. Plants in Exp. 2 had experienced low light

previously before the imposition of water stress in contrast to plants in Exp.l

grown continuously under high light. These data are simila¡ to those

presented in Fig. 8.4 (for Exp.l) and in Fig. 8.7 (for Exp. 2).
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CHAPTER 9

NITROGEN FIXATION, WATER STRESS AND

GAS EXCHANGE BY THE NODULE:

NODULE TURGOR POTENTIAL AND GAS EXCHANGE

9.I. INTRODUCTION

Reduction of N2 fixation under water stress has been closely correlated with the

reduction in photosynthesis (Chapter 7 and.8). This is not compatible with the hypothesis

rhat N2 fixation is limited by the supply of Ozto the nodule during water stress @ankhurst

and Sprent, !975a; Sprent and Gallacher,1976\ and it is necessary to check more directly

whether the supply of 02 to the nodule is limited during water stress.

The supply of G2 into the nodule may be reduced during water stress by an increase in

nodule resistance to gaseous diffusion. Oxygen appeafs to be transported into the nodule

through the intercellular spaces (Bergersen and Goodchitd, 1973; Tjepkema, 1979). These

intercellular spaces were found in soybean nodules to spread within the bacteroid zone and

nodule cortex and to be interconnected with each other to form a network leading from the

centre of the nodule to the external atmosphere (Sprent, 1972a; Bergersen and Goodchild,

lg73). As gas diffuses through air much faster than through a liquid, it is reasonable to

assume that this network of intercellular spaces is indeed the path for gaseous diffusion.

Denison et aI. (1983) suggested that resistance of this pathway may increase under water

stress due to a reduction in the volume of the intercellular spaces resulting from a decrease in

nodule turgor potential. Several workers have measured an increase in nodule resistance

under water stress in soybean (Denison et a1.,1983; Weisz et a1.,1985), but no information

has been reported for faba bean.

If an increase in nodule resistance is associated with a decrease in nodule turgor

potential, it will be important to measure nodule tufgor potential rathef than nodule water

content or total water potential. konically, this has received limited attention, the level of
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water stress in most studies of nitrogen fixation by legumes being expressed as nodule water

contenr (Sprent, L97la,b,l972c and 1973: Albrecht et a1.,1984:Kaur et al.,1985), relative

water content (RV/C) and water saturation deficit (V/SD) ( Engin and Sprent,1973; Swaraj

et a1.,1984a) or water potential (Huang et al.,l975a and b; Pankhurst and Sprent,l975a;

Ismaili et a1.,1983; Bennett and Albrecht, 1984). However, both RWC and V/SD may be

as good an index of cell volume as is nodule turgor potential, depending upon the elasticity

of nodule tissue. Direct measurement of nodule resistance have been limited by the complex

geomebry of the nodule surface (Pankhurst and Sprent , 1975b; Gallacher and Sprent -, 1978;

Allen and Allen., 1981). Resistance of the nodule is also diffrcult to estimate accurately,

particularly if allowance is to be made for the effects of water stress on the nodule surface.

Attempts to measure nodule resistance by simplifrcation of these factors, particularly with the

faba bean nodule, will only lead to error. The present experiments were designed to study

effects of water stress on nodule turgor potential and nodule gas exchange in faba bean.

9.2. EXPERIMENT 1

NODULE TURaOR nOTENTIA¿. This experiment was designed to investigate the

effect of water stress on turgor potential. Faba bean plants inoculated with Rhizobium

legwninosan*n stainNA 533 were grown in sand in a controlled growth cabinet fitted with

"Metalarc" lamps providing 750 pEm-2s-l PPFD and 12 h photoperiod at constant

temperature of 20oC (tl"C). Nutrient solution free of NO3 was supplied in the morning

every day, commencing at sowing.

Plants were subjected to water stress after 6 weeks by withholding water . Turgor

potential and nitrogenase activity were assessed in 12 and 4 plants respectively every 24 h

for74 h commencing2 h after the last watering with each plant representing a single

replicate. Turgor potential was estimated from the difference between nodule osmotic

potential and nodule water potential according to the following equation

Y=P+Ys
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where Y, P and Ys are nodule water potential, turgor potential and osmotic potential

respectively. The water potential of the nodules was measured with a "'Wescor"

psychrometer (HR-33T, Wescor inc., Logan,IJtah, U.S.A.) operating in the dew point and

psychrometric modes. Pots were taken at random from the growth cabinet, and plants

carefully removed from the rooting medium with gentle shaking to separate sand adherent to

the root system. Samples of 3-4nodules perplant were taken, blotted with tissue paper and

loaded into psychrometric chambers. The chambers were then equilibrated at 25oC in a

water bath and the water potential was measured afær 3-4 h. Following measurement of

water potential, the chambers containing nodules \ilere sealed and immersed for a few

seconds in liquid nitrogen before thawing at room temperature (25"C) for 45-60 minutes.

This procedure destroyed plant membranes bringing turgor potential to rÊto so that Y = Ys

which was then measured by the same procedure used to assess water potential. The turgid

osmotic potential of nodules was measured following saturation with deionized water for 60

minutes immediately the nodules were detached from the plants. The turgor potential of

nodules was derived from the difference between the osmoúc potential of unsaturated

nodules and nodule water potential. Detailed methds for the measurement of water

potential and osmotic potential have been presented by Barrs (1968) and Turner (1981).

Nitrogenase activity was measured by acetylene reduction assay in a closed system

following the procedure applied in the previous experiments (Chapter 4).

The effects of withholding wateron water potential, osmotic potential, turgorpotential

and nitrogenase activity are presented in Table 9.1. Nodule water potential declined

significantly within 26h of withholding water from -0.59 to -0.89 MPa and fell to -1.38

MPa after 74 h. The osmotic potential of nodules (unsaturated) also fell within 26 h, but

less than nodule water potential. Consequently, there was a decrease in nodule turgor

potential with the development of water stress. When nodule turgor potential is plotted as a

function of nodule \ilater potential (Fig. 9.1), it appears that a decrease in nodule $'ater

potential to about -1.3 MPa was accompanied almost linearly by a decrease in nodule turgor

porential. The osmotic potential of nodules at full turgor (saturated) was not signihcantly

affected by withholding water for the first 26 h, but was reduced with longer periods of

withholding water. This suggests that net accumulation of solutes in nodules was absent
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during the initial development of water stress but occurred under more prolonged water

stess. The relationship between osmotic potential and water potential (Ftg. 9.2) reveals that

the decrease in osmotic potential of the unsaturated nodules with the initial development of

water stress is due to solute concentration.

B1ILK ELAyTI1 MùDULUS. The bulk modulus of nodule elasticity was calculated

to evaluate the possibility of solute concentration occu¡ring in these faba bean nodules.

Wenkert et al. (1978) defined the change in turgorpotential (ðP) as

#u=r, (e.1)

where t¡is elastic modulus of the tissue and V is the osmotic volume. Change in water

potential (ðÐ was defined as

AY
ãv V=tt-Ys (e.2)

where Y and Ys are tissue water potential and osmotic potential respectively. Morgan

(1984) combined these two equations by eliminati"g ä+ which yields

AY
AP t¡

(e.3)t¡-Ys

and gives the relationship between the rate of change in turgor potential per unit rate of

change in water potential and the elasticity of the tissue. Rearrangement of equation (3) to

solve t¡ results in

Ys
t1

1
AY

-aP

(9.4a)
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(e.4b)

The value of t¡ at a particular level of water stress can be calculated by setting âY = Yo-Yi;

âP = Po-Pi and Ys - Ysi at full turgor. The subscripts o and i denote the values of each

variable at initial (o) and i level of water stress respecúvely.

The calculated nodule elastic modulus is plotted as a function of nodule turgor potential

and presented in Fig. 9.3. The magnitude of the present €¡values lies within the reported

values in a range of species reported in the literature (Wenkert et a1.,1978; Turner, 1986

cited from E.B. Yambao, N.C.Turner, and J.C.O'Toole, unpublished; Dale and Sutcliffe,

1986). The elastic modulus of the nodules is apparently constant over the range of nodule

turgor potential observed although the values are small indicating that nodule tissue is

relatively elastic.

Table 9.1. Effect of water stress on nodule water potential (NwP), osmotic potential
(NOP), turgor potential (NTP) and nitrogenase activity.

Measurements Hours from last watering
2 26 74 (5Vo\50

NWP (MPa) -0.59 -0.89 -1.11 -1.38

NOP (MPa)

(unsaturated Nodules) -1.01 -1.16 -r.24 -L.42

(saturatedNodules) -0.93 -0.98 -1.05 -1'15

NTP (MPa) 0.42 0.27 0.13 0.04

Nitrogenase activity

0.08

0.067

0.048

0.0s

5.61(pmol C2H4.n-1.plant-1) 28.65 32.74 2r.36 15.73
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The response of nitrogenase activity to \¡/ater stress was different from that of nodule

rurgor potential (Tabte 9.1). Acetylene reduction was not influenced by withholding water

for 26 h when nodule turgor potential fell by 0.15 MPa, but reduced by 25Vo and 557o when

warer was withheld for 50 and 74 h respectively and nodule turgor potential fell to 0.13 and

0.04 MPa respectively..

9.3. EXPERIMENT 2

WATER ¿OSS. A change in the rate of water loss from nodules during desiccation

was used to study the response of nodule resistance to water stress. Nodules of 6 week faba

beans, raised as in experiment 1, were detached, immediately weighed and then allowed to

dry on the pan of a balance with change in weight being recorded.

The fresh weight (NFW) and relative water content (RV/C) of detached nodules

exposed to atmospheric desiccation declined rapidly with time and fell to 357o of the iniúal

value and,27Vo respectively after about 7 h (Fig.9.a). However, the rate of water loss

decreased with time suggesting an increase in nodule resistance to the diffusion of water

vapour with the development of water stress. A linear relationship was found between the

rate of water loss and nodule water content (Fig. 9.5) which further suggests that the rate of

water loss from nodules may also be controlled by nodule water content. Water content

could conceivably affect the concentration of water vapour in the air at the evaporating site

and hence the concentration gradient driving water loss from the nodules to the surrounding

atmosphere. The contribution of this to the decrease in the rate of water loss was assessed-

The air at the evaporation site was assumed to contain water vapour with a partial pressure

equal to the nodule water potential. Nodule water potential was estimated from the

relationship between nodule water potential and nodule RWC (Fig. 9.6). The ratio of actual

vapour pressure to saturation vapour pressure (e/es) in the air at the evaporating site can be

calculated from Y = RTfy'w ln (e/es), where Y = water potential, R = the gas constant

(8.314 J mol-l K-1), T = absolute temperature and Vr, = the partial molar volume of water

(m3 mol-l) (Woodward and Sheehy, 1983). This ratio was used to calculate the
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Fig. 9.3. Relationship between nodule water potential and nodule

elastic modulus of faba beans undergoing water stress. Each point is an

individual measuremenl

Fig. 9.4. Changes with time in fresh weight (NFW) and relative water

content (RWC) of faba bean nodules allowed to dry in air at 25oC and

RH = 487o. NFW isVo of the initial value.
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concentration of water vapour at the evaporating site with the air temperature assumed to be

that of the surrounding atmosphere (25'C). The concentration of water vapour in air

saturated with water vapour atzs"Ccan be found from standard tables and is 23.06 g m-3.

The concentration of water vapour in the surrounding atmosphere with an RH of 48Vo \s

11.07 g m-3. If the nodule resistance is assumed to be 100 s m-l (based upon the results of

Durand et at.,I987), then the flux of water vapour out of the nodule can be calculated (fable

9.2). The effect of a decrease in nodule water content on the rate of water loss must

therefore be very small. For instance, a decrease in nodule RWC to 2OVo resulted in a less

than 5Vo decrease in the flux of water out of the nodule, and this effect on flux of this

parameter is not influenced by a 50Vo reduction or a lNVo increase in the resistance.

Thus, it can be concluded that the decrease in the rate of water loss from the nodules

(from 4.5 to 2.1mgmin.-l following a decrease in nodule fresh weight from L956 to 842

mC)ris due mainly to an increase in nodule resistance. The linear relationship between rate of

water loss and nodule water content suggests a parallel relationship between increasing

nodule resistance to water vapour diffusion and decreasing nodule water content. Increase in

nodule resistance could result from a decrease in volume of intercellular spaces and surface

area of the nodules following a decrease in nodule volume. Nodule diameter, measured on

5 replicates using a low power dissecting microscope and an ocular micrometer, was found

to decline linearly with time of desiccation in parallel with nodule fresh weight (Fig. 9.7).

Although the length of the diffusion path would be reduced, the nodule volume and surface

area would be much more affected by the decrease in nodule diameter. For instance, a 50Vo

decrease in the radius of a spherical nodule (r = 2 cm) will cause a887o decrease in the

volume and a 75Vo inthe surface area of the nodule.

OZ U¿TAKB. The effect of water stress on the resistance of nodules to OZ diffusion

was estimated from rates of 02 uptake measured with an Ø electrode (HansateckLD2

oxygen electrode). Six week nodulated faba beans were removed from the rooting medium

and 10 nodules (< 0.2 g total fresh weight) detached, blotted, and weighed. The nodules

were then sealed into a chamber containing the 02 electrode and fall inC.2 paftial pressure

was measured. The nodules were then taken out, put on a small plastic tray, and
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Fig. 9.5. Relationship benveen rate of water loss (âWät) and initial

fresh weight (V/o) in faba bean nodules allowed to dry in air. Each

point is an individual measurement.

Fig. 9.6. Relationship between water potential and relative water

content (RWC) in faba bean nodules allowed to dry in air. Each point is

an individual measurement.



È
èo

rè

õ

o.005

0.004

0.003

0.002

0.001

0.000

0

1.0 1.2 1.4

wo (s)

Fig.9.5

40 60

RWC (Vo)

Fig.9.6

1.6 1.8 2.O

t3
Ê.\Ê

-z
t3

a)
OôÈ-ù
Lq)

-4

-5

0

oo

o
oa

o
a

o
oo o

âWôr= 0.0005 + 0.002wo
r = 0.959 (n=30)

g - - 6.043+ 0.195t{ - 0.0025?tl2 + 0.000012s3
B = 0.985 (n= l9)

o

o

o

o

20 80 100



r69

Table 9.2. The estimated effect of nodule water content on the flux (F) of water vapour out

of the nodules.

Nodule

RWC(7o)

NWP A)

(MPa)

(e/*) Cn b)

(e m-3)

Ca b)

(em-3)

F

(e m-25-t¡

100

80

20

-0.443

-0.907

-3.1 15

0.997

0.993

0.978

22.99

22.90

22.55

11.07

r1.07

11.07

0.rr92

0.1183

0.1148
a) NWP = nodule water potential or vapour
and Ca = concentration of water vapour

the air at the evaporating site, b) Cn
at the evaporating site and in the

pressure in
in the air

atmosphere respectively.

allowed to dry under atmospheric conditions at a constant temperature of 20oC artd 647o

relative humidity. As a control, another 10 nodules were treated as above except that they

were placed on tissue paper saturated with deionized water to maintain their turgidity.

Changes in nodule weight and 02 uptake were measured sequentially as water stress

developed. Each measurement of O2uptake was limited to 10 minutes, and the 02 uptake

was calculated f¡om the reading during the last 5 minutes. The chamber was flushed with

compressed air from a cylinder (2l%o 02) prior to each measurement. The experiment was

replicated 3 times.

Changes in Oz uptake, expressed as percentage of initial values, and in relaúve water

content with time after the imposition of treatments are presented in Fig. 9.8. Relative water

content (RWC) of unstressed nodules was constant during the period of experiment but that

of stressed nodules decreased nearly linearly with time of desiccation and fell to less than

207o after 7 h. Oxygen uptake declined sharply during the first 90 minutes after detachment

and gradually thereafter independent of whether the nodules were supplied with water or

allowed to dry. There was no significant effect of desiccation on the Oz uptake during the

first 2 h despite the fact that RWC fell to about 707o over this period, a level equivalent to

about -1.0 MPa (Fig. 9.8). Oxygen uptake was markedly reduced as the period of

desiccation was prolonged, and after 3 h was l5Vo Lower than that of unstressed nodules and

257o \ess after 6 h. The rate of 02 uptake of stressed nodules, expressed as percentage of



170

control nodules, was compared with the rate of water loss at the same values of RV/C (Fig.

9.9) to discern whether the decrease in 02 uptake of st¡essed nodules was due to nodule

resistance as the rate of water loss was found to be controlled mainly by nodule resistance.

The figure suggests that the decrease in OZ uptake below 707o RWC could be due to an

increase in nodule resistance. Since the 02 uptake cannot discriminate between effects of

nodule resistance and reduced 02 consumption (reduced enzyme activities), however,

decrease in 02 uptake due to a decrease in Ø consumption cannot be eliminated.

9.4. DISCUSSION

The.above results show that nodule turgor potential fell as nodule water potential

declined (Fig. 9.1) and was reduced by 367o in the fint 26 h after withholding water (Table

9.1). If gaseous diffusion into the nodule is controlled by nodule turgor potential, this

decrease in nodule turgor potential would result in a reduction in the flux of gas into the

nodules. In contrast, nitrogenase activity was not influenced by withholding water for 26h

(Table 9.1) indicating that the diffusion of acetylene into and of ethylene out of the nodules

was not influenced by the decrease in nodule turgidity. This also implies that Ø diffusion

into the nodules was not limited by ttre decrease in nodule turgor potential. This conclusion

is supported by the results of the observation of Oz uptake by detached nodules which

showed no response to a decrease in nodule RWC to 7O7o (equivalent to nodule water

potential of about -1.0 MPaXFig 9.S). However, nitrogenase activity of intact plants and the

uptake of 02 by detached nodules was reduced when water was withheld for 50 h and

nodule RWC fell below 707o (lable 9.1 andFie.9.8).

These results may be interpreted as indicating that nodule resistance is not influenced

by a decrease in nodule turgor potential induced by mild water sfess but increased as nodule

turgor potential further falls to -1.30 MPa (317o of turgid nodules). However, the rate of

water loss from nodules declined with time of desiccation in proportion to nodule fresh

weight (Figs. 9.4 and 9.5) and was reduced by more ¡han 257o when nodule RWC fell to
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Fig. 9.7. Relationship between nodule diameter (ND) and nodule fresh

weight (NFW) during atmospheric desiccation. Each point is the

individual measurement.

Fig. 9.8. Oxygen uptake (Oz) and relative water content (RWC) of

control (C) and stressed (S) -detached nodules of faba bean. Each point

is the average of 3 replicates, and the bars are standard elrors of the

means.
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|OVo. As this decrease was due mainly to an increase in nodule resistance (as has been

discussed previously), the suggestion that nodule resistance to gaseous diffusion is not

affected by mild water stress is unjustified. The increase in nodule resistance with decrease

in nodule water content could be due to a decrease in nodule volume (Fig. 9.7). Since there

is no reason to assume that the transport avenue for water vapour is different from that for

acetylene, ethylene and 02, then the increase in apparent nodule resistance should have

reduced nitrogenase activity and 02 uptake.

The apparent difference in the effect of water stress on the diffusion of these gases may

reside in the fact that the rates of transport of acetylene, ethylene and Oz is much lower than

that of water vapour. The rates of transport of water vapour, ethylene and 02 were

calculated from the data of the present experiment to illustrate this (Table 9.3). The

calculated data show that the transport avenue under water stress can still accommodate a

flow of water vapour at a rate of 117 pmol min-1.gNDW-1, which is much more than the rate

that 02 is required by well-watered nodutes (13.89 pmol min-1'gNDW-l). Even when

corrections for concentration gradient, diffusion coefficient "D" (for HzO and 02 in air at

20oC and 1013 mbar,D = O.249 and 0.201 cm2.s-l respectively) and molecular weight are

made, the transport avenue under water stress can still accommodate the transport of. Ozat

the rate required by unstressed nodules. This suggests that the diffusion of 02 is not

influenced critically by water stress and it follows that the decrease in acetylene reduction and

02 uptake observed during moderate water stress may not be related to nodule resistance.

Davis and Imsande (1988), working with undisturbed soybean plants found that a

l\Vo decrease in nodule fresh weight had no effect on the resistance of nodules to acetylene

diffusion measured as the lag time of acetylene reduction during assay. This is contrary to

the results reported previously by several other workers (Denison et a1.,1983; Weisz et al.,

1935) with the same species that nodule conductance to acetylene diffusion, measured by a

different technique, decreased as water stress developed. Durand et al (1987) found with
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Table 9.3. The rate of transport of water vapour, ethylene and oxygen.

NWP

(MPa)

Rates of transport (pmol.min- l.gNOW- 1¡

Watervapour Ethylene Oxygen

Control -0.59

Stress - 1.38

250 3.98

1.90

13.89

5.r2IT7
NDV/: Nodule dry weight.

soybean that nodule resistances to diffusion of 02 and water vapour are equally sensitive to

water stress. The difference between these results and the results reported in the present

study may reside in the fact that gas exchange in indeterminate nodules, such those produced

by faba bean, may occur through the whole surface a¡ea of the nodule, but in determinate

nodules, such as soybean, is confined to lenticels (Sprent, 1981).

The ability of nodules to maintain some turgidity during water stress was observed in

the present study to result from both solute concentration and net solute accumulation (Table

9.2). The contribution of solute concentration to the turgor maintenance is apparent at the

initial development of water stress, with a decrease in nodule water potential from about -0.4

MPa to -0.8 MPa, and in the later stage of water stress following a fall in nodule water

potential below -1.3 MPa. This phenomenon can occur as nodule tissue is relatively elastic,

suggested by the relatively small values of bulk elastic modules of the nodules (et. A

decrease in nodule volume under water stress was also shown by the observed decrease in

nodule diameter (Fig. 9.7).

The contribution of osmotic adjustrnent, turgor maintenance associated with net solute

accumulation (furner and Jones, 1980), is apparent only after nodule water potential falls

below about -0.8 MPa (Frg. 9.2). This is demonstrated by the decrease in nodule osmotic

potential at full turgor. There are two possible mechanisms by which this osmotic

adjustment can be achieved in nodules. Firstly, nodules of faba bean, like all indeterminate

nodules, grow continuously throughout the life of the host plant with the production of

meristematic cells at the nodule tip. Since cell growth is the most sensitive to water stress of
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plant growth processes (Hsiao, 1973; Hsiao and Acevedo, L974), it is possible that

carbohydrate destined for nodule gfowth accumulates in the nodule under water stress

leading to a reduction in nodule osmotic potential. There are many other examples of

expanding organs experiencing osmotic adjustment in response to water stress (Morgan,

1e84).

Secondly, the products of N2 fixation may accumulate in nodules as a consequence of

a reduced rate of export of the N2 fixing producs due to reduced rate of transpiration. It has

been suggested that water functions to tr¿nsport the products of nitrogen fixation to the shoot

in the transpirational flow (Pate et a1.,1969; Pate and Gunning, 1972; Gunning et al., 1974;

Pate, L976). When the rate of transpiration was reduced by increasing the relative humidity

surrounding the shoot or by nansferring the plants to da¡kness, the products of nitrogen

fixation accumulated in nodules of Písurn satívurn (Minchin and Pate, 1974).

In conclusion, 02 uptake was not influenced by a decrease in nodule RV/C to

approximately 707o although nodule turgor potential decreased and resistance to water

vapour diffusion increased as water stress developed. Water stress at more severe levels

does reduce 02 diffusion into the nodule, but it is not clear whether this is due to increased

resistance or decreased consumption. Calculations based on the diffusion of water out of the

nodule, assuming similar pathways for the two gases, indicate that the potential diffusion

rate of 02 into the nodule is higher than actual net diffusion rate leading to a conclusion that

consumption and not diffusion is limiting the process.





CHAPTER 10

NITROGEN FIXATION WATER STRESS AND GAS EXCHANGE BYTHE

NODULE: EFFECT OF ELEVATED Oz CONCENTRATION

10.1. INTRODUCTION

It has been suggested that the supply of 02 into the nodule is by a process of free

diffusion (Tjepkema and Yocum, 1973; Sheehy et al.,1983; Minchin et a1.,1985) but other

studies suggest that leghaemoglobin is involved in the supply olO2for bacteroid respiration

and functions as an 02 store, transporter, buffer and stabilizer @ilworth and Appleby,1979;

Appleby, 1984). This haemoprotein, with a high affrnity for 02, is considered to facilitate

the transport of 02 within the host cytoplasm, from the outer layer of the cytoplasm (closest

to air-filled intercellular spaces) to the outer surfaces of the peribacteroid membranes. It may

also assist the transport of 02 within the peribacte¡oid space, from the inner surface of

peribacteroid membranes to bacteroid plasma membranes, as leghaemoglobin has also been

found in this region, although at a much smaller concentration than in host cytoplasm.

Leghaemoglobin possibly also delivers 02 directly to the terminal oxidase with a low affinity

for O2via cytochrome P - 450, suggested to be a component of the respiration path-way,

enabling effîcient production of ATP (Appleby, 1974; Wittenberg et a1.,I974: Appleby er

at.,1975). Considering the very high concentration of dissolved leghaemoglobin, Appleby

(1974) postulated that the supply of 02 via leghaemoglobin is potentially much greater than

that via direct diffusion.

Several workers have found that water stress causes a decrease in leghaemoglobin

contenr of nodules (Rathore et al., 1981). Swaraj et aI. (1984a) found that a decrease in

nodule RWC to847o induced by withholding water for 2 days was accompanied by a nearly

50Vo redt¡ction in the concentration of leghaemoglobin. It is, therefore, possible that the

supply of 02 to the nodule is reduced during water stress due to a decrease in the

concentration of leghaemoglobin and that this limits N2 f,rxation. If this is the case, N2



177

fixation of stressed plants would recover if the concentration of external 02 were to be

elevated, as the oxygenation of leghaemoglobin, and hence the supply of Oz to the

bacteroids, would increase. This is also true if N2 fixation is limited by nodule resistance to

02 diffusion. The present experiments were conducted to ascertain whether the effect of

water stress on nitrogenase activity has any relation to a limitation of 02 supply to the

nodule. This was approached by examining the responses of nitrogenase activity and carbon

exchange rate of the root system of stressed, intact plants to elevated Ø tension.

I0.2. MATERIALS AND METHODS

Nodulated plants were established in a controlled growth cabinet and transferred to a

gas exchange chamber after 30 days following the procedure of previous experiments

(Chapter 7). After plants had been acclimated for ?/I h in the chamber in which they were

cultured in solution, NCE of the shoot and the root were followed continuously over the next

3 days with the IRGA operating in a differential mode. Over the fint two days, plants were

kept well watered with a quarter of the root being submerged in nutrient solution and the

remaining portion sprayed automatically for one second out of each minute (see Chapter 3).

'Water süess was imposed on the third day by removing the nutrient solution from the

chamber at the beginning of the light period (09.00 h). Plants were reu,atered at 18.00 h (9

h after withholding water).

In the first of two experiments, the short term response of NCE of the root to elevated

02 concentration was examined by the following procedure. The air entering the

compartmentof therootwasreplacedbyamixtureof N2,OZandCO2gases, fot75 minutes

on the second and third day commencing at 15.00 h. The concentration of 02 in this mixture

was maintained at 207o for the first 20 minutes, raised ¡o 4O7o for the next 20 minutes and

then to 807o for the last 35 minutes, each change in concentration being achieved by

increasing the flow of 02 gas and reducing that of N2 gas in the mixture while the

concentration of CO2 gas (350 pl.f t) was maintained. NCE of the root was monitored by

an IRGA previously calibrated for this mixture and also operating in a differential mode.
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This prevented a time delay in measurements. In the last 15 minutes of the elevated 02

treaünent on day 2 for unstressed plants and day 3 for stressed plants, the root was exposed

to acetylene for AR assay using an open system (see Chapter 3). On day I as well, when

plants were well watered and the root system was exposed continuously to air containing

20Vo Oz, AR was measured between 16.00 h and 16.15 h.

In the second experiment, the long term effect of an elevated 02 concentration on NCE

of the root in plants during water stress was examined. After planS had been acclimated for

24hin the chamber, NCE of the root of well watered plants was monitored for 24 h and the

plants werc then stressed in the following day by withholding water as described abovc and

the roots were exposed to a gas mixture containing 407o Ozfor t h commencing at 09.00 h.

At the end of day 3 (Experiment 1) and day 2 @xperiment 2), the plants were replaced by

replicate plants of similar size and growth stage, and the procedures described above were

repeaæd- This was repeated to give 5 replicates in total.

10.3. RESULTS

The diurnal courses of NCE of the shoot and root are presented in Figs. 10.1 and 10.2

respectively and are simila¡ to those described in Chapters 7 and 8. The exposure of the root

system to acetylene during AR assay or to a high 02 concentration had no effect on NCE of

the shoot. Similarly, the AR assay had no residual effect on root NCE of well watered

plants when the assay was made at207o Oz (day 1). However, when the rootkere exposed

to 40Vo and to SOVo OZ, each for 20 minutes, and subsequently to SOVo 02+ I07o acetylene

for 15 minutes on day 2, root NCE decreased substantially upon return to 207o Oz and

recovered only after 4 h. Root NCE of stressed plants exposed to elevated Oz

concentrations and acetylene was also not restored upon return ¡o 2O7o Ø and rewatering.

Responses of the NCE of the root to increased 02 concentration are presented in Fig.

10.3. The evolution of CO2 from the root of both well watered and stressed plants

decreased in the first minute after the air was replaced by the gas mixture (Nz + Oz+ COz)
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Fig. 10.1. NCE of the shoot of well watered (day 1 and 2) and water

stressed plants (day 3). Water was withheld at 09.00 h and re-supplied at

18.00 h as indicated by arrows. The negative values in the graph a¡e NCE of
the shoot during the night. Each point is the average of 5 replicates, and the

vertical bars a¡e standa¡d erors of the means. When the bars are not shown,

they are contained within the symbols.
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Fig. 10.2. NCE of the root of well watered (day 1 and 2) and water stressed

plants (day 3). Water was withheld at 09.00 h and re-supplied at 18.00 h as

indicated by arrows. The symbols are discontinued when either AR assay

was made (day 1) or the root system was exposed to a gas mixture containing

207o,4OVo and SOVo Oz at 15.00-15.20, 15.21-15.40 and 15.41-16.00

respectively and to acetylene for AR assay + 807o Ozat 16.01-16.15 (day 2

and 3). Each point is the average of 5 replicates, and the vertical bars are

standard errors of the means.
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despite the fact that the concentrations of 02 and CO2 were similar to those of air. CO2

evolution rose rapidly in the next 6 minutes, however, to a rate close to the initial level and

subsequently remained constanL This initial decline can be attributed to a technical difficulty

in changing the air to the gas mixture, which required about 30 seconds to allow the new gas

system to operate. After a steady state had been achieved, the concentration of 02 in the gas

mixture was raised to 4O7o for 20 minutes with the concentration of COz maintained

constant. In the well watered plants, NCE of the root increased after 4 minutes, reached a

manimum rate at the fifth minute and declined gradually thereafter to a rate close to the initial

level. A similar response was obtained when the concentration of 02 was raised further to

8OVo, the rate of CØ evolution increased at first but then declined to the original level. NCE

of the root of stressed plants, fell by almost 40Vo after withholding rvater for 6 h. It was not

restored by the exposure of the root system to either 407o or 80Vo Ozand generally showed a

response simila¡ to that of well watered plants.

The time course of ethylene production during 15 minutes of incubation is presented in

Fig. 10.4. The rate of acetylene reduction during incubation increased rapidly in the frst 6

minutes and was nearly constant thereafter, independent of water regime and concentration

of 02. The ma¡<imum AR rate of stressed plants was much lower than that of well watered

plants although the roots were incubated at 80Vo Oz. There was an increase in AR rate of

well watered plants from day I to day 2 which was attributable to an increase in net

photosynthesis (Fig. 10.1) and the weight of nodules and roots, suggested by NCE of the

root (Fig. lO.2), rather than in the concentration of 02 present during AR assay as the

elevated 02 had no effect on NCE of the root

Theeffects of 40Vo Øand of withholdingwater,bothimposedatthebeginningof the

light period, on the NCE of the root are presented in Fig. 10.5. The particular interest here

was whether the effect of water stress on root NCE could be delayed by exposure of the root

system to a high 02 concentration. The results show that the decrease in the NCE of the root

with the development of water stress was neither delayed nor alleviated by the high 02

concentration.
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Fig. 10.3. Time courses of NCE of the root of well watered and stressed

plants dtuing the time when the roof system was exposed to elevated OZ

concentration as shown in the f,rgure (see Fig. 10.2. for other explanations).

Each point is the average of 5 replicates, and the vertical ba¡s are standa¡d

errors of the means.
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Fig. 10.4. Time courses of acetylene reduction during incubation of well

watered plants with roots exposed to air and well watered and stressed plants

exposed to a gas mixture containing SOVo OZ (see Fig. 10.2. for other

explanations). Each point is the average of 5 replicates, and the vertical bars

are standard elron¡ of the means.
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Fig. 10.5. NCE of the root of well watered plants with the root system

exposed to air and stressed plants exposed to a gas mixture containing 407o

02. The root system was exposed to 4O7o OZatthe same time of withholding

water at 09.00 h.and returned to?.O7o OZ and rewatered at 17.00 h as shown

in the figure. Each point is the average of 5 replicates, and the vertical bars

are standard errors of the means.
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10.4. DISCUSSION

If the suppty of 02 into the nodule is reduced during water stress due to an increase in

nodule resistance to gaseous diffusion, an increase in the external concentration of Ø should

lead to an increase in the flux of 02 into the nodule. This is also likely to be true if the

reduced supply of 02 is due to a decrease in the concentration of leghaemoglobin. The

oxygenation of this O2carner would increase at a high 02 tension so that the amount of OZ

transported per unit mol leghaemoglobin would increase compensating the reduced

concentration of leghaemoglobin. It has been reported that the oxygenation of

leghaemoglobin in a young soybean nodule is proportional to the external concentration of

02, zero in pure nitrogen or argon, 20Vo in air and IOOVo in pure Oz (Appleby, 1974).

Accordingly, both root respiration and N2 frxation would be expected to recover at an

elevated 02 concentration. 'When the NCE and AR of the root system of plants were

depressed by imposing water stress, increase in the external concenEation of Ø surrounding

the root system did not alleviate the inhibition @igs. 10.3 and 10.4). Even with mild stress,

the reduction in the rate of CØ evolution from the root system could not be prevented by the

exposure of the root system to 40Vo Oz Gig. 10.5). This demonstrates that ttre supply of Oz

into the nodule of faba bean is not a limiting factor for respiration or N2 fixation during

"moderate" water stress, consistent with the results of the previous experiments (Chapter 9).

NCE of the root increased initially in response to an increase in 02 concentration in

both well watered and stressed plants, but then declined to the original level. This may be an

artifact associated with the change in Oz partial pressure, but could also be a real response of

the system to high 02 concentration. King et ø/. (1988) found a similar response of the

soybean nodule to a high 02 tension. It is known that nitrogenase is extremely sensitive to

Oz and hence the nodule must be equipped with a control system (possibly nodule

resistance, leghaemoglobin and respiration) to prevent the accumulation of 02 in the

bacteroid zone but at the same time ensure a sufficient supply of 02 to the terminal oxidase

for the generation of the ATP required for nitrogenase activity. If the external 02

concentration increases, the control system will respond to maintain the flux of 02 into the

nodule possibly by an increase in nodule resistance (Sheehy et a1.,1983) or by a decrease in



186

the affinity of leghaemoglobin for Oz. However, the flux of Oz into the nodule would

increase before such mechanisms came into action, leading to a transient increase in

respiration. The presence of respiratory protection of nitrogenase has been supported by

considerable evidence (Robson and Postgate, 1980). The low rate of root respiration upon

return to 207o Ø (Fig. 10.2) also supports the operation of a protective mechanism in

limiting the flux of 02 into the nodule during exposure to elevated Ø. The slow recovery at

207oØindicates a slow adjusünent of the protective mechanisms.

These results are not consistent with the results of Pankhurst and Sprent (1975a) who

found that AR of detached soybean nodules stressed to a nodule water potential of -0.75

MPa increased sharpty as the pO2 was raised from 2.10a Pa (atmospheric level) to 6.104 Pa

and slowly thereafter to a maximum level achieved at 8.104 Pa. Nodule respiration,

measured as 02 uptake, of either well watered or stressed nodules even increased steadily up

to pO2 of 105 Pa. In the present experiments, increases in Oz concentration to 407o and

807o, equivalent to pOz of 4.1Ú and 8.104 Pa respectively, increased neither AR nor NCE

of the root irrespective of the water regime. Pankhurst and Sprent showed that AR of

conrol nodules also increased with an increase in pØ to 4.104 Pa and reached a level higher

than the AR of moderately stressed nodules at optimum pOz on many occasions. However,

it is not known whether or not this difference is signif,rcant as they did not present the

variation in the data. It is rather confusing that Sprent found that the AR of excised, stressed

nodules was not restored upon rewatering, which could be expected to restore the supply of

02 into the nodule (Sprent, l97la and 1972c) but that AR of stressed, detached nodules was

restored by a high 02 tension. She and Pankhurst also found that there was an increase in

ethylene production by stressed nodules when the concentration of acetylene was increased

giving further support to the notion that nodule resistance to gaseous diffusion increased

during water stress. It was reported recently, however, that the diffusion of acetylene,

measured as the time required for initiation of acetylene reduction following the introduction

of acetylene, was not influenced by mild stress (lo7o decrease in nodule water content) and

only increased slightly with a 2O7o to 4OVo decrease in nodule water content @avis and

Imsande, 1988).
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An increase in resistance to 02 diffusion during water stress in the determinate nodules

of soybean may be due to the collapse of lenticels which are suggested to be the pathway of

gaseous transport in this species (Pankhurst and Sprent, 1975b). No lenticels are present in

faba bean nodules (Gallacher and Sprent, 1978). In this case, gas must diffuse across cells

and possibly over the whole surface area of the nodule. Direct evidence on the effect of

water stress on cell permeability to gaseous diffusion is limited. Respiration of plant ússue

including roots is unaffected by a decrease in plant water status and even increased in some

species during severe water stress (Hsiao, 1973; Lambert, 1985). This indicates that

resistance to COZ diffusion out of the tissues and 02 diffusion into the tissue is not limiting

during water stress. An observed decrease in respiration during moderate stress was

associated with a decrease in carbohydrate, mitochondrial activity and other responses rather

than with a decrease in Oz supply (Hsiao, 1973; Lambert, 1935). 'Whether this applies to

nodules is open to question, but the present study has shown that the supply of 02 into the

nodule for nitrogenase activity is not limited during water stress.





CHAPTER 11

DENODULATION AND RESPIRATORY COSTS

OF Nz FIXATION DURING WATER STRESS

11.1. INTRODUCTION

The availability of ATP (adenosine triphosphate) is a prerequisite for nitrogenase to

operate. Although the chemical mechanism is not understood (Burgess, 1985), it is

suggested that the role of the energy is to transfer electrons from component II (Fe protein)

to component I (MoFe protein) of nitrogenase (Yates, 1980; Burges, 1985; Nicholas, 1986).

In the generally accepted stoichiometry of nitrogen fixation catalyzdby nitrogenase, at least

2 moles of ATP are required for one electron (e-) to be transferred (Yates, 1980). However,

the amount of ATP required va¡ies as the ratio between the two protein components of

nitrogenase changes. Ljones and Burris (L972), working with purified enzyme, found an

increase in ATP:2e- ratio from about 5 to 11.5 as the concentration of MoFe protein

(tMoFel) was increased from 12 to I20O pg at a constant [Fe] of 180 pg. Inversely, when

[Fe] was va¡ied from 100 to 900 pg ata constant [MoFe] of l2¡tg, the ATP:2e- ratio fell

from >5 to 4.

There is evidence that the proportions of the two protein components may vary in

nodules during development. Van den Bos et al. (1978) found, in pea nodules, that whilst

[Fe] was lower than [MoFe] in young bacteroids, [Fe] was higher than [MoFe] in mature

bacteroids. This suggests that young bacteroids (presumably in young nodules) use energy

less efficiently than do older bacteroids (older nodules). This is a likely reason for the

decrease in respiratory cost of nirogen fixation with plant age in soybean, cowpea and white

clover (Ryle et al.,1979a). There is little information concerning the effect of environmental

perturbation on the respiratory cost of nitrogenase activity. Bisseling et al. (1980) found

that water togging caused a suppression in the synthesis of nitrogenase component II which
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might lead to an increase in energy requirement per unit N2 fixed. Temperature was also

found to have an effect on ATP:2e- ratio which increased from >4 to >5.5 as temperature

increased from 20 to 40 (Hadfreld and Bulen, 1969). Recently, Minchin et al. (1986)

calculated a457o increase in the amount of COz respired per ethylene molecule produced by

nodutated white clover in response to a high concentration of nitrate (23.6 mM). 'Water

stress may affect the availability of ATP to nitrogenase through effects on growth and

maintenance. Owing to the sensitivity of growth to \ilater stress, the relative proportion of

energy allocated to NZ fixation may increase during water stress. However, this depends

upon the effect of water stess on the cost of maintaining the existing biomass. V/ilson er ¿1.

(1980) found that if water stress developed slowly there was a decrease in the maintenance

coefficient of sorghum. In contrast, Moldau and Rahi (1983) reported an increase in

maintenance cost of beans subjected to arapidly developing water sress.

The respiratory costs of nitrogen fixation, growth and maintenance processes have

commonly been estimated by linear regression analysis. This method relates COz evolution

from nodulated roots or nodules to nitrogenase activity, and the coefficient of the regression

(the slope) represents the respiratory cost of nirogenase activity. The intercept is the total

CO2 evolution linked to growth and maintenance processes. The critical aspect of this

approach is the method used to generate variation in nitrogenase activity and CØ evolution.

The question is whether a change in rate of one process is due only to the change in rate of

the other process, and not to side effects of the imposed treatment. If the latter occurs, the

respiratory cost may be over- or under-estimated. Net carbon exchange (NCE) of the root

fluctuates diurnally and nirogenase activity, measured during the light period, increased wittt

time parallel to NCE of the root (Chapters 7 and 8). However, such a parallel relationship

does not guamntee that the diurnal fluctuation in NCE is solely due to nitrogenase activity - it

could be attributable to changes in other processes such as growth and maintenance. It is

accordingly necessary to verify the nature of the relationship between these two processes if

it is to be used to estimate the respiratory cost of nitrogenase activity. The present study had

two objectives : the first is to examine whether the diurnal fluctuation found in NCE of the

root was due to nitrogenase activity; the second to investigate whether water stress affects the
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respiratory cost of growth and maintenance and the eff,rciency of energy utilization by

nitrogenase for substrate reduction.

IL.2. EFFECTS OF DENODULATION AND WATER STRESS

This experiment was designed to examine whether the diurnal fluctuation in NCE of

the root is attributable to variation in nitrogenase activity. The method adopted was to

remove nodules from plants and observed changes in NCE of the denodulated root in

comparison with NCE of the root. The term "root"is here used to indicate roots + nodules as

in previous Chapters. All experimental procedures during the establishment of plants in a

controlled growth cabinet and measurements of COZ exchange in a gas exchange chamber

were similar to those applied in previous experiments (Chapters 7 and 8). Plants, after

acclimation for24 h, were well watered in the next two days and subjected to water stress on

day 3 for 24 h by wittrholding water at the beginning of light period (09.00 h). At the end of

dark period of day 2, all visible nodules were removed carefully by hand which took less

than 10 minutes.

The diurnal courses in NCE of the shoot and the root measured over three days are

presented in Figs. I 1. 1 and I 1.2. The patterns of NCE of the shoot under both well watered

and stressed conditions are very similar to those obtained in previous experiments (Chapters

7 and 8). Removal of nodules from plants did not influence the NCE of the shoot (Fig.

11.1) but did alter the carbon exchange of the root (Fig. LL.2). When plants contained roots

+ nodules and were well watered on day 1, NCE of the root showed a diurnal fluctuation;

increasing rapidly in the first 3 h after the light was turned on at 09.00 h, slowly in the next 7

h, and again slightly to a maximum level at the end of the light period before finalty declining

in the night in a pattern similar to exponential decay. NCE of the denodulated root was

reduced markedly during the first hour after nodules were removed and showed no

pronounced fluctuation over the following diurnal cycle (Frg. 11.2). This demonstrates that

the diurnal fluctuation in NCE of the root is strongly associated with nodule activity. The

proportion of NCE of the root attributable to the nodules was calculated from the
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Fig. 11.1. NCE of the shoot over 24 h on day 1 (well watered and intact

foots + nodules), day 2 (well watered and nodules removed) and day 3

( denodulated roots stressed). Nodules were removed on day 2 at 09.00 h

which took less than 5 minutes, and water was withheld on day 3 at 09.00 h.

The negative values in ttre figrue indicate dark respiration of the shoor Each

point is the average of 5 replicates.
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Fig. 11.2. NCE of the root over 24h on day 1 (well watered and intact roots

+ nodules), day 2 (well watered and nodules removed) and day 3

( denodulated roots stressed). Nodules were removed on day 2 at 09.00 h

which took less than 5 minutes, and water was withheld on day 3 at 09.00 h.

Each point is the average of 5 replicates and the vertical ba¡s a¡e standard

errors of the means.
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Fig. 11.3. The relative proportion of NCE of the root linked to the activity of

nodules and root alone (denodulated roots). NCE of the stressed-

denodulated roots as percentage of NCE of the unstressed root is also

presented. These values a¡e calculated from the data presented in Fig. 11.2.



100

Day

f

Night

80

60

40

20

Ëa
tË
.Êors
?t q)

sË
ÈEËì
t'5
ts
¿-

0
630 I 12

Hours of Døy and Níght

Fig. 11.3

15 18 21 24

4
-{-

Well watered roots

Stressed roots

+ Wellwaærednodules



194

difference between NCE of the root (day l) and NCE of the denodulated root (day 2). The

percentage of root NCE atuibutable to nodule activity increased from about 257o in the early

morning to nrorc than ffiVo during most of the day, declining during the night to reach a level

of less than2ÙVo at the end of the darkperiod (Fig. 11.3). The total NCE of the denodulated

root over Z h was 52Vo of that of the complete root system measured on the previous day

(Table 11.1).

When water was withheld from 09.00 h on the third day there was no marked changed

in NCE of the denodulated roots for 11 h (Fig. ll.z). NCE of the stressed, denodulated

root dudng ttre light period was even higher than that of the unstressed denodulated root in

the same period on the previous day, but was reduced by 287o during the night which was

close to the reduction observed in dark respiration of the shoot (Table 11.1). 'When water

stress became more severe with time, NCE of the denodulated root was depressed to 607o of

the unstressed level at the end of stress period of 24 h. The total reduction in NCE of the

root induced by stress alone over 24 h was only 5Vo in contrast to that of 487o caused by

nodule removal.

Table 11.1. Total NCE of the shoot and the root over 12 h (pmol CO2.planrl).

Day

and treaünents

Shoot Root

Dav Nisht Day Nieht

1 Well watered
(roots + nodules)

2.Well watered
(roots - nodules)*

3.Stressed
(roots - nodules)*

8059.9

8608.2

4458.4

1105.0 1681.9

1123.7 703.4

793.7 763.2

rztr.2

812.5

582.2

t) Nodules \f,rere removed at 09.00 h.
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I1.3. RESPIRATORY COST OF NITROGENASE ACTIVITY

The respiratory cost of Nz fixation, as measured by acetylene reduction, was

calculated from two equations. The first was developed using the approach adopted by

McCree (1970) that respiratory CO2 from plant can be divided into growth and maintenance

components. Thornley (1970) discussed the theoretical basis of this equation in terms of

substrate-balance. In brief, it is assumed that ttre total amount of COZ evolved from the root

of nodulated legumes actively frxing nitrogen (Rr) is the sum of the CO2 respired in the

provision of energy for Nz fixation (RN), for the biomass synthesis (Rç) and for

maintenance of the existing biomass (RIr,il.

Thus,

Rt=RN+R6+R¡4 (1)

The amount of CO2 respired per unit acetylene reduced, per unit biomass synthesized and

per unit biomass maintained can each be assumed to be constant, hence

RN=fAR

R6=gAW

RM =mW

where f, g and m denote the quantity of CO2 respired per unit ethylene produced (AR), per

unit biomass produced (AW) and per unit biomass maintained (W) respectively. Substitution

of these in equation (1) results in

Rr=fAR+gAW+mV/ (2)

'When the both sides of this equation are divided by W, the equation becomes

Rr ^AR 
^Wü=t -W-+8y+m (3)
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In effect, H tr the specific nodulated root respiration (SNR) unO $ is the specific

nitrogenase activity (SNA), while #tr the relative growth rate (RGR). Thereby, equation

(3) can be written as follows

SNR=fSNA+gRGR+m

This equation now is readily used by applying multiple regression analysis techniques.

However, estimation of RGR is difficult, particularly in a short term experiment, and almost

impossible if measurements are made on the same plants as in the present study. For

simplicity, plant biomass (W) and biomass increase (ÂW) can be assumed constant in a short

temr (9 hours) so that the components of g RGR + m in equation (4) can be pooled.

Therefore, equation (2) canbe simplified as follows

(4)

(5)

(6)

Rt=fAR+r

where r is the total amount of CO2 respired for growth and maintenance. This is a simple

linear regression with intercept r and slope f. Such an equation has been used successfully

by earlier workers to estimate the respiratory cost of nitrogen fixation (Mahon, 1977a and b;

Rainbfud et a1.,1984) and that of nitrogen uptake (Sasakawa and Larue, 1986).

The second equation was developed based upon the assumption that a change in NCE

of the nodulated roots above the initial level at 09.00 h in response to a change in light or

water stress is due to a change in nitrogenase activity. The validity of this assumption is

attested from results of the denodulation experiment.

Thus,

^NCER 
= cr ÂAR + Þ

where cr is the amount of NCE per unit ÂAR and p is the increase in NCE which is not

attributed to change in AR.
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The data used to calculate the respiratory cost of nitrogenase activity were obtained

from a previous experiment in which water stress was imposed for t h (Chapter 7). V/hen

the data of well watered and stressed plants were analyzed separately, no significant

difference between these water regimes was found in the intercept and in the slope of the

regression equations (Appendix 3). This was tn¡e whether the intercepts and the slopes were

estimared by equation (5) or by equation (6), hence both groups of data were pooled. The

results of analyses using equations (5) and (6) a¡e presented in Figs. 11.4 and 11.5

respectively. This demonstrates that the respiratory cost of N2 fixation and

growth+maintenance of nodulated roots are not significantly affected by water stress. The

respiratory cost of nitrogenase activity estimated by either equation (5) or (6) are very

similar; 3.08 and 3.07 ¡rmol COZ /pmot CZH¿respectively and that of growth+maintenance

estimated by equation (5)is 45.72 pmol CO2.h-l.planrl.

II.4. DISCUSSION

The removal of nodules from plants demonstrated that the marked diurnal fluctuation

in NCE of roor systems is a property of the nodules. This suggests that the fall in NCE of

roots dt¡ring the day when plants were exposed to water stress (Chapters 7 and 8) was due to

the response of the nodules to water stress. In support of this interpretation, NCE of the

denodulated ¡oots was not signif,rcantþ affected by withholding water for 11 h, while shoot

NCE (CO2 uptake) was reduced by more than507o within 6 h of water being withheld (Fig.

11.1). This demonstrates that respiration of the denodulated root was not dependent upon

recently assimilated carbohydrate but, in conmst, that of the nodules was so dependent As

the respiration of denodulated root system is not sensitive to water stress, the respiratory

enzymes appear to be capable of withstanding water stress, which is consistent with the

results of many earlier studies (Hsiao, 1973). The difference in the responses of the

denodulated root and of the nodule to water stress hence is more likety due to a difference in

the supply of substrate for respiration. NCE of the denodulated root was markedly affected
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Fig. 11.4. Relationship between NCE of the root (NCEil and acetylene

reduction (AR) for well watered and stressed plants. Each point represents an

individual measurement.

NCEn = 3.08 AR + 45.72

r =O.949 (n = 45)

Fig. 11.5. Relationship between Â NCE of the root (^NCE¡) and Â

acetylene reduction (^AR) for well watered and stressed plants. Each point

represents an individual measurement.

ÂNCEp = 3.07 ÂAR + 4.98

r = 0.936 (n = 45)
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by neither the tight period nor by water st¡ess (Fig. 11.2) whilst NCE of the nodule, judged

from NCE of the roor, is affected by both light period and water stress. This suggets that the

nodule has only a limited carbohydrate reserve and a high demand for the substrate and is

dependent upon a continuous supply for continuous respiration. In contrast, the

carbohydrate pool in the rest of the root system is sufficient to support respiration of the

denodulated root and hence respiration of these tissues is not immediately dependent upon

curent photosynthesis. This is supported by results of experiments using l3COz-labelled

photosynthate (Kouchi, 1985, 1986 a and b).

As there was no marked effect of current photosynthate supply or water stress on NCE

of the denodulated root in the short tenn, root growth rate and biomass can be assumed to

have been constant during ttrat period. The growth rate and biomass of nodules are

unknown, but considering the small nodule biomass (< l5Vo of the root dry weight) it is

unlikely that fluctuation in nodule growth requirements or maintenance would have

contributed significantly to the changes in nodulatedroot NCE. This leads to the conclusion

that the ma¡ked diurnal fluctuation in NCE of the nodulated root was due to fluctuation in Nz

fixation. Thus, equations (5) and (6) can be used to estimate the respiratory cost of N2

fixation. On average, 3.08 pmol CO2 was evolved per ¡rmol CzH¿produced (Figs.l1.4 and

11.5). This lies within the reported experimental values for leguminous and actinorhizal

species, i.e. 2 to 5 pmol CO2lpmol CZHI (Mahon, L977a and b; Schubert and Ryle, 1980;

TjepkemaandWinship, 1980; Minchin eta1.,1981; Schubert, 1982; Witty eta1.,1983;

Rainbird et a1.,1984).

It is important to check whether this value is theoretically reasonable, however. It is

likely that the energy for nitrogen fixation is mainly generated by oxidative phosphorylation

in bacteroids @ergersen, 1971 and 1980; Bergersen and Turner, 1980). Iæt us suPpose that

glucose is the substrate for respiration to simplify calculation of the amount of CØ respired

per unit acetylene reduced. Firstly, the reduction of 1 mole CzÍb to CzH¿ requires 2 mol

NADH as a source of reducing equivalent and 4 mol ATP to transfer 2 electrons from Fe to

MoFe protein. This substrate reduction requires totally; 6 moles ATP (2 moles NADHx3) +

4 moles ATP = 10 moles of ATP. Secondly, the net oxidaúon of I mol glucose produces 10

moles NADH, 2 moles FADH, 4 moles ATP and 6 moles CO2. If all these electrons are
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used to prduce energy, the total energy production is 38 moles ATP. Thus, the oxidation

of I mol glucose can support the reduction of 38/10 = 3.8 moles acetylene. The ratio

between CO2 respired and CzH¿ production will be 613.8 = 1.67 pmol CO2lpmol CzH¿.

This value can be regarded as the minimum respiratory cost of nitrogenase activity, that is,

the cost achieved when all processes operate at the maximum level. Any lower value is

questionable including that reported by Minchin and Pate (1973) calculated by measuring

nitrogen fixation in peas from nitrogen accumulation in the plant. They estimated a

respiratory cost of 4.46 mg CVmg N2-frxed (equivalent to l.l2 ¡rmol COzlpmol CzW) at the

early vegetative stage. Ryle er al. (1979a) also reported a comparable value for the

respiratory cost in soybean, cowpea and white clover at a later vegetative stage.

The respiratory cost estimated in the present study was slightly higher than the

theoretical value, which is reasonable. This indicates that the processes were not operating at

the theoretical maximum level. This value was unchanged by water stress. On the other

hand, Durand et ø1. (1987), with soybean, reported an increase in respiratory cost of

nitrogenase activity during water stress. The cost was estimated by exposing the root to

varying concentrations of external 02, the increased cost during water stress being

considered to be due to 02 damage to nitrogenase and the activity of an ineffrcient alternative

oxidase. It is not clear whether this difference is attributable to species or the method used to

calculate the cost. The respiratory cost of N2 fixation is not affected by defoliation, light and

darkness, plant age, 02 tension around the nodulated roots and temperature (Mahon, 1977a;

V/itty et a1.,1983; Rainbi¡d et a1.,1984; Ryle eraI., 1985b).

The growth and maintenance cost estimated in the present study is 45.72 pmol CO2.

þ-l.pl¿nt-l Gig. 11.a)which isclosetothevalueestimatedforwhitecloverof 41.8pmol

CO2.h-l.plant-l(Ryle et a1.,1986), and seems to be comparable with the value reported

recently for the same species grown at 20oC (Irving and Silsbury, 1987). These authors

estimated a maintenance cost, on average, of 28.38 mg CO2 24¡-l.gDW-1 (equivalent to

26.87 pmol CO2 .h-1.gDV/-1). The dry weight of nodulated roots in the present experiment

averaged 0.92 + SE (0.06) .gplant-l (5 replicates). The total maintenance cost for this dry

weight using the reported coefficient above will be 24.72 pmol CO2 .þ-l.phrrl.
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In conclusion, the present study demonstrates that the marked diurnal fluctuation in

NCE of the root is largely associated with nitrogenase activity. Therefore, use of the

relationship between NCE of the root and ethylene production to estimate the respiratory cost

of nitrogenase in reducing acetylene is justifiable. However, this relationship should be

confined to short term measurements as the growth rate and biomass of nodulated roots will

not be constant over a longer term. This approach can also be justified to estimate the

respiratory cost during water stress as NCE of the denodulated root is not quickly affected

by water stress. It was found that water stress did not influence the respiratory cost of

nitrogenase activity.





CHAPTER 12

GENERAL DISCUSSION

Investigation of the effect of water stress on N2 fixation by legumes is required to

determine whether N2 fixation is a rate-limiting process for plant growth during \¡/ater

shortage or whether this process is a reliable source of nitrogen in areas subjected to water

stress. This study becomes vitat if leguminous crops, cultivated mostly in rainfed areas

where water stress is rarely absent over a gfowing season, are to rely on N2 fixation aS the

main source of mineral nirogen. If there is to be any effort to improve the productivity of

legumes in these areas by genetic manipulation, a study of the factors controlling the rate of

N2 frxation during water stress is necessary to focus on the traits to be manipulated-

Investigation of the effect of water stress on N2 fixation by faba bean has attracted only

limited attention. Moreover, the responses of N2 fixation to water stress and the factors

controlling the response found in other legumes, particularly soybean, are not clear. Earlier

work suggested that N2 fixation was sensitive to water stress (Kuo and Boersma, l97l;

Sprent, !971a),but it later was found that nitrogenase activity was insensitive to water stress

(Finn and Brun, 1980; Matheny and Hunt, 1933). The response of N2 fixation to water

stress has been suggested to be controlled directly by nodule water content (Sprent, 1972c)

probably acting on the diffusion of 02 (Pankhurst and Sprent, 1975a) but Huang er a/

(1975b) concluded that photosynthesis was the major factor affecting nitrogenase activity

during water stress.

The present study investigated the effect of water stress on N2 f,txation by faba bean

with the main objectives of assessing the responses of NZ fixation to water stress and

elucidating the factors controlling the response. Attention was focused on examination of the

sensitivity of N2 fixaúon to nodule water potential and the proposed factors, photosynthate

and 02 supply, affecting N2 fixation during water stress. This study was conducted in

controlled conditions so that the effect of water stress could be examined critically, free from
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interference from the effects of other environmental factors. This is important in such a

study as nitrogenasc activity is sensitive to environmental factors such as temperature and

irradiance which vary from time to time in the freld. It also allows comparison between the

results of experiments caried out at different times.

It is apparent that N2 fixation by faba bean measured as AR, HE or apparent N2

fixation is not sensitive to "mild" water stress (nodule water potential > -0.8 MPa). This

response was consistent whether plants were subjected to a slowly or rapidly developed

water stress and N2 fixation was not immediately reduced with a fall in nodule water

potential. This indicates that the process is not directly dependent upon nodule water

potential and has the ability to withstand a fall in nodule water potential. This is likely to be

due to the fact that the nodule functions as a temporary sink for both the products of NZ

fixation before these a¡e exported to the shoot, and for carbohydrate before it is used in the

nodule. Additionally, a considerable flux of water is required to export the products of N2

f,rxation, 20 - 35 ml \ryater being required to export 100 mg of the products of NZ fixation in

faba bean and peas respectively (Pate et al., 1969; Minchin and Pate, 1973). Thus a

fluc$ation in the osmotic and water poæntial of the nodule with variation in the rate of those

processes is to be expected. This witl be accentuated in nodules with meristematic tissue,

such as those of faba bean and pea, where the water potential is lowered by the growth

processes (Westgate and Boyer,1984; Boyer, 1989). Further, the high resistance to water

flow posed by the vascular bundle of indeterminate nodules which results from

discontinuance of this conduit at the nodule meristem (Sprent, 1980) may also cause short

term fluctuations in nodule water potential. In these conditions, it is perhaps not unexpected

that N2 fixation has the ability to adapt to a low nodule water potential.

As those facts are inherent cha¡acteristics of nodules, and not confined to plants $fown

under controlled conditions, it is to be expected that legumes in the field will also be

insensitive to mild water sEess. The fact that many legumes, relying on N2 fixation as the

main source of mineral nitrogen, grow successfully in the field without irrigation is

consistent with this notion. It is unlikely that the legumes would have no ability to tolerate a

degree of mild water süess, particularly as nodules a¡e usually located mostly in the upper

layers of the soil which are fr,equently in a state of water deficit. The ability of N2 fixation to
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withstand mild water stress is not surprising as symbiotic N2 frxation is a result of a gradual

evolutionary process (Tricnick, 1982) so that this process may have adapted to conditions

often subjected to drought. Many species inhabiting desert areas rely on this process as the

source of nitrogen (Beadle,1959; Farnsworth ¿r al.,1978). Pickeringia montana Nutt plants

growing in dry rocky areas are abundantly nodulated (Allen and Allen, 1981).

Notwithsanding a tolerance of mild stress, N2 fixation is reduced when water stress is

more severe (nodule water potential < -0.8 MPa). The primary factor controlling this

process in faba bean appears to be the supply ofcarbohydrate. Evidence supporting this

conclusion includes: (i) Nz fixation of this legume is dependent largely upon recently

assimilated carbohydrate in the shoot and photosynthesis is readily affected by mild water

stress; (ü) changes in photosynthesis during water stress and rewatering are always followed

by parallel changes in NZ fixation; and (iü) the effect of water stress can be simulated by

reducing light flux density. Huang et al. (I975b) also concluded that Nz fixation by soybean

during water stress was mainly limited by the supply of photosynthate, although their

experimental results were not conclusive for technical and statistical reasons.

A limitation of NZ fixation during water stress imposed by reduced photosynthate

supply may be a general case in legumes where Nz fixation is dependent upon recently

assimilated carbohydrate. The resulting close interrelationship between N2 fixation or root

respiration and photosynthesis has been observed in several species including peas (Lawrie

and Wheeler, 1973). lupin (Vil'yams et a1.,1985), white clover (Ryle et aI., 1985b),

soybean (Kouchi et a1.,1985; Walsh et al., 1987) and pigeonpea @abas et aI., 1988).

Photosynthesis is reduced during water stress due to the closure of stomata and reduced

metabolic activities of COz assimilation (Farquhar and Sharkey,1982; Schulze, 1986). As

water süess usually develops fîrst in the shoot under natural conditions (Kramer, 1988b;

Boyer, 1989), it would thus be reasonable to expect that a decrease in photosynthesis

precedes the development of stress in the root system. A decrease in photosynthesis may

occur at an earlier stage of water stress when photosynthesis is controlled mainly by stomatal

conductance, for instance as a result of a low humidity and a high evaporative demand, even

though leaf tissue water potential remains high (Bradford and Hsiao, 1982). When a

proportion of the toot system is exposed to a low soil water potential, stomatal conductance
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may decrease despite the total supply of water to the plant being adequate to maintain a high

leaf water potential (Davies et a1.,1936). This was interpreted to indicate that roots, actively

sensing the soil water status, send an early message to the shoot resulting in stomat¿l closure

before a water deficit ensues in the shoot. A decrease in photosynthesis under these

conditions may also occur even when photosynthesis is controlled primarily by the metabolic

reactions of COz assimilation - a decrease in regeneration of ribulose bisphosphate @arquhar

and Sharkey, L992),causing an adjustment in the photosynthetic capacity (Schulze, 1986).

The hlpothesis that N2 fxation is timited during water stress through a limitation to the

supply of 02 to the bacteroids (Pankhurst and Sprent,l975a) was not supported by the

present experiments. Elevation of 02 concentration in the ambient atmosphere to 4OVo or

even 8O7o restored neither root respiration nor N2 fixation. A decrease in the supply of OZ is

considered to be due to a fall in nodule turgidity (Pankhurst and Sprent,1975a; Denison,

1983). A lack of correlation between nodule turgor potential, AR activity and 02 uptake

was, however, found in the present study. The view that Oz supply is the main factor

timiting N2 fixation during water stress has been based on evidence that N2 frxation by

stressed nodules increased upon exposure to a high 02 tension (Pankhurst and Sprent,

L975a). Provided that stress was "moderate" (nodule water potential > -0.9 MPa), a

complete recovery was obtained at pO2 of 0.1 MPa. However, this response was observed

in short term studies with detached, stressed nodules and roots excised from stressed plants.

There are several problems in the use of detached nodules or roots for studying the effect of

water stress on N2 fixation. Firstly, excision itself increases nodule resistance to 02

diffusion (Ralston and Imsande , 1982l' Minchin et a1.,1985; Hunt et a1.,1987). Hence, the

increased N2 fixation at high pOZ could be due to elimination of the effects of excision.

Further, it is not known whether the sensitivity to water stress of detached nodules and

undisturbed plants are similar. Fellows et aI. (1987) have argued that detached nodules are

more sensitive to water stress than undisturbed plants on the basis of the results of Sprent

(197la) and Huang et aI. (1975b). It is clear that the supply of carbohydrate from the shoot

will cease following detachment and Nz fixation will rely upon the rernnant carbohydrate

pool in the nodules or other tissues. If recently assimilated carbohydrate is utilized in N2

fixation, the response of detached nodules will not represent that of undisturbed plants.
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Considering these problems, it is important that the hypothesis that 02 supply is a limiting

factor for NZ fixation during water stress is tested with an undisturbed systerrl

It may be questioned why, if Nz fixation is dependent upon recently assimilated

carbohydrate, this process was not reduced during mild water stress when a decrease in

NCE of the shoot was observed. One possibility is that the lack of an effect of the reduction

in photosynthesis during mild stress is attributable to a difference in sensitivity of

nitrogenase activity and other processes requiring carbohydrate, such as $olvth. Growth is

sensitive to water stress, so that carbohydrate otherwise allocated for this process may be

used for other cellular activities such as N2 fixation. As a result, the supply of carbohydrate

to the nodule may remain unchanged under mild water stress, although the rate of

photosynthesis is reduced. In addition, the partitioning of carbohydrate to the root system

may increase during water stress. Finn and Brun (1980) found an increase in the percentage

of labelled carbon in nodules and roots of soybean when the nodulated roots lvere exposed

to a low osmotic potential. Lang and Thorpe (1986) examined the effect of low root water

potential on the transport of photosynthate to the roots of På¿seolus vulgaris. The roots of

an intact plant were divided between several containers in which they were exposed to a

range of osmotic potentials (PEG) from 0 to -3 MPa imposed after the single leaf was fed

with labelled llCOz. They found that the accumulation of labelled carbon in the roots

exposed to PEG solutions was higher than that in roots exposed to water, the lower the

osmotic potential the greater the accumutation. They concluded that low root water potential

increases the movement of photosynthate from the shoot to the root.

These explanations for the absence of an effect of mild water stress on N2 fixation are

justifrable if the respiratory energy cost for maintenance of a unit of biomass and for

reduction of a unit of N2 is, at least, unchanged during water stress. An increase in

maintenance cost of Xanthium strumaríum plants was reported in response to other

environmental factors including salt, high temperature and nirogen deficiency (Gale and

Zeroni,1985) . Durand et al. (1987) found that withholding water for 7 days increased the

respiratory cost of N2 fixation in soybean from 2 to 6 mol CØ mol CzH¿. This cost was

estimated from the relationship between root respiration and AR generated by the exposure

of the root to varying 02 tension. The respiratory cost of glowth + maintenance and N2
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fixation were calculated in the present study from the relationship between root respiration

and AR during well water conditions and water stress. There was no significant difference

between well watered conditions and water stress in both respiratory costs and the reduction

of one pmol AR was accompanied by the evolution of 3.08 pmol CO2.

The major conclusions drawn from this study are as follows.

(i) NZ fixation by faba bean has the ability to withstand "mild" water stress. This may not

be unique to faba bean but may also be a feature of other legumes such as soybean and

cowpea which show a simila¡ lack of response to mild water stress. The generalization that

N2 fixation is sensitive to water stress needs re-evaluation.

(ii) N2 fixation of faba bean shows a diurnal fluctuation and is closely related to root

respiration. This relationship is not influenced by water stress which suggests that root

respiration can be used to study N2 fixation in response to water stress.

(üi) Photosynthate is the primary factor determining the response of N2 fixation of faba bean

to water stress. The dependence of N2 fixation on recently assimilated carbohydrate during

water stress is demonstrated by a close linear relationship between N2 fixation or root

respiration and net photosynthesis.

(iv) The water potential of nodules of faba bean is generally low (-0.4 MPa) during normal

conditions, probably because the nodule functions as a temporary sink of carbohydrate and

amino acids, and due to growth.

(v) Nodule turgor potential of faba bean declines following the development of water stress

as a result of a faster fall in nodule water potential than in osmotic potential. The decrease in

osmotic potential is due initially to solute concentration then to net solute accumulation.

(vi). The supply of 02 to the nodule is not limited by water stress and this supply is not

controlled by nodule turgor potential.

(vii). When nodules are removed from nodulated roots the respiration of denodulated roots

is constant during the day and resistant to water stress.

(viii). The respiratory costs of N2 fixation and growth and maintenance of the root system

are not influenced by water stress
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The major agronomic implication of these conclusions is that the supply of nitrogen is

not a primary limiting factor for the growth of nodulated faba bean plants during water stress

as inhibition of growth will precede inhibition of N2 f,rxation. This is supported by the

results of Farah (1981) with a field-crop of faba bean where application of fertilizers,

including nitrogen, had no effect on seed yield or relative seed nitrogen content when water

supply was limited. It is also consistent with the general phenomenon that water, rather than

nitrogen, is the main factor limiting plant growth under conditions of water shortage where

the decrease in nitrogen uptake is commonly less than that in growth (Rhoads, 1984;

Yamada, 1984) and the application of nitrogen is unable to alleviate the adverse effect of

water stress on biomass accumulation and seed yield @ennett et a1.,1989). Thus, improving

the supply of nitrogen, whether through increasing the resistance of the N2 fixation system

to water stress or through the application of nitrogen fertilizer, would not be effective as

means to increase the productivity of faba bean in areas subjected to water stress.
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Appendix 2.

Table 1. NCE (pmol CO2.h-l.plant-l¡ of the root (R) and shoot (P) of plants either

experiencing reduced PPFD or water stress.

Sample Reduced PPFD (RL)

RP
Water stress (WS)

RP
I
2

3

4

5

6

7

9

10

11

t2
L3

t4
15

16

T7

18

t9

20

2I
22

23

24

25

26

27

28

29

30

113.53

111.68

108.73

94.35

79.68

72.50

r20.60

tzt.30
1 18.18

104.58

87.85

77.40

t28.73

Izt.40
110.95

102.58

86.88

73.28

109.95

117.15

113.03

110.98

90.43

86.33

145.00

138.88

124.58

108.23

89.85

81.70

577.t3

48r.45

422.83

360.05

293.05

230.25

669.30

s73.08

476.88

4r4.r3
3r7.93

251.00

736.83

6t1.23

510.75

460.50

376.78

276.30

624.78

554.90

480.93

411.05

300.0s

238.40

746.45

604.70

477.60

3s4.3s

292.73

204.t3

108.95

95.36

75.03

63.46

56.61

47.62

134.55

130.45

106.55

86.19

79.50

75.54

126.0r

tr3.73
96.96

81.79

72.25

66.18

92.53

80.61

70.47

59.57

52.73

49.69

94.70

9r.t4
8t.97

68.22

60.33

57.28

639.33

46s.90

289.35

207.r3

179.73

150.95

6s6.20

528.35

447.48

392.85

368.25

334.93

649.0s

439.83

287.83

216.73

182.05

160.68

460.38

349.83

263.6s

209.90

190.63

174.40

54r.73

44r.93

340.10

275.9s

240.30

215.88
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Table 2. Analysis of the comparison between the effects of reduced PPFD and of water

stress on the relationship between NCE of the root and of the shoot.

Parameters

'lïeaûnents

Reduced Light Water stressed
L2

n=30

L (x) = xl+x2+.......+x3o

Means= I(x)/30

I(x2) = xr2+ x22+...+ x3g2

Sxx=L(x2) -LG)ZßO

I(y) = y t+yz+.......+y¡o

Means = I (y)/30

I(y2)= y t2+yz2+...+ y zo2

syy = I(v2)- 2(Ð2lzo

I (xy)= xry r+x2y 2+...x30y30

Sxy = L(xy) - I(x)I(V)/3O

b = S*y/S**

a = [I (v)-bl' (x)]/n

r = { [b(s**,)/srrl

13330.r4

444.338

6609273.39

686185.643

3150.31

10s.010

34t45r.rr33

10636.0101

r476986.127

77183.6823

O.LL2

55.030

0.903

10301.30

343.377

4222716.552

685490.4957

2475.97

82.532

220917.7339

16570.r52s4

946605.8018

96415.47644

0.141

34.235

0.90s

Hypothesis: bt = bz

Residual mean square

s2y.* = [syy - (s*v)2/s**)lln-2

Pooled residual mean square

69.7935

88.6314

t07.4693

ttn =

t value = 1.804

Tabular t values (df = 54)

at the levelof l%o 2.660

5Vo 2.000

lOVo I.67I
Conclusion: bt is not sisnificantly different from bz at P 0.05
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Table 3. NCE (¡rmol Co2.h-l.plant-l¡ of the root (R) and shoot (P) of the same plants

experiencing reduced PPFD followed by water stress.

Sample Reduced PPFD (RL)

RP
\ùy'ater stress (WS)

RP
1

2

3

4

5

6

7

9

10

11

t2
13

t4
15

16

T7

18

19

20

21,

22

23

24

25

26

27

28

29

30

160.700

r55.275

147.675

140.075

118.350

97.725

155.475

t47.375

t40.975

r32.r50
117.85

t05.725

122.475

116.800

113.400

108.850

91.850

7r.450

t14.775

108.625

105.200

98.32s

77.750

59.450

116.725

114.300

111.875

102.15

87.550

72.95

681.8s0

92.t75
616.700

486.425

386.525

334.400

726.875

691.625

634.375

475.775

365.650

326.00

625.925

s66.975

503.475

453.575

299.35

18r.425

576.300

558.000

52r.400

457.375

3rt.025
r82.950

598.250

554.475

505.825

457.200

301.550

204.275

100.975

84.700

73.825

64.050

58.625

54.300

r27.750

ttO.r25
95.825

81.500

72.675

64.975

1t7.925

96.375

75.975

61.225

54.425

5r.o25

89.200

68.600

51.450

45.750

42.300

40.025

lW.425
87.550

7t.750

58.375

53.s00

51.075

651.450

503.800

403.900

3r2.700

269.275

243.200

770.925

616.750

528.650

440.525

392.075

352.425

716.650

5s3.350

426.350

303.900

23s.85

r&t.425

626.600

457.375

324.725

228.675

160.075

t37.200

690.650

525.275

364.775

262.&3
204.277

t70.23r
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Table 4. Analysis of the comparison between the effects of reduced PPFD and of \ilater

stress on the relationship between NCE of the root and of the shoot.

Parameters
Treaünents

Reduced Light V/ater stressed
L2

n=30
L (x) = xl+x2+.......+x3o

Means: x*= I(x)/30
L(x2) =xr2+ x22+...+ x3g2

Sxx=I(x2) -)7x)4lO
I(y) = yt+y2+.......+y¡o

Means:Y*=I(Y)/30

2(y2)= y p+y 22+.'+ y zo2

syy = I(v2)- Z(v)2llo
I (xy)= xry r+x2y2+...x30y30

Sxy=L(xy)-I(x)Xy)/30
b = S*y/S**

a = [I (v)-bl' (x)]/n

r = { [b(s*.,)/S,,,,1

t4228.325

474.278

7M43r9.446

696145.036

3413.850

rr3.795
408021.696

19542.635

r72t061.253

101949.010

0.146

44.36t

0.874

12055.701

40r.857

5809058.699

964394.479

2215.275

73.843

179823.896

1t6242.452

1011970.999

t2r747.898

0.t26
23.129

0.973

L Hypothesis: b1 - b2

Residual mean square

S2y.* = [Syy - (S*y)2/S* )]/n-2

Pooled residual mean square

164.729 3r.166

gzn = 
(nr-2)S2y.IL+-(Jtz -?)s2v.xz

t value =

97.948

1.288

Tabular t values (df = 54)

at the levelof lVo 2.660

5Vo 2.000

lOVo 1.671

Conclusion: b1 is not significantly different from bz at P 0.05
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U. Hypothesis! â1= ¡2

q1 -q)
'u - ./¡1szt.x)(1/n) + (x1*2¡5*x.12)l

2.771

Tabular tvalues (df = 28)

tvo 2.763

5Vo 2.048

Conclusion: a1 is significantly different from a2 at P. 0.01
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Appendix 3

Table 1. NCE of the root and AR of well watered and stressed faba bean plants.

Sample
NCE (pmol CO2.h-t.plant-l)

'Well watered Stressed

AR (pmol C2Ha.h-l.planr t¡

Well watered Stressed

1.

2.

3.

4.

5.

6.

7.

8.

9.

10.

11.

t2.
t3.
t4.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

80.43

174.25

180.95

189.90

194.35

90.20

151.13

158.45

181.60

t92.55

77.80

132.70

139.58

155.58

164.73

95.18

180.60

r87.93

200.13

2r9.6s

66.15

t24.80

r57.25

t82.20

r97.t8

85.43

154.68

99.28

76.20

92.63

r32.85

113.35

87.75

82.38

131.55

105.25

8r.23

102.50

161.08

107.38

78.10

81.13

r37.28

87.35

67.40

t4.99

37.42

40.93

51.67

54.34

tl.70
35.09

40.49

36.89

44.99

11.93

25.36

33.81

42.54

47.83

18.18

35.18

4r.04

42.41

52.25

12.37

23.54

33.32

38.94

43.62

18.37

37.O9

18.55

t2.98

T1.43

35.61

22.r0
t2.28

13.83

31.50

27.87

17.29

17.55

36.35

t3.79

7.52

13.63

26.r3

10.22

5.68

are ln ln
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Table 2. Analysis of the comparison between the effects of well watered conditions and of
water stress on the relationship between NCE of the root and AR.

Parameters
Treaünents

Well watered Water stressed
(1) Q\

nt=25; n2=2O

L (x) = xl+x2+.......*Xn

Means: x*= L(x)/n

L(x2) =xr2+ x22+...+ xn2

Sxx=I(*2) -l@)\n
I(y) = yt+y2+.......+yn

Means:y*=I(V)/30

I(y2)= ytz+y*+...* yn?

syy = 2(Y2)-Z(Y)2ln

I (xy)= xty r+x2y2*...xnyn

Sxy = ),(xy) - I(x)I(y)/n
b = Sly/S¡¡ç

a = [I (v)-bl' (x)]/n

r = { [b(s*.,)/s.,,,1

870.830

34.833

343s8.883

4025.O87

3875.225

155.009

64606/.396

45369.6M

147602.345

12615.858

3.134

45.842

0.934

389.770

19.489

9404.137

1808.104

2064.750

103.238

227r05.536

13945.908

44819.890

4581.010

2.534

53.860

o.9t2

I. Hypothesis: b1 - b2

Residual mean square

S2y.* = [Syy - (S*y)2/S* x)]ln-2

Pooled residual mean square

Tabular t values (df = 41)

at the level of l%o

5Vo

trn =

t value =

253.377 t46.095

199.198

r.502

2.70t

2.020

Conclusion: bl is not sisniflrcantlv different from bz at P 0.05

IL Hypothesis: a1= a2

ta =V(al - az, ^/¡Szt.x[l/n + (xr*2/Sx*.r)] 0.861
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Tabular t values (df = 23)

IVo

5Vo

2.087

2.069

Conclusion: al is not significantly different from a2 at P 0.05

Table 3. ANCE of the root and ÂAR of well watered and stressed faba bean plants.

^NCE 
(pmot CO2.planr t¡ ÂAR (pmol Czll¿.planr t¡

Sample Tirne
Well watered Stressed V/ell watered Stressed

1

2

3

4

5

6

7

8

9

10

11

t2

13

t4
15

16

t7

18

t9

20

2t
22

23

24

25

09.00-09.00

09.00-12.00

09.00-1s.00

09.00-17.00

09.00-21.00

09.00-09.00

09.00-12.00

09.00-15.00

09.00-17.00

09.00-2r.00

09.00-09.00

09.00-12.00

09.00-15.00

09.00-17.00

09.00-21.00

09.00-09.00

09.00-12.00

09.00-15.00

09.00-17.00

09.00-21.00

09.00-09.00

09.00-12.00

09.00-1s.00

09.00-17.00

09.00-21.00

0.00

93.825

100.525

109.48

r13.925

0.00

60.93

68.2s

9r.40

t02.35

0.00

54.90

61.78

77.775

86.93

0.00

85.43

92.75

104.95

124.48

0.00

s8.6s

91.10

116.05

131.03

0.00

69.25

13.85

-9.23

0.00

40.23

20.73

-0.48

0.00

49.t8

22.88

-1.15

0.00

s8.58

4.88

-24.40

0.00

56.15

6.23

-13.73

0.00

22.43

25.94

36.68

39.35

0.00

23.39

28.79

25.r9

33.29

0.00

t3.43

21.88

30.61

35.9

0.00

17.00

22.86

24.23

34.07

0.00

II.L7
20.95

26.57

3t.25

0.00

18.72

0.18

-s.39

0.00

24.t8

ro.67

0.85

0.00

17.67

14.04

3.46

0.00

18.80

-3.76

-10.03

0.00

12.5

-3.4r

-o.795

'l'he data are o from individual replicates in the experiments presented tn Chapter 7.
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Table 4. Analysis of the comparison between the effects of well watered conditions and of
water stress on the relationship between NCE of the root and AR.

Parameters
Treatnents

Well watered Water stressed
(1) (2)

ît=25; n2=2O

L (x) = xl+x2+.......-Fxn

Means: ¡¡*= )(x)/n

L(x2) = xr2+ x22+...+ xn2

Sxx = I(x2) -2(x)2tn

I(y) = y1+y2+.......+yn

Means:y*=I(y)/n

I(y2)= yp+y22+...* ynz

syy = L(v2)- 2(v)2ln

I (xy)= xty t+x2y2*...xnyn

Sxy=L(xy)-I(x)I(y)/n

b = S¡y/S¡¡¡

a = [I (v)-bl' (x)]/n

r = { [b(s".,)/s*,*,1

524.980

20.999

14879.067

3854.907

1826.475

73.059

t76289.262

42848.825

49998.337

11643.823

3.Ozt

9.63r

0.906

90.s30

4.527

2299.348

1889.564

288.550

14.428

17516.701

13353.646

5841.690

453s.568

2.400

3.562

0.903

I. Hypothesis: b1 - b2

Residual mean square

S2y.* = lsyy - (s^y)2/S*Ð)/n-2

Pooled residual mean square

333.845 t37.045

-2 S .X + -2n 2
s2p 247.M5

1.405

2.70t

2.020

nl+n2-

t value =V(br - bz, {Szp[(1/Sxx.r) + (l/Sxx.z)]

Tabular t values (df = 41)

at the level of l7o

57o

Conclusion: br is not sisnificantly different from bz at P 0.05
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II. Hypothesis a1= ¿2

ta =V(al - aZ, r/¡S2y.x[l/n + (xr*2/Sx*.r)]

Tabula¡ tvalues (df = 23)

l7o

5Vo

0.845

2.087

2.069

Conclusion: al is not signiflicantty different from az at P. 0.05
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