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b relative l~ ~f starch an:! the specifie activities'of' amylase, 
,,,,1 .. 1-

J.; lt~ l!" ! 

starch ~lase am starch synthase were examined in effecti~ (fix +) 

arrl ineffective (fix-) soybean root nodules at 14 an:1 21 da~ after 

infection with relevant strains, of Bradyxhizobium japonicum. starch level.s 
4/'1 '\. " 

dec:reasEd between 14 am 21 daya post-infection in fix+ nodules b.1t 

:increased in fix- nodules. In effective rxx1ules, the specifie activities of 

amylase am syntllase were foord te positively correlate with staràl levels, 

W'hile ~lase activity was negatively oorrelated. In the three types 

of ~ffective \.~es,' ~latidhs with st:arch levels were as è' _ 

follows:, amylase, IXSitive or negative; synthase, pœitive or negative arx:l 
l,po' 

~rylase, IXSitive. A 105 kra fotm ot. ~ P'lœPhorylase ~ present 
. ,". 1 

• .1 .... 

:in rx:rlule ex:tract:s,_ blt not in extracts of uninocul.ated root. sucrose 

synthase was 'locali~ed in cytq>lasm of bath infected an:i uninfected 

cens of ,et'fective es. ~ was present in uninfect:ecl cella of ~l 
ncflule types. At 14 da: post-infectioo, st.ardl was present in 

'i, . . 

~ected cells of· effective ncdules, alt:hcuJh, this 

ceU type by 21 days. In situatiCl'lS where the ~cteroids did 

disafpeared fJ:an:tœ ncxlule cella, large, distinctly starch free cella were 

,,' • 
, - ~ 
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Résumé 

• .... "1 ~\ 

;'\=q 

Les. quantités relatives d' amidôn et les ac.ti:vités spécifiques de 
, ./ , - . '" , 

l'amyl~se, la phosphorylase d'amidon et l'amidon synthétase ont . , 

été mesurées danS les racines nodulaires dë la fève de, soja 

pouvant (Fix+) ou ne pouvant pas (Fix-) fixer l'azote après 14 et 

21 (jours d'infection· avec des souches appropriées de 

Bradyrhizobium japonlcum. Les niveaux d'amidon diminuent du . , 

14 ième au 21 ième jours dans les nodules Fix+ contrairement aux 

,n'odules Fix-. Pour les nodules efficaces,' l'amylase et la 

synthétase ont été en corrélation positive avec les niveaux 
,;, 

d'amidon, tandis qu'on observe l'inverse pour l'activité de 19-

phosphorylas~. Dans les trois types de nodules inefficaces, la 

corrélation avec le niveau d'amidon était comme suit: amylase, 
>, 

positive ou négative; synthétase, positive ou négative; 

phosphorylase, positive. La phosphorylase d'amidon (espèce au 

poids moléculaire de 10;; kDa) est présente dan~ les extraits de 

r ) 

, 1 
nodules mais non dans les racines non-infectées. Dans les nodules 

efffcaces, la synthétase de sucrose est localisée dans le 

cytoplasme, autant dans les cellules infectées que celles qui ne 
'" 

l'étaien;t- pas. L'amidon e~t présent,dans les cellules non-' 

infectée's dans tout les types de nodules. Après 14 jours 

d'infection, on détecte de l'amidon dans les cellules infectées'de 

nodules efficaces, bien que, celui ci ne soit plus présent a~ 

21 ième jour après l'infections. Dans les cas où les bactéroides 
)0 

J,' 

n'ont pu pénétrer ou sont disPl~P~ des cellules 
, '" nodulaire~, on 

aperçoit de grandes cellules sans amidon. 

Traduit par Francis Ouellette et Mario Filion. 
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Nitrogen fixation fran syni:>iotic interactions between plants am 

microbes contrib.rt:.es significantly ta the SUWlyof fixed nitrogen in the 

global nitrogen cycle (Postgate, 1978). SUqcessful symbioses can occur 

between plants am diazot:rqirle bacteria or myconhlzài ~i (see Vel.'lla 

am IDrg, 1983). 

" Research bas been concentrated on elucidati.rxj the mec:hani.sm of 

1 

• 

biological nitrogen fixation in plant/microbe interactions since it bas 

potential ta inprove agriculture. Bacterial symbionts, primarily of the 

genus Rhizd:>ium, have been in focus in the result.ln:J scientific literature. 

Oyeryiew of Rhizobium/Legume Symbiosis 

'lbe soil bacterium, Rhizobium sw., is capable of fol:ltLÏ.n; a tightly co­

ordinated interaction with a wide rarge of higher plants leaclin3' te an 

errlosymbiotic relationship (for reviews see Bauer, 1.981; Venna an1 ~, 

1983; sutton, 1983; Varna am Nadler, 1984; Relfe an:i Shine, 1984; 

Kcn:iorœi am Korxiorosi, 1986 a.rrl I.orq et al., 1986). As a result of t.his 

interaction, a differentiated arrl highly S'~ialized structure, known as a 

nodule, is fonœd. It 15 inside the nodule that the rhizabia flx nitrogen 
~ -[the oonversion of a~ic nitrogen (N2) into anm:mia (NH3}). AIluoonia 

can be used as a sa.u:ce of nutrition by the plant, whereas, dinitrogen 

cannot. '!hese ncx:lul.es are usually fourd on roots, althœgh there are sane 

examples of Iilotosynthesiz:in;J stem nodules (Iajudie an:i Huguet, 1987). 

'!he various, naturally occu.rring species an:i strains of Rhizobium (fast 

growers) am BradyIbizOOium (slow g.t"C1.YerS) are usually hast specifie. '1his 

means that nitJ:.'o;Jen fix.in;J nodules (fix+ or effective) are OIÙy produced 

wben the ba~ia infect haoologcus hasts. Interactiœ with heterologcAJS 



• 
2 

, 

hasts either does oot result in roclule formation or i.n1uoes the tonnation 

of ineffective nodules whidl do rot fix nitrogen (tix-} (see VQI11V1 ... an:1 

~, 1983; I.on:J et al., 1986). 

, (i> Nodule Deyelognent: An Ultrastructural Pem;!ective 

Extensive ultrastructural analyses have e1ucidated the series oe 
tooq:hoicqica1 events involved in ncdul.ation, nitrogen fixation an:i nodule 

senescence. 'Ihis tNOrk bas provided a basis for metabolic am lt'Olecular 

studies. 

Immediately followirg attachment of an awrcpriate Rhizobium~. ta 

the ~haIr cell, root hair curling OCCUI'S. '!he bacteria~ enter the 

cells of the IIcrookll of the curled root hair (Vincent, 1980). lm infection 

thread is formed as the erdosymbiont makes its way into the root hair 

interior. A certain rhizabial exopolysacd1.aride is known te have a raIe in 

the :i.rrluction of this inf~ion thread (J..onj,et al., 198?). 

Meristematic cel! division oc::aJ.rS in the root inner cortex prior ~ the • 

entJ:y of the infection threads. 'Ibis early stinulation of pl~ cell 

proliferation requires a harologoos interaction arrl, therefore, seems ta he -

at a t:bint in the nodulation process when recognition of the hœt ~ 
• , J 

<I.or'X1 et al., 1986). 

Baserl. on the teIrp:>ral nature of the meristematic divisions, legume 

nodules can either be detenninate as is the case with ~ical nodules 

(e.g. soybean) or ~ is ~ case with Eilongate nodules (e.g. 

alfalfa). In the latter nodules, meristematic growth continues ~. 

the entire life of the nodule in whidt there are clearly defined 

tœristematic, mature am scenescent zones. 

, , 

\ 
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'Dle bacteria are rel~ upcIl ~ of the infecti~ thréad into the 
4 

dividing cells of the roat cortex. IJllTs'Uately aftel:Wclrds, the Rhizooiurn 

pass into the cytq>lasm as ~led" drq>lets envelqm by the plaJ)t cel! 

plasma JDeDi:>rane. In this specialized role, the envelqe plasrra trembrane 

develcps new characteristiœ an1 is called the peribacteroid membrane 

(Ibn). '1he fluid inside the Ibn envelq:e is called the peribacteroid fluid 

(t=bf) (500 Verma am I.cn;J, 1983). 0J'XJe etWqJed by the p:rn, the Rhizooium 

spp. cliff~iate into. bacteroids which are different fran the free living 

bacteria in that they have a m::xlified o.rt:er Iœ!l'IIbrane arx:l a less defined 

cel! wall (I..org et al., 1986). "t 

Provided all relevant cxnlitions are favc:urable, the bacteroids, begin 

fixi.n;J nit.rcx;Jen inside the {i:an. 'Ille processiD;] of the resultant ammonia 

):equires an interaction between ~ infectErl am uninfected cells both of 
. 

Which are present in mature oodules. '!he initial steps of nitrogen 

assimilation cx:x::ur in the infected cell while thè fÏllé\l steps hà~ in the 

peroxisanes of the lD'linfected cell (500 Gooddrlld, .1977 r Newcànb et al. , 

1985) 

1he infected cells are :interspersed in with the uninfected cells in 
~ 

such a "'ofay that 'evet:y infected cell is :in Ji1ysiœl contact with at least 

orle uninfected cell (~am NewccIJt>, 1985; D:ut, 1977; Newcari::>, 1981). 

Numero.lS plasJOCldesmata exist bebken infected am uninfected -cells arrl 

between two uninfected oells. PlasJOCldesmata between two infected cells are 

relatively unccllilCVl (see Gooddl.il.d, 1977). - ~ 
'1bere are two types of uninfected. cells: those at the' peri];i1ery 'of the 

nodule am those which are :interspersed with the infected cells in the 
, , 

nodule, interior. 'lhe fomer are also called the portal ban:l of cells am , 

.. 
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, 4 

0 ' are tllaÇlt to have a role in det:emin.i.rq the entry mi exit of mata1:lolites 

(Tjep1œma am Yocum, 1974). 

Uninfected oells are ultrastructurally different ftœ\ the infected 

cells. As well as lacki.rg bacteroids, the tminfect.ed œlls atè smaller arxi 

bath the starch granules am peroxisanes are larger am mre numera.1S 

, r 

(SelJœr,~ NE!\tICœi:), ,1985; v~ den BOsch ~ Newcanb, 1986). 'nle mature L 
infect:èd cells contain quantitatively less st:ardl than uninfected œlls !ri __ _ u 

~variety of rxrlule types (Dardeard, 1926; lechtcva-Trnka, 1931; Biebdorf, 
1 

1938; Allen an::l Allen; 1940 arxtBord, 1948). Passage of carbohydrates fran 
t ~ 

~l type to anotller bas been suspected, l::ut unproven. Ineffective 

nodules of soybean have lOOre starc:h t:han effective no:lules (Morrison' ard 

'" Venna, 1987). '!he reason for this is unknown~ 

Prior t:o senescence, ~ nc:x1ules receive up te 30% of the plant' s 

photosynthates (Minc:hin et al, 1981; Mahont 1983). Eut later, when the 
'fil' 

plant fonns its pods, ~tes are divert:Erl fran the ncxhùe to the 

pods. It bas been ptcp:>Sed that as a resul t of the decreased carbohydrate 

supply, the ooàules senesce (sutton, 1983). 

As senescence advances, the infected cella eventually lœe 'their turgor ... 
am begin to collapse in between the still turqid tminfected éel.ls (vance 

et al., 1980). 'n1e. SI:u::x::essive stages of nodule senescence (in the lnfected 

cells) are as follows: (1) increased electron density of the cyt:qllasm (2) 

the pl:In deveiops small breaks resultirg in the formation of ~ small 
, ' 

vesicles, to:Jether with an increasin:Jly abnonnal ~ of the 
, 

'~ bacteroids, (3) the nucleus develops lcbes am disintegrates an:i eventually 
-

(4) the host cell walls begin to breakdc::Mn (Cà1en ~ al.,1986). 

o Phizobium strains' which cause the formation of ineffective nodules can 

, 
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" mimic the stages Cf! senesœnce ,;mUar ta ~ natura! sequence of events 
\ ~ ..... 

(Werner et al., 1980). , .. r 

'(ii) NOOÙ1e Deyela:xut:!lIt at the M:2lecular Ievel 
, , 
\ As described in the al:x:Jve section, nodule develq:ment catprises a , , 

DlÛti-step cascade of events invOlV~ mizobial :root colanization, root 

bail:- adherin:1 and curlin;J, infection thread deve1opnent, nodule Wtiation 
-"-- ' 

am\ &we1opnent., '!bis ~ of events requires a co-ordinated ~ation 

am ~ion of severa! rtUzabial an::1 plant genes. 

'nle isolation of different classes of bacterial nutants is pcss:ible 

1:hra1gh transposon mut.àgenesis. Genetically mutated Rhizobium often can 

cause the formation of nodules with va.t:yirg deve10pnental arrests ~ 

upcII which gens ..;;, acted upon by the ~ (Restas '\ al., 1984). 

SUCh nutants are a useful aid in studyi.rg Rhizobium/plant interactions. 

Transposon nutagenesis bas been used te establish a' rnnnber of 
, . 

».japonicum DUtants, strains TS-95 am '1'8-1 beirq exanp1es. '1'5-95 in:luces 
- , 

the formation of nodules whic:h are ultrastructurally similar to the 

wildtype, bIt-are fix-. '1'8-1 infected ncxhù~ are fix- am deficient in 

bact:eroid developnent (bad-) meanin;J that the bacteroids are net released 

fran the infectipn thread (Rœtas et al., 1984 ~ l-k>rrison aiki Verma, 1987).-
, #1 

A natw;al1y ocxurrinq stra!J)'of ~ japonicum (61A24) also causes the 

formation of ineffective nodules. '!he JOOSt strikin;J c:haracteristic of 6lA24 

nodules is the degradatlon of the Ibn 18 to 20 d post-infection (Wa-rner et 

al., 1980, 1984>': 

'15-95, '1'8-1 ~ ~lA24 inf~ ncx:iüJ.es each provide l.DÙque situations 
,9 

of devel.c:pnental arrest: file-: fix-, bad- am. fix-, ~-, respectively. 

Table 1 is a sunmary of al1 the d1aractèristics of the three ineffective 

.; 

.-
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nodule types as well. a c:cmparable effective hxluJ.e infec:ted with wildtype ,-
v ~ 

.e. japaù.oJm strain 6lA76. 
. " 

lt.rt:ants similar to those mentiooed above have been used to exami.nè the 
, ' 

step-by-step mlecular 1nteractioos bet\t.1een plant am bacteri\.D'l\ l~d~ to, 
" 

the developnent of. a functiooal nodule. 

Initial contact between free-livirg Rhizobium sw. arxl the legtnne root 
, 

bair are in the fom of a che.mical plant factor, known as 'a flavene (Bauer, 
J~ ~ ! ~ .. - , 

1981; lorg et al-.- 1986). rus factor is released fran the growin:J host root 

hair am resul ts in the irrluction of bacterial ncx1ulation genes, provided 
~ 

the interaction is hatologoos (~ et al. ,1986). After havln:J been 

activated by the plant factor, the bacteria awroach the loot hair (due to 

chenoattraction) am becctne attached via, a specifie receptor mc;>lecule 

, (Iazzo am Hubbel;l, 1981; Dizzo am Gardiol, 1984). ~ 1 

. Se\1eral. Rhizobi\.D'l\ erxxxlEd proteins (bacteroidins) ay an inportant 
'1 -

role in 'the' symbiotie functionin;r of the nodule. 'lbe bacteroidin, 
- ' 

ni~enase, is essential beœuse it carries rut the conversion of 

atJoos};tleric nitrogen to élItIOOJlia (see Vanna am I.orXJ, 1983). Nitrogenase 
. \ 

establiShes its role in saybean ii:xiules gradually, fran 9 to 16 d post-

infecti~ (post-infection meahS tlle llUIri::Ier of days after the rhlzobia have 

contacted tl)e root). At 9 days post-infection, 0.1% of the maxinum level of 

nitrogen fixation is evident; at 10 days this increases to 1%. By 16 days 

JX)St-infection, the maxinum level of nitrogen fixation is .established am 

is maintained ~il pcxl fo~tial (suttal, 1983; Fujler arxl Venna,1984). 

In the, stu:iy of tme plant genes and gene proc1uct:s essential to ncx:lu1e. 

develq;ment am ~i~, the ptOgteBS has'been slow. rlcpression of 
, 

certain plant qenes result in the productioo of nodule-specific proteins or 

JXXhüins. 'lhe:re ~ 2 types of lXdûins: structural an:! metabolic. ; 

J 
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c Table, 1: <l1aract:eristi of 1'VJdules fœ:med bY different strains of 
, \ ~ 

, D.jAgOJlicum in tet1DS of nit.rcx]en 'fixirx.J ability, iacrosc:xpic 

~ an::l ultrast.ructure. . .<l 

strâ1ii ot Nitrogen Mac:rœc:opic UltJ:astrubture 
D·jmmicum Fixationo ~at21d 

" , , 1 

6lA76 fix+ -lal:ge nodules -~ected aJrl 
(wildtype) 

~ 
c1ustered on ~in tminfected . 
root cells 
-deep red interior -inta~ p:m 

, .., 

T5-95 fix- -small nodul.~ -same as 6lA76 
Y' ~root 

-pink interior 

" . 
TS-1 fix- -small hodules -bâcterbids ' 

thralghout. root ' axe not 
-green interior released fran . infection ' 

;" 

thread 

6lA24 fix- -small nodules -IiEb~ 
thralghout. root at 18-20 d -~ 

-<Jl'E!èll interior 1 post-Wection " 
ri) 

.... , 

1 

î 
.' 

. ' 

1 
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struct:ural rx:xiulins are thœe Which actuà.llY oart:ril::ute te the b.ù.ldi.rç of 
,,-> 

the nodule. Metabolic nodulins are involved in the functiaù.n;J of the 

nodule. To date nodullils ,invQlved in the oxygen, nitrogen am carbàlydrate., -

mètaJ::olisms have been stu:tied (Verma am I.arç, 1983). 

~ rodulin, leghenilglobin (lb), carries oxygen te the actively 

respiJ;;in;J bactero,ids while maintainil'Y:J a lCM level of free oxygen te which 

ni~ is sensitive (Appleby, 19~4). IBghe.roogld:>in is similar to 

~ herooglobin_arrl myoglobins, in that it bas oxygen-bi.ndin:J ca~~ity 
, 

(Hlmt et al., 1978). It is Il> which gives the interior of nodules the red 

coloration, similar te blood. '!he heJœ lOOiety of lb is ~t te originate 

fran the bacteroids t al th~ 'in soybean, it rnay te prcduced by the plant 
• 1 

(see Venna arx:l Nadler, 1984; Guerinot arxi Olelm, 1985). Table 2 shows the 

relative annmts f~lb mRNA in effeCtive an:l 3 types of ineffective rxxlules 

of soybean. 

nn-irg ~, the properties of lb~e such that it becanes a 

different substarx::e known as legcholE79labin (I.e). Iegcholeqlobin (I.e) 

differs fran lb in that the heme pol:lilyrin rirg is cleaved am the central 

iron atan is D'Ore easUy released. A green colored interior is a 
e 

characteristic of oodules cont:ainin:J I.e (Virtanen et al., 1947; Virtanen 

arx:l Meitinen 1949). 

Nitrogen assimilation (processi.n:J of ~nia) involves nodulins am 
follows one of two alternative pathways in the legurœjRhizobium 1 

- -
interaction: one lèaclin:J to the production of amides and the ot:her leëldin1 

\ Il 

to the production of ureides. Amides am ureides are carbon-nitrogen 

0CII1p0lll'Xis which are easily utilized by the plant f s metabol!sm. '.Ihese two 

cx:rc(x:mxls are made in the ncxiule ard are then transported to the plant via . . 

the puoem. In trqJical legumes, such as soybean, it is ureides which are 
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TAble 2: ClJaracteristic Of ncxhlles formed by different strains 'of<-~ 

J.joponicum in, t:eJ:ms o~ nl mRNA levels {Mxri.sal a:n:i VenDa, 1987).~· 

stra.in of­
J. jçoniM 

6lA76 
(wildtype) 

'1'5-95 

T8-1 

6lA24 

. \ 

'Relative lb mRNA 
in 21 d nodules 

100% 

37% 

8% 

• , 

/ 

.. 
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In the ureide pathway, the action of ncdulins such. as glut:amina 

synthetase (GS), xanthine dehyàrogenase, purine nuclecsidase mi a nuni::ler 
• • , ",J' 

of ether ~"catalyze the conversion of aIIIlVJlÙa to urie acid (an 

. intel:1œdiate in the ureide pathway). All catalytie steps oc:::olttirg up te 

fi the fonnatian of urie acid cxx::ur in the infected cells of"the nodule (see 

Venna am Delauney, 1987). Once formed, the urie aeid is then transferred 

o , 

. 
te the pero>dsane of the uninfecte:i cell where uricase (another nodulin) 

am other enzymeS cany out the final reactions which resul t ~ the 

formation of ure!&s. QNewcc:rrb et ai. (1985) am Van den J3I?Sdl an:! Newcanb 

(1986) have reasoned that uricase acts in the uninfected Cells because ,of 

the microaet"Cl};:hllic nature of the infected celle , 
l' _ 

~te metabol1stU is essential te nitrogen fixation s:inœ it 

provides energy te the bacteroids.. fotldl work bas been carried Olt on 
" 

sylnbiotie nit.ro;en fixati,an, while the corresparxii.rg cartxilydrate '-

metabolism bas received little attention. One of the soybean nodulins, 
, 

Nodulin 100, bas recently been identified as a nodule'-SpeCifie form of 

sucrose synthase, an enzyme which can degrade suCrose. It is the only 

nodulin identified to date t.o ]:)a invol ved in cart:xilydrate mét:ab:>lism 

('11nmIDler am Venna, 1987). 

cartphydrate Metabolism in Root Ncx:lules am in _ Plants 
f' 

Before 1rore extensive work can he done at the m::>lecular level, tthe 

''oodule cartx>hydrate II"IE$ùX>lism nust he urrlerst:aod at the bicx::hemical and 
" 

};ilysiological level. Figure 1 ('Ihummler am Verma, 1987) is a JOOdel of o carbohyàrate matabolism in root ~es basErl al ~t is knawn in nodules 

am what generally ~a in plants. 
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. Figure 1: ~ Jr()del. of the cartx:lhydrate metabolism of soybean root 

rv:dul.es~ ~ludirg the possible role of heme in regulatin;} the activity 

of ~ synthase ('lhUl'lUlÙer am Vanna, 1987). '!he numbers represe.nt I:;:: enzymes: (1) sucrose synthase, (2) ~fructakinase, 

( lucoisanerase, (4~ ~lucarutase, (5) UDl'G 
" ~ 

~:tylase, (6) ~cxtiesterase, Cl) ADFG pyrqilosphOrylase, 

"(8) sta;ch synthase, (9) amylase atx1 (10) starch PlœPhOrylase. 
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1he c:axtdlydrate SUW1y ta the nodule affects nitJ:ogell' fixati~, 

altl1c:u;l1 a contraversy still exista as ta how this influen::e is exerted 

(suttCI'l, 1983). 'lbe association between nitrogen fixatioo arxl pxrt:osynthate 
o " 

SlJR)ly was first examined in the 1930'8 when two different views were 

~. Allison (1935, 1939) an:i Allisoa.ard Imwig' (1934) pl:cposed 

that the anomt of carlxilydrate readrln:J the ncx:lule was the daninant , ..,. 
... 

influen::e on the resultant ~ of nitrogen fixation. Arxrtfier graJp, 

Wilson et~. (1933) arxl Wilson arxl Fre:l, (1939), have su;Jg~ that both 

the carPohyàrate SUWly am existinq aIIR1DIÙa level in the ncrlule are 

iq;mtant factors in limitirg the pr:oductioo of fixed nitrogen. So, fâr, a 

consensus bas not been reached betwëen these two schools of thought, but 
~ -" , 

sana prcxJreSS bas been made in the study of invol veel enzymes arrl reserve 

t 

Cil SUcl:œe Degradation • 

SUcrœe is the major transported ~te in plants. 'Ihis 

disaocharide is made in the leaves, an:i is transported th:roogh the püoem to 

the non-~thetic tissues (Giaquinta, 1980 a,b). Once the sucrase 

reaches its target tissue, it is usually broken down into ~ oore . 
easUy utilized by the plant (see stryer, 1~81). 

\ 
Breakda..m of sucrcse can be càrried aIt by three enzyzœs eac:h able' ta 

OCI1plete the prçcess itself. Alkaline arxi acid invertases q:ltalyze ieaction 

Cl} CRees, 1984). '!!le reverse reaction of sucrose synthase (see Preiss', • 

1982 a,b: z.tn'ell am Copelam, 1984; 'lhunmler am Veina, 1987) is shc:1.m in 

"':teaction '(2). ~ reactions ha~ been sb.med in melules as -well as in 

plants. 

(1) ~ ~ D-glucose + 'fl:uctose , 



o 

.. 

0, 

,,," 

(2) ~ + unp3- +' W' =r unp2--D-qlucosa + D-O:uctoae 

Dlrin;J early developœnt of saybean nodules (0-10 d post-infectia'l), 

14 

" , 
the specifie acfivity of acid invertase has been fourxl ta steadUy deClina, . \ 

, 

(Mx'ell aM ~an:1, 1984 an:! Anthon, pe.rsonal CXl11lI.mication). 'lhis typa . 
of activity durinJ ~ early pw;e of nodulation confonns with the reported 

high levels of invertases durirg rapid develcpnent of plants in qeneral 

(see Avigad, 1982). 

sucrosè synthase activity increases aver tiJne at the same rate as Ib 
"--

an:1 nodule specifie GS in effective oodules cf saybean [lb an::1 GS 

activities increase am stabilize in parallel with nitrogenase (Anthorl, 

personal camnunication)]. lhus, in comparisèn with the invertases, sucrœe 

synt:hase is ~re important durin;J the per10d of active nit.rcx;Jen fixation 

(10 d post-infection until senesèénce) ('Ihtnnmler am Venna, 1987; Anthon, 

personal cx:tl1llUt1ication). 

'lbummler am Vanna (1987) ~ve ~ that nodule-specifié sucrœe 

~ may he ~ated by fme berne whidl 1s released fran le:Jherooglobin 

durirxI senescence. ID Yim ·exPeriments have shIM'l that free heme is able 
. 

to break down the active tet.raIrer farm of sucroSe synthase ta an inactive 

m:>n:t1II!r. A lII:ldel Qf titis r ~m J.s sh<>m ln Figure 1. 

, 

Ciil Direçtirs of SUcrose Breakdown Products 

'!he products. of sucrose breakdown can ent:ér one of many met:abolic 
--

pathways. '!he regulated sequence of events leadinq t:.a.vaxds the ~opriate 

plants (see Preiss, 198'2 a,b) , but only ta a very limit,d degree in 

nodules. 

. .. 

.... 
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once the sucrœe is degraded, tile products can enter either the 
il 

glycclytic pathway or he directed t:cMards starc:h synthesis, deperx:lirg on 

the enetgy needs of the cell. one 1œy enzyme involved in det:enni.ni.D:J the 

fate of sucrœe breakdown products is ~f:tUCtakinase ~ch catalyses 

the conversiat of ~~te te fruct.ose-1,6-di~te (see 

stJ:yer, 1981). 
, 

An irreversible faIm of pmsphofructokinase (PF'K) is inhibited by high 

levels of ATP, while the reversible fonu of phosPlofruct:ok:inase (PFP) is 

~te deperrlèht am is l'93Ulated by fructose-2, 6-b~te. 

FrUctose 2, 6-b~te is krK:Mn ta stimulate respiratory utilization of 

sucrase arrl starch; low levels correlate with starch synthesis (stitt, 

1~7). Beth PFK' am PFP are located in the cytoplasm of plant cells (Huber, 

1986; stitt, 1987). 

In soybean root nodules, PF'K activity is fOlll'Xi ta increase early in 
. 

nodule q.evelopoont with a ti.n'e course similar te alkaline invertase, 

whereas, root ncx:lule PFP foll~ the saIne activity t.irre ca.JrSe as acid 

invertase. In view of these firrl!rgs, Anthon (persona! camrunication) bas 

suggested that PFK is of greatest inp:>rtanœ dur~ nit.t:'c:qen fixation. 
~ 

In plants, ~ is allosterically regulated by cellular ATP 

oonoentration. When NrP levels in the cell are lCM, PFK catalyses the 

conversion of fructœe-6-Iil~te to fructose-1,6-diP'lOSIbate whieb then 

can enter qlycolysis. l!hen cellular ATP levels are higb, PFK is ÎJ'Ihlbited 

ard fructose-6~te will build up (see ~er, 1981). 'nllmlllÙer and 

Venna (1987) Mve su;ReSted that this type of allœteric regtùation of PFK 

also ocx:ms in nodules. 

Exœss :fructose-6-J;boeq;ilate favoors the fOntation of gluc0se-6-

. phosplate via the enzyme Pl~l\lCX)S8 isanerase. Next, .th a :reactian 
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catalysai Dy ~lucarutase, qlUCXlSe-6~j am De ~ te 

glucose-1-plOSIila:te. GlUcase-1~te is a substrate for staràl 

synthesis (see st%yer, 1981). l:hOSIiloglucoisanerase an:l ~luoc:m.rt:ase 

have oot bet!n stldie:l in nodules. 
\ 

Gl\lCXlS&"l-phosphate can also be fonned in another way,. directly frein 

the sucrase breal<down product, uoro, via UDro py:rq;nosphotylase. It bas 

been shown that the pyrq;:hOSFhate (PPi) concentration in plant cell 

cytoplasm is quite high, thereby, maJd.rg it possible for this . 
~O:tylYSis ta occur ,(Stitt, 1987; Stitt et aJ..,.. .~; Rees et al., 

1985; Black et al., 1985 a,b: Huber am Akazawa, 1986). ' ') . 

Recent fin::lings have shown that DOn:; pyrophosphorylase activity ia high 

in bath effective and ineffecti~e ncxrules of soybean (Anthon, personal 

cœm.mication) . 

Breakdown of UDro can aJ..so be carried out by a ph~esterase which 

carries out the foll(1..ll.n3' reaction: 

(3) UOfG + H20 1:::; glucœe-1-phosFhate +UMP 

Either way, once glucose-l-pl"los{ilate is proiuœi it can enter one of 

bJo pathways: towards glycolysis or in the direction of starch synthesis 

(see Preiss, 1982 a, b). '!he direction taken is oontrolled by a number of 

factors whidl will he described in the next section. 

" 
liii> ('Factors Involve:i in thê Control of Starch Biosynthesis 

As well as be:in;J limite:i by the a1\'O..U1t of available p:x,tosynthate, 

starc::h bi~is is also controlled Dy the allosterically regu!ated 
..tt ,~ 

\: 
enzyme, AmG ~;tase (see Avigad, 1982; P.reiss, 1982 a,b). '1his 

7 

enzyme bas net been sb"; pd in rcot n:rlul.es. • 

/ 
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ADM ~lase catalyzes the foll 

in the formatial of AOro, the substrate for starch synthase (an ~ 

whic:h synthesizes starch). 

(4) ATP + Gluc:ose-1-~te ~ ADIG + ppi 

Am:G ~lase is located in the amyloplast an:i because of the 

relatively low an::entrations of PPi usually fall'Xi in this organelle, the 

:reaction proceeds in ~ direction of ADIG sYnthesis (Gross am Rees, 

1986) • 

'!he breakdown of ADFG, when corxtitions faveur this pathway, is nv:>St 

likely carried Olt by ADro ~rylase (Dankert et al. ,1964). Alt:halgh i~ 
l 'l 

is not allosterically regulated, ADIG phosphorylase plays an i.n'portant role 

in p.rtti.rq ADFG back inter the hexose phosJ;ilate pool (as glucose-l-
)' 

phosphate) with relatively little loss of enext)y (Fein;;pld, 1982). 

'lherefote, the cx:J'IIbined activities of both pyrq;ilosJ;ilorylase an:l 
• 

~rylase contr~ te the ADro concentration :iil the anTjloplast (de 

FeJœte arxl ca.rdinl, 1964) •. 

'" 'nle controlliD] eleœnt in the allosteric regulation of· ADR; 

pyrop11osp'lozylase in plants is the ratio of 3~ogl~te (!-GA) / 
1 • 

~te (Pi) (Ghosh am P.reiss, 1965; Heldt et al., 1977; Preiss, 

1982 a,b). When this ratio is high, as a result of a tuild up of glycolytic 

intermediates am a high ATP level (inllcated·by a lCM pi pool), the Aero 

pyrop11osp'lorylase activity is enhanced. When the saIre ratio is low, 

in::licatirq a need for ATP in the cell, the pyrcphosI:borylase activity is 

Inhibite:l am the Am:G rema..in:irq may be converted back te gluc:œ;e-1- .. 
phosphate Dy the action of AO~ fbosp"orylase (FeinJold, 1982). 

--
Allost.eric control of AŒG pyrophosphorylase varies oonsiderably with 

, 
oe:.U type. For exanple, in ~ ~ L. the Am; ~lase fc:urd in 

• , 
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the b.udle sheath oel~ is JrDre easUy activated by IQ as oatpa.red to the 

fom of the enzyrœ fa:irrl in the mesq.byll oÊùls. a.nlle sheath oell ADFG 

18 

. pyIqtlosplOrylase also bas a higher affinity for FG1\ am a lower affinity 

for pi than the mesq:hyll cells. '1hese œ1l-specific\dlaracteriatics of the 
""-

pyIqtlosplOrylase make it rore likely for st:ar:ch synthesis to coeur in the 

mesq:hyll than i1l ,>}le bmlle sheath cella (Spilatro an1 Preiss, 1987) • . 
~;:notosynthetic plant tissue bas been documented ;a be less 

sensitive to a1losteric regulatiè:xl of ADOO ~orylase. It has been 

sugg~ 'that plant storage tissues have evolved t.c:Mards a state or­

insensitivity to any regulation. 'lherefore, any carbohydrate substrates 

enterirg the cell would be converted to starch ratber than be used for 

other flmctions (Spilatro arrl Freiss, 1987). 

(iv) location of Stard'l Synthesis am ~tion 

starch metabolisrn in plants is CCIlpélrtJœntal!~: SCJlOO stages occurring 

in the cytqllasm arrl others in the plastids (stitt, 1987). '!his aspect of 
1 

~ydrate tœtabolism has not been stutied in root ncx:lules. 

st:.ardl is synthesized in plastids (m=lu::iirx] C'hlol'q)lasts arrl 

amyloplasts) While SliCrOSe breakda.m cxx::urs in the cytq>lasm. Starch 
, 

synthesis is, therefore, deperrlant en the transport abilities of the 

plastid m:!mbranes for the provision of substrates arxi removal of waste 

products (stitt, 1987). 

'!he envelcpes of aJl'!Yloplasts am dùoIq)lasts are similar in lipid 
o ~ 

o Iila;ition Md ability te form galactolipids (Fishwick and Wright, 1980) • 

.In ntm experiments have shawn that the b«> plastid types_ are 

i.ntertx:nvertible (~ et al., 1987). Jenner (1geO)'has SlX};JeSted that 
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al1 features of au:tx:i1ydrate met:a):)olism in the dùOI"q)last also ~ly ta 

the amyloplast, includ:i.D;J transport abUity. 

'lbere a:t't\ two b:anslocators in dùoroplasts: ale for J;ilcspbaœ arxl one 

for SlXjal:'S. '!he J;i'losphate translocator mediates the exdlaD;Je between Pi arxi 

tricse--~tes. 'Dle SlÇaI' translocator prcvides fOr the passage of 

ql1..1CD3e am ether sugars (rut net sucrose) into ~ eut of the plastid . 
(stitt, 1987). . 

. Glucœe-l~te may ~ ~ JJ:rt:o the amyloplast, ~thélJgh it ) 
- l 

is equally ~ible that it is èonverted to triose ,(ilosplates before ~t 

'el1ters the amyloplast sinee triose ~tes are known ta traverse the 

amy~q;Jlast membrane (1;Ieldt, 1976: Wa:rner, 1976). It is generally believèd 

that the plastids am cytoplasm each have their own qlycolysis, oxidative 

pentose ,(ilosplate pathway an:! revèrSal of ~ pathways, thereby, maki.rg -
, 

it possible for the triose phosphates to be converted to qlucose-1-. , -

~te in either location (see Preisa, 1982b). 

Cy) starcb Metabolism 

., Relatively little work has t.een done a:t the st:arch metabolism of 

nodules. -However, it bas been well sbxlied in pXato, spinach am maize 

(ses P.reiss, 1982 a,b; Jenner, 1982) • 
... 

'nle major enzymes involved in the biosynthesis am degradation of ... 

" 

starch are thà, followirq: ADro pyrophosP'lœ:ylase, staŒh synt:hase, amylase 
o -

ard starc:h phaq:hoxylase. '!he two fonner enzymes are usually involved in . ' ' 

synthesis, ,;nue the latter ~ are ~ly invol~ in degradation 

(Okita et al., 1979; see Preiss, 1982 a,b). B'losplorylase œn also be 

invol ved in staJ:ch synthesis, a point ~ch will he dj salSsed in detail . " 
later in this section. . 

. -
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AŒG ~lase am stardl synthase have been l~iz~ in the 

plastid, while amylase arx3. ~lase ~ famd itt bath the plastid mi . , 

the cytq>lasm (Okita et till. ,1979). In Pmaliella am Cl'l.l.oln:iàSJ'lRlU, amylase 

~ ~lase. are fooni only in the chlorq:>last (Gayal et al., 1987). 

'lbe earliest replrt of in yit:ro catalysis of (1,4)-<HJlycosidic linkage 

formation in plants was by lianeS (1940) who .el.ucidaœi the followirg 

reaction catalysed by stardl pnsphoryl"àse. 

(S) Glucose-1-~te + a-glucan primer ~ 

pi + (1,4)-a-qlucosylqlucan 

'!he next Significant study was carried Olt' by I.eloir et al., (1961). 

'Ibe production of the a-glucosidic linkages was catalysed from ·elther AD:tG 
\ . 

or uoro. ADro bas been fcmxl tb he a better substrate for the starch 

synthesiz.in;J enzyme in view of the ~ am VInax. '!he enzyJœ, in th1s càse, 

is sta:rch syfrt:base am it bas since been foorn in a large number of plant 
. \'\3 

extracts (Preiss am !evi, 1979, 1980; Preiss, 1982 a,b). 

'!he activity of the enzyme starch synthase also results in .the 
~. ~ 

fo:r.mation of starch fran the substrates uoro arXI/or ADFG. '!he reaction 

œtalysed by starch synthase is shawn below in (6). 

(6) ADro + (1,4)-a-gluœn!:::; 

\ ADP + a-4-g1ucoSY1-a-1,4-qlucan f 
starc:h Synthase bas been studied in a wide·, range of plants (Preiss arxi 

" 
revi, 1979; 1980; see Preiss, 1982 a,h). 'lhis enzyme is present in plant 

cells in t'wc ·forros: starch bourd (SSSS) an:i soluble (SSS), each havirç 

sanewhat diffe.rent properties, althoogh bath require sugar rrucleotides an:l 

a primer (amy:Lœe,· amylopectin, qlycogen or starch granules). 80th fOl:1llS of o the enzyme have 15 to 30 times more affinity for AOro than for UDFG am 
bath are localized in the plastid (carctini an:l F.tydmail, 1966 an:1 ~ 
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am cardini, 1971). Neither SR$ nor SSS is lilœly ta use UŒG .in vivo 

because tJDFG cannat enter the amyloplast (Anthc:I'l, pe.rsa1al. CXJIltlÏIliœtioo). 
't if ç 

starc:h ~lase bas been rep:Jrted to be involved in ooth synthesis 
., 

(Hanes, 1940; Sdmeider et al., 1981; Sivak et al., 1981 arxi Slabnik an:! 

Ftydman, 1970) am in degradation of starch"!'(see Preiss, 198~). In o+der 

for st;ardl ~lase to operate in ~ ~on of ~ synthesis, a 0 

certain corx;entration of giucœe-1~te is required, the Rifl for 

qluoose-1-phosphatel::lein3' 1-50 nM (see Preiss, 198210). Often these high 

leve1s of qlucose-1~te are not present in the phot:osynthesizin:1 ~ 

plant cell, where the corx;entrations dm be 100o-fold lowe.r ~ that 

required for sfarch phosphol:Ylase to operate in the direction of starch , 
~is (~dt et al., 1977). Ftlos]:i1ate concentrations have net been 

extensively sb.rlled in non-photosynt:betic tissues. 
"-

In a ~ of plants, starch phosP'I0rylase tms been looalized in J:ct.n. . , 
plastids am c:yt:q)lasm (de Fe1œte, 1966; okita et. al. ,1979). In yourq . 
patato tubera which are actively synthesizirg staJ:n, stardl ~lase 

~ . 
has been fo.m:l in the amyloplast, while in mature IXJtato tubers the enzyme 

• 
is foun:i only in the cytoplasm (Brisson, personal ccm:m.mication) • 

A st.a.rch IilOSIilorylase' inhibito"t:' has been founi whieb is ubiquitous in 

plants. In sweet potato, this inhibitor bas been localized in the 

amyloplast, but the role (if one exists) in the regulation of ~ 

~œphorylase bas not yet been determined .(Olang am SU, 1986). Starch 

phost:horylase in patato can also be inh.ibited by UDro an:1 amylase (see 

Halrner a.rxi Bewley, 1982). 
o 

Amylase catalyses the breakdown of starch into srnaller, linear 

oligosaccharides web. can then he actai on by stardl ~orylase. 

Interesti.n:lly, ph~o:rylase am amylase have been localized in bath the 
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_ cyt:qùasm mi plastids in many plants. In view ~ this, it bas been 

-------

.. 

prcp:JSed that sana of tl1e oligosaoc::harides are ~ a1t of the 

amy~qùast arxl degradatioo. c:cntinues in the cytqùasm by bath hydrolysa 

am pbcs{::tmylysis (OJd.ta et al., 1979). 

5tal:t::h metabolism of root rxXI.ules bas beer\ studied ta a limited extent . 
~ J' in alfa1fa (ruJœ arx:l Henson, 1984). ni affalfa oodules, c:::h.an;es in amylase 

activities were fœrd ta correlats inversely with the ~irg levels ot 

~. At the sâine time, ~lase activities showed a positive 

correlation wi:th stardl. D.lJœ am Henson (1984) intel:proteà thes& 

à:;,setvations as Ûdicatirg that amylase is the lOOSt inportant enzyme for 

\ 
\ 

the degradation of starch. 

sta:rch is n:Jt the only type of reserve ~n in the oodule. 'lbe 

bact:e:roids can also stoœ carbon in _the form of poly-~-hyà.ra)c.yl::utte 

(ma), altha.tgh it bas been sham that RiB cannet be used ta SURX'rt 

nitrogen fixation (Won;J arrl Evans,! 1~71). Because 'of this, it has been 

prq;:œed that stardl is the --JOOSt inp::lrtant reserve çarlxm san:œ in the . 
nodule (Yin and sun, 1947). 

Aim; of Ws study 
, 

carlx:hydrate met:abolism_in root' 1'lOd1;ües is ~ only ta ,a y8ry 
, ' 

limited degree. Prior ta extensive molecular studies, i~ ip necessatY te 
--

examine the physiology am biodlemistry of the tartx:X1ydrate œtabolism an:i 

. ) 
--' .. . 

~ related noq:hological chanJes in oIder te ootain a solid backgroorx1 of 

infonnation. --, ' 

one very evident cont:ras1;-.~ effective ~ ineffective ~ and 
• betWeen infected am uninfected cells is the acomtl ation of starch ~O 1 

. (ineffective nodules havirg JOOre sta.rdl than effective arxi uninfected cells 
• 0 1 

.~ 



c 
23 

, 
havin;J more st:arch than infected). '1his clear differen::e prcvides a gcod 

~ point for ~ 1 oc::IlPrative analysis of the b~odlemi.cal ~ of 
1 

ave.nts of nodule caxtx:ilyërate metabolism. ~ 

1lle underl~~m of this study was ta explore the JilYsioJ.ogy and the 

bicx:bemi.st1:y of e st:arch metabolism as ~l as the associated 

IIIOltphDlcqica1 +. In ~ first stage of the wrl<:, .mole mdules weœ 

exmnined in tetms of their starch cxmtent followed by a study of the 1 • 

. possible enzymes involved' in synt:hesizin;J or in degraci:iD;J the starch. 'lhè , 

, I[ seooni stage involved lookirg again at the st:arc:h content am its 

~" ~lism, b.rt: t:tta time in t.e.rnB of the roles that specifie cells play •. 
~'-=~ ) . 

In view of what" is kr10wn about the starch metabolism of nodules arx:l of 

plants, the followirg hypot:heses were made: 
, ' !t 

(1) starch acx::unul.ation in ~ ncx:1ule is related to the energy 

source/sink ratio, bath at the level of the whole nodule am in tenus of 

the iniividual cella. 

(2) 'lbe st:arch content of the nodules is related to the vatyirg 

activities of the erizymes of st.ardl metabolism in the nodule. 

(3) 'lhere are·~ isoenzyIres of starch synthase in the nodule: one for ' 

starch synthesis anj the ether for its degradation. 

In the present study, the soybean,I~. japonicurn interaction-was dlosen 

as the experiIoontal system because detenninate ncx:lules provide tissue with 

mre Ûnifom stages of development than that foun:l in meristematic nodules 

like those of alfalfa. 

'1hree ineffective nodules, TS-95, '1'8-1 an1 6lA24, allOW' one ta look at 

factors influercirg starch lOOtabolism by exanù.ninJ situations where various 

aspects of the symbios~ are altered. '!he three situations which l have 
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been able te sbxly are the f911adn.;J: (1) '1'5-95, tix- (2) 'rB-l, tix- bad-

(3) 6lA24, fix-, ~ (at 18 ta 20 d) (sea Tables l am 2) • 

'!he first part of the stOOy involved quantifyin:r tbe st:arà11avals in 

ail three :ineffective rv:xiules as \1811 as the wildtype, 6lA76, whiâl la the 
-. LI 

l genetic parent of '1'5-95 am Ta-l. '1hé~specific activities of amylase, 
, 

start::h ~rylase, and the two fonns of starch synthase ware ~ in 

t.he!;;e nodule ~ in orcier to elucidate avants urxierlyirg the acx::unul.ation 

am degradation of starch. SUcrose ~ bas been localized with 

inm.mocyt:ochem, in order te detennine the cel! type(s) in which this 

pathway cperates. Finally 1. usirg ligbt micrœccpy 1 ~ was 10C2ll.1zed in 

the effective am ineffective ,nodules: .. 

! , 

,;<J," , 
~(,"..;.,' 

-

• , -l 
J ~~ 

" . 
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Boçt&101 st.rains am micrd;)io1ogical met:hcrls 

, J~ j~ &train 6lA76 am. 6004 wére cbt:ainecl fran. Ni~in CO. 
t 

QW.wallk:->. strains '1'5-95 am T8-1 were iSolated fo11owin;J raman Tn5 

DJJtagenesis of strain(lA76 (ROstas et al. ,1984). ~ bacteria-were ~ 

en liquid yeast extract, mannitol med!um (0.2 9 K2HR:>4' 0.2 9 M::JS04' 0;5 9 

NaCl, 1 9 yeast extract, 10~ marmita1 per litre of disti11ed water, ~ 

adjusted to 6.9) am U agar with 0.1% braoothym1 blue in:licator at roan 
, " , " 

tenperature. 

Plant growth corditiaJs, 

Glycine ~ cv Prize ttJere cbt:ainecl fran strayer Seed fanns _(ICMa). 1he -

seeds ttJere treated with 10% sodium hypodùorite solution for 3 min am 

rinsed in runnirg sterile distil1ed water for 15 min before i.noc:u).ation. 

.. Bacterial.inoculum was prepared by' haJ:vest:JnJ 1ate e>qx>nential -Plase 

CQltures q.rown in liquid medium en a rotary shaker, ~ the. bacteria in --sterile water ard oonoentratin;J 15 times before aw1YIDl to seeds. Every 

set of 180 seeds was :iroculated with the rtU.zcbia resul tinJ fran frur days 

of bacter!al growt:h in IL of liquld tœdimn as described above. Aboot 200 

nodules wwl.d eventually estab1ish themselves al the plant, be the inoculum 

fix+ or fix-. Plants were gram in a cantro11ed env;ircnœnt c::haniJer as 

describecl, by F\ll.ler an:l Verma (1984) usÏDJ autoclaved venniculite in 

sterile pots. , . '-

"'Sçplim of Plant Matetial 

Nodules wre harvested aùy fran the oldest part of the root, sinoe t'he 

" nodule age am size in that area aJa ~tely unifonn (lobrrison, 

persooal 'oamunicatioo). In the stardl q.Jantificatian experiment am the 

.) 
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èhZyme activity assays, the ~ in questiœ wu carriecl eut threa 

ti:œs for ea~ tiswe type. 'lbe ncdules used in each of the thrae cases 
\ 

came fran a c:lifferent harvest. 'lbS value of the mean arx1 ~ ~ ot 

the mean were calculated. 

"-Relative levels of starch (expressed. in ter.ns of glucose units/ltg 

protein) were detennined for 14 arxi 21 d post infection ncdules ard . . , 
uninoculated root. Tc oonvert starch ta glucose units, b,1o aliquats of the . ~,--, 
sample were analysed: one in whid'l the stardl was left intact am another 

in which the starch was broJœn down ta glucose by amyloglUCOS~. '!he 

differen::e between the two aliquots in tenns of the preserx:e of the 

reduc~ SlgéU", glucose, represented the ~ of stardl in ,glucose ~ts. 
b follOJ.tliIx; solutions were enployed: (A) (extraction buffer) 

d:iJrethylsul,foxide:25% Rh, 4:1 (vjv), (B) 0.2M sodium citrate butfer ({:il 

10.6), \C).p. 05nM sodium citrate tuffer (pH 4.6) 1 (D) amyloglucosidase 

suspension [3.2 ng in 300 p.l of (C»), (E) triethanolamine mffer (Pi 7: 6) , 

(F) (co-enzyme. solution) 6rrM NADP, 40nM ATP. A 5 ml aliqupt of solution (A) • 

was \lsed ta extract tlje sta:rch fran 120 ng (about 10 to 12 oodules of . -
uniform size) of tissue, whic::h had previamly been groJJ'Xi ta a ~ in 

liquid ~t:rog;en. rrhis mixture -was left at 600C for 30 min ... It was then 
, 

centrifug~ at 12,000 X g for 5 min at 4OC. Ta 1 ml of the supematant 6 ml 

, of solution (B) was addErl. Fran ,this 7 ml mixture two aliquots were taJœn, 

ale 300 ~l sample was incubated at 57OC· for 20 min with 300 ~1 of solut;on 

D, while aoother 300' p.l sauple was left a'l iœ with 300 p.l of solution C. 

'l1le reaction mixtw:e CXIlt:ained tn.e follCMilç: 200 JJ.l of the ext.ract, . 4,00 

p.l distilled water, 300 ~ solutiat (E), ~oo ~l\ solution (F) and 10 ~l of à 

~ 
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~ial of hexold.naEfe/9lu00se-6~te ~ (BoehrirY:Jer"; 

Mannheim). Fach sanple wu incubatéd at rocm t:8Ip for 1 h. Extirction was 

~ at 340 l'ID (uspxj quartz cuvettes) bath before and after addition 

of the hexokinase/gÙxX)6e-6~te dehydrcgenase (Schafer, 1983). 

ErlZm! 8SSé\ys 

AmYlose: 
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'lbe specifie activity of amylase was det:.eJ:minerl in 14 am 21 d nodules 

arr:1 lD'l.inoaüated root (units = J..'lOOl gluoœe produced ~ ~). '!he assay 

was carried eut as descrihed by okita am Pre~ (1980). one hundred twenty 

ng of tissue were used in this protoco1, again representing 10 to 12 

nodules. '!he activity was measunrl in 1 ml reaction mixtures containing the 

" 

, - \ . 
follc~d,n;J: 5 rrg amylcp3Ctin, 40 J.IlIOl sodium aœtatel:uffer (IiI 6. a) and 50 

to 200 ,,1 of the ~ sanple. '!he assay mix was in::ubated at 37°C for 0 

to 30 min. Aliquots were reJOCWed at 5 min i.nt:avals. '!he amount of ~Cing 
sugar was quantified acxx>rdirg to the procedure of Nelson (1944) usirq 

gluoœe as a stan::1ani. 

'!he specifie activity of st:an:h ~lase was examined ii1 the same , 
" 

t:l ssue all~ as for the amylase assay. ~ ~oiylâse asSay was 

carried aIt in-the directioo of synthesiS of st:arcb. A 2.5 9 sanple of 

tissue (200 to 250 nodules) was grcA.JlÙ to a pat.Ùér in liquid nitrogen and 

resusperxied in 5 ml of thè folla.drg extractiœ b.lffer: 100 nM scxtium 

citrate (Iif 6.8), O.O~ sçdium bisulfite,' 0.2 DM IMSF am 0.6 Jil 2-

merœptoethanol. lIImediat8l.y after œsuspensiœ in the extraction buffer 

the sanples ~ mixecl an:l p~aoed CX1 iee. 'D'le Suspensioo was then 
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oent:.rifU;Jed at 12,000 X q for' 5 min. '1be resul.tin:J aupernatant WU used for 

~ assay. For eaàl 0.2 ml sanple of extract the followin;;J substrate 

so~an was prepared: 0.1 M sodium çitrate (PI 6.8), 2' stardl, ard 0.15 M 

glucœe-l-rhosf:nate. '!he starch.was dissolved in the blffer by heatin:j in a 

1000C water bath. A 0~2 ml sarcple of the extract am a 0.2 ml sanple of the 
, 

substrate were each preincubated separately for 1 min at 30Oc. After l min, 

the two sOlutions were llÙXEd ~ retumed ta 30Ce. At time "O" a 20 1-'1 

sanple was taJœn am sanplin;J continued every min for 10 min.' Sanples were 

plaoed di.rectl.y into a tube contai.ni.rg~the followin;J mixture: 1.5 ml water" 
, 

1.5 ml lOOtavanadatejm:>lybdate solution am 3 ml n-butanel. Jl1e extinction 1 

of the organic };i'lase was treaSUred at .310 nm USID:J ,quartz cuvettes. 

Potassitnn ~te was used as a starrlard. '!he protQCX)l was JOOdifiEd by 

Brisson (personal carmunication) fran that in ParVin am smith (1969). 

Stard1 synthase: 

'!he assay of starch synthase was carriai out in the direction of starch 

synthesis •.. one ADP unit is produœd per ad:lition Of one glucosyl ta starch. 

Opal addition of PEP am pyruvate kinase to the reaction mixture, the PEP 

~rylates ADP to ATP. Of PEP, pyruvate remains: the ooncen~tion of 

pyruva~ beirg in a 1:1 ratio with the ~ of AnP. '!he follOtiiri;J assay 

~ des~çjned ta measàre the relative ~ticœ of pyruvate as an 

in:llcation.of starch Synthase' activitY. 

'!he extraction procedure 'involved the grirding of 0.2 9 of tissue 

(abCAIt-18 IXXiul.es) to a pc::JWder in liquid nitrogen. 1be pawder was then _ 

re:suspen:)ed in 0.4 ml of water, filtered throogh two layers of Miracloth­

am œntri~ at 2,500 X «1 for 10 min. '!he supernat.ant: was then rE!!l'IOVed 

, 
• 

l 



• 

1 

o 

1 

29 

am saved (as it CXI'lt:ainS the SSS). '!he pellet was resu.spen:3ed in 0.4 ml. " 

water (containirra' the SBSS) (see Baxter- ard DIffus, 1971). 

'lhe reaction mix oontained the follCJWin;J: 0.3 J.'IOOl ADFG, 0.1 pm;>l 

EDrA, 40 ~l glycine tuffer (PI 8.4), 0.1 ml enzyme preparation arx:l water 

te 0.4 ml (HawJœr et al., 1974). Rlcs};iloemlpyntvate (PEP) in 0.4 M KCl 

(0.025 ml) was then added to the reaction mixture. Immediately foll~, 1 

unit of pyruvate kinase in 0.1 M z.tJS04 was added ard mixed. 'nle reaction 

mixture was incubated at 370c for 0, 5, 10, 15 arrl 30 min. Pyruvate was ' 

used as a staOOard with a ran:Je of 10 ta 60 J.Lg (per tube). Ta eadl'reaction 

tube, 0.15 ml' of 0.1% 2, 4~tJ:'oIilenYl.hyàrazine in 2N HCl was aàded, mixed 
"l 

arrl 1eft at roan terrp for 5 min. Finally, 0.2 ml of lOM NaOH with 1.1 ml 

95% ethanol was adde::l, mbœd arx:l centrifuqed te l''E!IlOVe debris. 'D1e 

absorbance was measured at 520 rnn usin:J plastic disposab1e cuvettes. '!he 

ptotoco1 for estimation of ADP was IOCdified fran I.eloir am Go1demberq 

• 
(1960) excludi.nJ arrt steps necessary for blcxxi (Farkas, personal 

oarmmication) • 

Ligbt microscopy: 

(A) Paraffin-embedded material 

Whole or half ncxlules were fixed in 5 ml of 

fonnalin-acetic acid-alcoho1 (FAA) (50% ethanol, 90 ml; glacial acetic 

acid,.5 ml; 38% fontaldehyde, 5 ml) for 24 h at 4°C. '!he tts'Sue was then 

rinsed 3 times in 50% ethano1 and treated for a ll1inllnum of 6 h with each of 
, t,; 

following series of solutions: TBA 1 (50 nù distilled water, 40 ml 95% 

ethanol., 10 ml tertiary b.lty1 alcxilol (TBA) ), TPA 2 ( 30 ml distilled ~ter, 

50 ml 95% ethanol arrl 20 ml TBA), 'mA 3 ( 15 ml distiller.d water, 50 ml 95% 

ethanol am 35 ml TBA), l'BA 4 (45 ml 95'% et:l'laool arx:l 55 ml.m) am TPA 5 



• 

-0 

(75 lÎù. '!'BA an:i 25 ml 100% ethanol). After exposure te this series of_ 

solutions, the tissue was plac::ed in pure TM at 370e, p.ll"e TBA at 6l0e, 

'mA: paraffin wax (1:1) at 61°C am, finally, pure paraffin wax at 610C 

repeated 2 ~. At this ~int the tissue was embedded in paraffin wax. 

'!he blacks were eut into 8 J.Œl sections on a A.O. Sperx::er Rotarj 820 
~~ 
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microtome. 'lhe sections were m::mrt:ed onto glass slides by first placin; 2 

drops of Haupt's adhesive on the clean slide follC1Ned by 6 drops ot 4% 

fœ:malm. -The ribborls produœd by sectionirg were plaœd ante this mixture 
, Î 

arxi the slides were placed on a waJ:I1Iirq ~y at, 600e for a few secon::!s. '!he 

excess fluid wàs subsequently drained an::l. the slides were then placed in a 

370c aven te dry for 12 te 24 h. 

'!he sections were then deparaffined by placin;J the slides in the 

followiIq solutions, for a pericxl of 5 min each: 2 times 100% xylene, 

xylene/ethanol (1:1), 100% ethanol, 95% ethanol, 70% ethanol, and 50% 

ethanol. '!he sections were then stained specifically for starch -in the. 

following manner: Gram's iodine, 15 mini 2 times 10-min iodine rinse (2% 

iodine in 100% ethanol); helnatoxylin, 10 min, 10 s,in acidified water an:! 
, . 

aqueous safranin 5 min. Gram's iodine is specifie forl starch (see Pearse, ('--

1954). Hematoxylin arxi safranin were used for backgroun:i st:aini.rg. rrtle 

sections were then eleared: 50% ethanol 5 min, 70% ethanol 5 min. ,95% .. 
ethanol 1 min, 100% ethanol 30 s, xylene/ethanol (1:1) 30 s, 100% xylene 30 

s. '!he cove:r slip was plaœd on slides still wet with xylene usirq D.P.X. 
c 

(BlE) te secure it. 'nle slides were t.~ placed on a 600C wao:nin;J tray 
-~. /"\., 

overnight an:! then obseI:ved urrler the microscope • 
.. 

(B) Plastic embedc:tin;r for higtt magnification sbldies. 

Small pieces of tissue {0.5-1 mu were fixed in 3% glutara.l.deh.yt3 in 10•1 

M sOdium phosphatel::uffer (Pl 7.2). 'nle specinlens we:re then washed in. COfQ 

( 



CI 
31 

(4Oc) l:lu:fter 6X, each wash l.a.stin:J 10 min. '!he tissue was then dehydrate::l ! 
f' 

in et:hanol arx1 eDlbedded jn ,Splrr'S 'er;t::JXY resin (Sp.1rr, 1969)' '!he blcx::ks rl 

were sectioned on a Porter-Blum ultramicrot:ane m'-1 (Sorvall) te obtain 1.e5 

JJJl1 Wck sections usin:J a glass knife. sections were IIrlUl11:ed in:lividna11y 

onto water droplets on glass slides. After dryin:J, the \,Se~ 

stained with a mixture of AzUre II an:! methylene blue 

1985) at 700C. '!he sl.ides were t:hen rinsed with ........... ;> .................... 

slip was placed on tep as described above. 

EJ&çboOll microscopy: 
, 

'nle tissue was fixed as descri.bed above, for plastic e.mbeddinq, the 

only difference bein:; that it was dene on iœ. 'Ih.ree plastics (Spurr, IR 

white am IDwicryl) were tested jn order te firx:l the one best suited te the 

antiqenic~ty of the given antigen urxier examination. Iowicryl K4M was fourxi 

te give the best results when used as outlined in Iacoste-Rcyal an:! Gibbs 

(1985). 'Ille first stage was dehydra~on of the tissue usin:J the followin:; 

series of etllanol solutions: 25% ethanol, 2 times 15 min at -SOc: 50% 

ethanol, 3 t:ilnes 20 min at -18OC; 75% ethanol, 3 times 20 min at -lSOC arx:l 
'\ 

95% ethanol, 3 times 30 min. at -laCe. '!he infiltration series was carried 

out next: 95% etl1anol:resin 2:1, 1 heur; 1:1, ovemight: 1:2, 2 times 120 

min. arx1 r:m-e resin ovemigp.t aU at -1SOc. '!hel tissue was then E!lIIbeà;3ed in 

pure resin '(first equilibrated at -laCe for 15 min) in BEEM capsules: 
• • 1 

Polymerization.was ca:rried out in the followjn;J way: 24 heurs at -18Oc an:! , , 
1 te 2 d at room. temp, both durations bejn;J un:1er' tN light (General 

C~ Electric l~# Fl). " 

'!he :inm.mcx::yt:ccemical analysis was carried art: as desaribed be.lCM. 

~e gold sections were picked up ~ FbJ:nIVàr-coate::l niCkel çrids an:! placed J 
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'(sÉction sida down) on the followinq series of solutions (1 dl::q) each): 

phosphate buffered,sal:ine (PBS), 15 min~ antilxxiy dilut.ed 1:1000 in PBS, 30 

min; protein A gold cliluted 1:10 in PES, 30 min. All steps"w,r& done at 

rccm tempe 'Ïhe sections were post stained in 2% uranyl acetata pr,ioi:' te 
, " 

electron miCroscopy. '!he procedure descr:ibed above 15 'ftan Mangeney arxl 

Gibbs (1987). 'lhe antilxxiy made against nc.x:iule-specific sucrose synthase' or 
c 

• 
noduU.n 100 (anti-oodulin 100) was made as descr.ilied in 'Ihununler arx1 VetltIa_ 

(l987). '!he anti-pot:ato starch phosphorylase (~-PSP) was a qift tran N. 

Brisson of l'Université de Montréal. 

western blotting and imnruno-deteçtion of proteins: 
Ji& , 

Proteins,were resolved on denatur:i.n;J polyacrylamide gradient 9els 
\ 

(rarqirq fram 7.5 te 15% acrylamide) (Iaenunli, ;1.970). Each lane WB loaded 
, 

with 60 JJq of proteine 'IWo gels were prepared, one stained with Coomassie 
c 

brilliant' blue an:! the ether used for the Westem blottirg. '!he procedure 

for the Weste.nl blet involved transfer of proteins anto nitrocellulose 
1 

~ 

(0.45 J.LIll) am usirxJ the butfer system clescribe:l by Burnette (1981). 

Incllbation of antisera (diluted 1:100 in tris buffered ,saline (TES» with 

blets am detection of the arrt:f.qen/antilxxiy canplexes with iocù.nated 

, protein A were clone as àescr;ilied by'Davis et al. (1983). staphloooccus 
, ~ 

aureus protein A (Boehringer Ma.nnhelln) was iodinate:i usirg the procedure of 

Iangone (1980). 

'.111-

, ' , 
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fitArm maaptit~im: 
'!he starch quantificatioo data for effective ard ineffective nOdules 

.an:! of unirxx:ul.ated roat aIe shown, in Figure 2. In 14 d wildtype nodules, 

26 JJZlDles gl~ equivalents of starch were present. In all types of 14 d 
, 

: :ineffective nodules, the leve1s of starch were lCMer than levels fO\..ll"x:l in 

thè 14 d wildtype nodules, 'lS-95, T8-1 am 6lA24 each havirq 12, 8 am 24 

#AlOles of glucose equivalents, respective1y. Fran 14 to 21 d post­

infection, the stardl leve1s decreased in wildtype nodules by about 80%. on 

the other~, it inc:reased in all ineffective nodules, ~ 080% in T5-95, 

by 165% in T8-1 am by abaJt 1200t in 6lA24 infected nodules. 'lbe starch 

leve1 of uninoculated root was 70 J.IlIOles of éJlucose equivalents and was, 

thus, higher than that in arrt nodule except in 21d nodules of 6004 

infected roots. 'Ibe valu~ shcMn in Figure 2 represent the mean of three 

replicates each' of whieb deviated fran the xrean by less than 10%. 

Enzyme assaYS: 

(i) Amylase 
" 

Specifie activities of amylase of effective arrl ineffective nodules and . 
of uninoculated root are shawn in Figure 3'. '!he amylase specifie activity 

decreasai fran the 14' te the 21 d sanples by just over 40% in 61A76, by 20% 

ih·T5-95 am by just over 65% in M;;"1 nodules.' '!he only nodule type which 

showed an ~ was ~lA24, of abc:A.1t 35%. one strikinJ aspect of the 
. 

amylase data was the relative1y high leve1s of the en.zyIOO fourrl in 14 d T8-

1 ncdules, alxut 330% higher than that foord in the wildtype nodules orthe 

same age. 'lbe other 2 ineffective nodules! '1'5-95 an:l 61A24, also, had levels 

higher than that foord in the wildtype at 14 d, rut only by 35% arrl 30%, 

respectively. At 21 daya, the level of amylase activity in the 

-,. 
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Figure 2: Relative st:arch content (e:xpressed in glucose units/nq 

protein) in nodules 14 ani 2~ d post-infection am in ·'ùn:i.oocul.ated 
, 

root. '!he tissue types are as follows (referrinq to the infectirq . , 
bacterimn in each case): A=6lA76, B=rS-95, c=ra-1, 0=61A24 am 

R=tm:i.noculated root. 
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Figure :3: Specifie activi1:y.. of amylase, in 14 an:1 21 d ncx1ules am 
( 

'l' ',; ,,' 

uninoc:iulateç:i root (tmits= ~ glucose prcduœd per min t;'ler nq protein) • 

'!he,. tissue types are as follows (referrin; te the Wect:in; bacterium in . 
each Case): A=61A76, B=!I'S-95, c=ra-l, D=6lA24 and R=uÎrl.riocuJ.ated root. 
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ineffective J'lOdlJles was again higher than that foord in the effective 

nodules of the same age by: 90t in '1'5-95, just qver 15~ in '1'8-1, aM 200' 

in 6lA24 ~es. ~ specifie aetivities of uninoculated rootî.~ very ,. 
lCM, bein;J al:x:ut 1/3 of that fa.nù in the 21 d wil<:\type nodules. '!he values 

shCMn in Figure 3 represent the mean of three :replicates each of which 

deviated fran the mean by less than 10%. 

(li) starch RlosP'lotylase 

Specifie activity of starch PlCSFborylase in effective am ineffective 

nodules am uninoculated root is presented in Figure 4. Starch 

~orylase specifie activity .increased fran the 14 to 21 d sanples by 
~~~--,- . 

abc:ut 80% in the wildtype, by noIe than 980% in TS-95, by 135% in TS-l and 
~ 

by m:>re t:han 540% in 61A24 nOClules. At 14 d, the wildtype had the highest 

relative activity, 70% m:>re t.han that foorrl in '1'5 .. 95, al::x::ut 70% trore than 

in TB-1 am abcut 20% 1OOI'e than that fa.url in 6lA24 nodules. At 21 d, this 

situation was reversed for '1'5-95 arrl 61A24 nodules, each having about 70% 
. 

am 180% nnre ~rylase activity t:han the wildtype cam~rt, 

respectively. 'lbe 21 d TB-1 nodules had aboot 1/2 the act.ivity of the 

wildtype nodules of the same age.' '!he level in uninfectOO root ~s also 

~, havin:i-~Y 1/2 the activity of the 21 d wildtype ncrlul.es. '!he 

values shcMn in Figure 4 I:resent theJnean of Vreplicates each of which 

deviated fran mean by less than 10%. 

(iii) t;)\..Q",,",,~ ' . 

. 
'lbe specifie activities of SBSS of, effective ard ineffective nodules • 

.. ,...... . \ . . 

am uninoculated root are shawn in Figure 5. DIrirx] the time between 14 am 

21 d post-infection, the wildtype am TS-1 nodules ~ decreases (fran 

14 ta 21 ,d) of ~ 75% an:! 25%, ~ively. Conversely, the '1'5-95 am 
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Figyre 4: Specifié activity of starch phosphorylase in 14 an::i 21 d 

ncdules arxi un.inccuJ.ated IOOt {units= n 1001 phosJ;:ilate released par min 

par nq protéin}. '!he tissue types are as follows {referrinq to the 

Wecti.n;1 bacterium in each case}: A=6lA76 , B='!'5-95 , C=T8--1, D=61A24 an:! 

R-uninocu.l.ated rect. 

o 
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,;;'It' 
F. 5: ~~ic activity of SBSS in 14 am 21 d nodules an:l 

, .' . t.m±nocul.ated root (units=- p;lŒ)1 pyruvate proouced per min per nq 

protein). 'Ihe tissue types are as follows (referring to the infeeting 

bacterium in each. case): A=6lA76, B=I'5-95, c=ra-1, D=61A24 an:l 

R-uninoculated root. 
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6lA24 nodules showed increases (fran 14 to 21 d) of ahoot 40% am 45%, 

respectively. At 14 d, bath the '1'5-95 am 6lA24 oo:lules had levels of 

specifie activity similar to the wildtype rOOules of the saIne age. '!he TB-1 

n:dul.es, at 14 d, l'lad an activity 1eve1 70% higher than the wildtype 

nodules of the saIOO age. At 21 d post-infection, all the ineffective 

nodules had higher acti vi ty levels than the wildtype of the same age by: 
-

450% for '1'5-95 am TS-1 am 550% for 61A24. '!he tminfected rcx:>t level was 

intennediate between the effective am ineffective situation at 21 d, being 

125% nore than that of the 21 d wilcttype. '!he values shCMl1 in Figure 5 

rePresent the nean of 3 replicates each of which deviated fram the rnean by 

1ess than 10%. 

(b) SSS: 

Specifie activity of SSS of effective and ineffective nodu1es and 
--. 

uni.noculated root is shown in Figure 6. An m.:ra"\Se of about 65%' in the 

specifie activity of SS synthase was abserved frr.l.n the 14 ~ 21 d samples 

of wildtype nodules. A decrease of just CHer 15% was abserved in T5-95 

nodules tran 1~ ta 21 d post-infection. Bath '1'8-1- am 6lA24- infectecl 

nodules ~ to maintain constant 1eve]s of activity at bath 14 and 21 

d. At 14 days, bath the '1'5-95 arrl 6004 nodules had higher 1evels of 

activity than the wildtype, by aboot 50% am a1:x:ut 65%, respectively. '!he 

14 d wildtype nodules hë\d abrut 25% rore specifie activity than that found 

in '1'8-1 nodules of the saIne age. At 21 d, the wildtype had aboot 25% and 

55% IOOre activity than '1'5-95 arrl-T8-1 JXXhùes, respectively. '!he 21 d 6004 

nodules had a similar ~ activity as in the wildtype nodules of the 
• 

saIne, age. '!he 21 d wildtype nodules had aba.lt 70% less activity than did 

the uninoculated root. 'lbe values shown in Figure 6 represent the nean of 3 

repliœtes eadl of whidl deviated fran the mean by less than 10%. 'Ihe data 

presented in Figures 2 ta 6 are SUlllllaI'ized in Table 3. 
- . -

~. 

1 

) 
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Figure 6: Specifie activity of SS& in 14 arrl 21 d nodules arxi 

uriinoculated root (units=,ILllOl pyruvate produced per min per m; of 

protein). '!he tissue types are as follows (referring te the infectÏJ1C9' 

bacterium in each case): A=w6JA76, B=rS-95, C=T8-1, D=6lA24 arxi . 
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Table 3. A SUIIIl1lal:Y of the results presented in Figures 2 to 6. 

( 
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'i'àbl.e 3: S\.mmuy of the leve1s of st:arch ard the specifie activities 
. . 

of amylase, starch J;:bosplorylase, sas synthase am SS synthase in 

nodul_ formed by different &trains of ».japonicum am un.i.noculaterl 

rtXJt. All levels are expressed relative to that fami in 21 d nodules 

infected with wildtype ».japonicum (&train 6lA76) Ml!ch represents 

one unit. Any value qoirg beycn:l the 6th lavel is aCXXll'pUÛed by an 

arrcM (t). 

6lA7614 d 
21 d 

TS-9514 d 
21 d 

'1'8-1 14 d 
21 d 

6lA24 14. d <. 

21 d 

uninocul.ated 
root 

st 

5 2 
1 1 

2 2 
4 2 

2 6(t) 
'5 3 

5 \ 
2 

6(t) 3 

6(t) <1 

SP Bass sss 

,Ir' 

<1 4 <1 
1 1 1 

<1 4 1 
2 6 <1 

<1 6(1) <1 
<1 6 <1 

<1 5 1 
3 6(t) 1 

<1 2 2 

, 
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ldent.ificatial of specifie prote.ins in effective mi inefffÇtiye nodules 

Protein profiles obtained with SOO-PAGE am staini.rr:J with o:x:tMssie 

BrUliant Blue are shawn in Figure 7. Ieghemoglooin (lb) bards are 

,irdicated (as "leg"). AU the proteins ref~ ta in the autoradiograph 

presented in Figure 8 are also irdicated in Figure 7. 

48, 

Reactioo of protein I:lan:is with the ant.i}:x:)dy was identical for effective 

arrl ineffective nodule extracts. For this reason thé ineffective lanes are 

oot shawn 'in Figure 8. " 
'\" 

In Figure 8 (lane b) faint barrls are ~ at 52 am 59 kr.a ~ich 

seem to correspond to -.ul"~ at the sarre IOOleoùar W&ights in the patato 

lane (d)". '!he 66 kIll. (foortll arrow fran the tep) was distinctly, 

present in the 14 d nodule lanes aJxl there was also a faint bard at 
. , 

66 kIB in lane b (oontaÏl1in3' the 21 d wildtype nodule extract). '!he 76 kDa ' 

(third a.rrcM fIan the tq» bard was present again, in the 14 d soybean­

rxxlu1e lanes am very fainUy in the 21 d lanes. '!he 87 ~ baril (secorrl 

arrow fran, the tq» was present at relatively high levels in aIl nodule . 

lanes arrl at a lower level in the tm.inoculated root lane. '!he 105 kDa barxi ~ 

(tep arrcM) was present at a low level in lanes A arrl B (14 arrl 21 d 

rxxlu1es, respectively) am at à high leve1 in the ~to lane (0). 'Ibis 
, 

barrl was extremely faint ~ the un.imculated root lane (C). 

IDcalization of syprose synthase 
, 

Fi: 9 a~ b shCM n:xlule specifie sucrœe syntha.se localized in 18 

d effective oodules usirxJ protein A gold. 'lhe graJpinJ of gold particleEJ 

r irdicated that the enzyœ is present in the cytq>lasm of bath infected am 
tminfected cells. 

Location of stardl" 

(i) ~le rKXJule: 

Figure 10 shows cross sectials ot 21 d effective Ca) am ineftective 



49 

, ' 

1. 

Figure 7: Sœ-PAGE gel ~-~i:h ~ brill:iBnt: blue. Marlœl:s 
f 

shawn in the far lèft han:l lane represent the follCMinq 1OO1ecul.ar 

3 - \ 
weights, starting at the top (XlO ): 92, 66, 45, 31, 21.5, am 14.4. 

Each lane was loaded with 60 jJ.g of protein freIn the follow:irq tisSue 

types (the first eight lanes be.in; nodule) 1: 14d 6lA76, 2: 21d 6lA76, 

_3: 14à. T5-95, 4: 21à. TS-95, 5: 14d 61A24, 6: 21à. 6lA24i 7: 14d Ta-l, 8: 

, 21d· T8-1, 9: uninoculated ro.ot and 10: ma'blre p:rt:ato tuber. A:rr:cN heads 

:œpresent proteins of the same llX)lecular weight as those refered ta in 

Figure 8 arxi in the texte 

'. 

.. 
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Fiaure 8: Detection of protein honologous te patato starch 

phosphœylasè. SOO-çel pattern of proteins (prepàre;i exactly as shown in 

Fig. 7 ,- but without coomassie staining) identicat to those present in 

lanes ~,2,9 an:l 10 ncM represented as a,b,c arx:l d, respectively, eadl 

lane cpr:rl:ainin;J protein fram the foll~ nodules as listed: a, 14 d 
, 

6lA76; b;2l d 6lA76; c, uninocuJ.ated rc:xtc and d, mature patato tuber. 

1hese P~ freIn ~ gel were transfened ta nitrocellulose am ~ 

incubated with antisera made against PSP ~ Antigen-anti1:xx:ly carrplexes 

were detected usin] [125 I] prctein A anj autoradiography. ArrCM heads 

represent protein ban:is discussed in the text and correspon:1 ta 

simUarly ordered arrcwheads in Figure 7. '!he results from the 

ineffecti ve lanes were net includerl because the protein from' the 14 am 

2l d reacted te the anti-PSP in exactly the same way as the 14 arxl 2l d 

effective nodules, respectively. 

• 
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ligure 9: Immunocyt:ochemœ1 localization of nodule-specifie sucrose 

synthase on thin sections of 18 d wildtype nodules. Sections were 

incubated with "anti-nodul:in 100.' Specifie labellin;r with gold partieles 

was observed .in the cytoplasm of both infected (Ie) and uninfected (Ue) 

c:'ells. Gold waS spa.rse or absent iri the pl:m, pbf, bacteroids Cb), 

vacuoles CV), peroxysomes Cp), amyloplasts CA) or starch grains (st). 

Panel (a), an infected an:i Uninfected cell side by sida an:i (b), the 

intercel.lular space CIS). Bar=l Jl1l1. 
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Figure 10: cross sections of 21 d effective (a) and ineffective (b) 

"-
nodules. 'lbe follCMir.g cell types are shcwn: corticaI (OC), intersti?al 
wUnfected (UC)', peripheral (PC), infecteci (Ie) and the foll~: 

vascular bÙn:Ues (Vb), infected zone (IZ) and thick walled sclerenchyma 

(Sc). Magnifica.tion= 50 X. 
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(infected with the 6004 stIain of ».japonigJm) (b) RXiules. 'lbe nost 

visible clifferenoe was the absen::e of bacteroids in (b). Whole ncxiule 

sectioos were stained with hemataxylin;safranin 

(ii) Law magnificatioo stuiies: 

5ectiŒlS made ftan paraffin erb?rlded material are shawn in Fig 11 a -

57 

h. 'Ihick sect.icns of this material ~ large pop.l1ations of -cells for ) 

determination of the locatioo of starch in the nodule as a whole. 

'Ille sections of the 14 d 6lA76 nodules (a) irrlicated that starch was 

p~t in uninfectErl cells bath at the ooter ei;Je of the central group of 

infected cells am in cells i.nt:apersed arro~ the infected cells (see 

Figure 9 for definition of these areas). Very little starch was apparent in 

~ cortical cells ard in the .i.mrœdi.ate vicinity of the vascular bunclles. 

'!he 21 d wildtype nodules Cb) sl'l.c1wed a s.ilnilar pattern except there was 

JII.lC'h less stardl in the interstitial uninfected cells am again very little 

starch was foorrl. in the cortex of the nodule. 

At 14 d, the '1'5-95 n:Jdul.es (c) did show an accumulation 

of starc:h, mainly in uninfec:ted cells close to the large vascular bundleS. 

stardl was ~ both at the a.rt:.er edge of the core am interstitially 

in patdles. At 21 d, these oodules (d) shcMed a very distinct absehce of 

starch in the core oells am a clear layer of starch containing cells at 

the art:er periJ;ilery. SaDe stardl was fami in the cortical cells C at a 

higher level than that fQ.UÙ at 14 d), althc::'uftl, the éUl'OUTlt was lOtI 

relative to the other·nodule types. 

In 14 d TS-1 es (e) there was little starch acxumulation. 

Sections of the 21 d '1'8-1 rxxlules (f) showed an aca.mul.ation of..,ptardl 

_.....:oe=lls. '1here was an ~ of relatively large 

cells oantaining sizable n.tcl.ei in the center of the nodule whic:h were 

fQllÙ to be devoid of stardl. 
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Figure 11: cross section of paraffin-embeàded tissues of 14 am 21 d 

ncxiules stained with a combination of hematoxylin(safranin am Gram' s 

ia:li.ne. 'nle following legen:i applies: infected cell {Ie), uninfected 

cell (Ue), peripheral cells (PC), vascular burxile (Vb), cortical cells 

(CC), nucleus of infected cells (N), infected zone (IZ) and starch (St). 

(a) 14 d 6lA76 (b) 21 d 61A76 (c) 14 d T5-95 (d) 21 d T5-95 (e) 14 d TS­

l, (f) 21 d TS-1 (g) 14 d 61A24 an:i (h) 21 d 61A24 infected ncxiules. 

Magnification= 140 X. 
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'lbe 61A24 nodules had a large auamt of st:ardl in the mU.nfected oe11s 

at the peripmy of the 14 d nodules (g). A DI.ldl lC1Ner lave! of starch \<laS 
Î 

apparent in the interst!tial l11'linfected cells. ~ \<laS also foorrl in the 
," 1 ..,..~ __ 

cortical cella. At 21 days these miUles (h) had an aJ::mrlance of starch in 

àl.~ cell types. 

(iiJ.) High magnification sbdies: , 
Fi~ 12 a - h are micrograJils of cross sections of pla$tic-embedded 

, " 
" tissue magnified l' ~oo x. PIastic-erbeddin;J allows th.inner sections which 

can be cbserved a~high resolution. '!he stain 'used in this case, 
~) 

differentiates tl1e followin;J: sta:rdl (light or ~k blue) in Contrast to 
• 

the bacteroids (clark p.n:pIe) am the nuclei (l~ght p.n:ple). 

At 14 d, the wildtype ncdules (a) had large amyloplasts in the 

uninfected ce11s. 'lbere was also a substantial rnnnber of these "starch 

poéltive" (bIue) bodies, althrugh smaller, at the outer periphery of the 

infected ce11s. At 21 days these oodules (h) have a distinct abèence of 
, 

starch in the infected. ce11s. Upcn àJse:J:virg a rnnnber of sections from 

different ncxlul.es, only very rarely were small stardl positivë bcxties 

fam:l at the ruter edge of the 21 d nodules. 'Another difference between the 

14 am 21 d wildtype nodules is that the amylcplasts in younger nodules 

were stained a light blue with scattered, interior deep blue granules, while 

at 2t d JOOSt of the amylq>last was deep blue. 
, ., 

Very little starch was awarent in the 14 d T5-95 nodules (p). At 21 d, 

the level of starch in the T5-95 nodules aweared to have increased 

sanewhat, alt:hcl.lgh, as .in the wildtype nodules, there was a distinct lack. 

of starch in the ïnfected oella. 'lbe starc:h in 21 c;i nodules (d) stained 

light blue am very few deep blue' staini.n;J ragions were avident. 



6.2 

Figure 12: cross sections (1.5 }lm thick) of plastic-embedded material; ... 
staining was carried out usirq a comb:ination of azure II and methylene 

blue. 'lbe following legen:i applies: infected cell (Ie) 1 uninfected cell 

eue), nucleus (N), starch (st), vacuoles (V) 1 bacteroids (b) an:! 

nucleolus of the infected cell (No). (a) 14d 6lA76 (b) 21d 6lA76 Cc) 14d 

T5-95 (d) 21 d T5-95 (e) 14 d TS-l (f) 21 d TS-l (9) 14 d 61A24 (h) 21 d 

6lA24 infected nodules. Magnification= 1400X. 
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THE OUALITY OF. THIS MICROFICHE, 
18 HEAVILY DEPEND'ENT UPON THE 
OUALITY OF THE THESIS SUBMITTED 
FOR MICROFILMING. 

UNFORTUNATELY THE· COLOURED 
ILLUSTRATIONS OF THIS THESIS 
CAN ONLY YIELD DIFFERENT TONES 
OF GREY. 

. , 

1 , 
J~ • 

• ' r 

LA QUALITE DE CETTE MICROFICHE 
DEPEND GRANDEMENT DE LA QUALITE DE LA 
THESE SOUMISE AU MICROFILMAGE. 

MALHEUREUSEMENTJ LES DIFFERENTES 
ILLUSTRATIONS EN COULEURS DE t:ETTE 
THESE NE PEUVENT DONNER QUE DES 
TEINTES DE GRIS. 
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P.eiatively 'little starch was present in the 14 à T8-1 ncxtul.ti (la), 

while in the 21 à nc:dules Cf) starch was present in the cells with bath 

~ arxl small nucl.ei. '!he 6lA24 ~es haà relatively large anomts ot 

deep blue stain:ing starch in the uninfected cells of the 14 d nodules (g). 

A.t 21 d (h), a similar pattern 15 evident, alt:hc:u;.Jh sana cells seamad to 'ce 
distinct:ly empty. ~ was ~ aven in cells with signe ft pbzn 

breakdown. 

, 

'-
o 
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.DISCU?$:rœ 

Aoamllaticn of starcb in ncdules 

starch levels decreased in effective nodules am increased in 

66 

ineffective nodules fran 14 to 21 d ~-infectiŒl. 'Ibis difference be1!ween 
, ' \ 

effective ard ineffective rx:xhùes may be .int:ezpreted in te.rms of the energy 

sink am sruroe present in each nodule type. 

Effective nodules, in whid!JlitrogeJl fixatioo is Jo:x1..1n te be rnaximal 

fran 16 d post-infection Wltil senesoerre, have a well-established energy 

sink by 21 d (Iawn am Bnm, 1974). '!he carl:làlydrate requirements of this 

e:œrgy sink cœld explain the disawearance of the stard1 fran these 

particular nodules. 
-

'!he increase in starch content of the ineffective nodules cnùd have 

been due to a relatively srrall ene:rgy sink because of the lack of nitrogen 
, 

fixation. ~Exoess sucrase (beyarrl that required for cellular maintenance) in 
, , 

these nodules was prOOably oonverted to st.ardl rather than bein:J dÏrrected 
- ! 

tcMards the 'lX7\ cycle as it WQÙd be in the nitrogen fi.xinJ noduleS. 

'!he ano.mt of available cartx:i1}'drate in nodules is partly detennined by 

the activity of sucrose syntllase (Anthon, personal cœmunication). ,'lbummler 

am Verma (1987) have sha.m that sucrose syntllase activity is high in 10, 

14 an1 21 d effective am ineffective ncxiules, tut is low in senescent d , 

IV' 
nodules. AlI the rrdules used in this study were presumed to have had high 

sucrœe synthase activity. 'lbe. poSsibility that 6lA24 nodules, due to 

senesoent-li.Jœ behavicur, had low sucrose synthase activity is tmliJœly, 

sitDe it aOCl1Ill.Ùated high levels of staràl. 

'!he increase of 1200% in starch content of 6lA24 nodules fran 14 to 21 
\ 

d post-infection was lIllCh larger than the increases fcmn in the other 
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i.neff~ve nodules. It my he that either the 6lA24 ralules reoeived Irore 

sucrose or the '1'5-95 an:l TS-1 nodules met:abol.ised sana of the exoess 

suc:rose instead of stt;n-in:;J it as stardl. rttle bard of perix:neral cells 
1 1 

(TjepJœma am YOClDD., 1974) may have had a tole in this differentiated 

storage of stard1 by allCM:UY:J DOre sucrose thrwgh in the,6lA24 nodules or 

by limitirq the eI1ay of S\lCl':œe into the '1'5-95 am T8-1 nodules • 

. '11iè st.a:J;x:h cxmtent of the uninoculated root was relativ~ly high (Fig 

1). 'lhis is nJt unusual sUre stard1 is ClCIt'IOOlÙy foord to accumulate in the 

roots of ~ plants (see Preiss, 1982b) am soybean ls not an exception 
') 

(yin arxl sun, 1947). 

starch quantities in 14 d ineffective nodules we.re fourrl to he lCMer 

than their wil~ countetparts prOOably bOOiuse of the generally slower 

developnent of the ineffective- nodules (l>k>rrison, personal communication). 

EnzyIDes of starch Metabolism 

Table 3 ~_ a sunmary of the leve1s of starc:h am specifie activities 

of aIr!Ylase, st.ardl ~rylase, am two fonna of starch synthase foond in 

\ this sbX1y • In :i.ntel:preting the activity patterns in relation to the 

stal:di Content of these nodules eadl nodule type was oonsidered separately. 

Soluble stardl synthase activity in the ncx:1u1e WB' interpreted apart from 

the other enzyJœS because of its oonsistently low activity in ncxiul.es 

cx::arpared_to uninoculated root. 

, . In effective (wildtype) ncxlules, specifie activitles of amylase 

decreased frein 14 to 21 d post-infection, tmile ~tyla.se activity· 

irx::reased. At the same time, st:ardl leve1s decreased by 80%. 'Ibis pattem 

is contrary ta that famd in effective alfalfa root rodules where amylase 

activities ~ 'foom ta oorre1ate inversely with stàn:b, ~le . . . 
~ -
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~laSe activities have a posiUve oxJ:e1atiŒ1 (~D.lJœ am Henson'" 

1984). 'lhis discrepancy in enzyme activity patterns be~ soybean an:} 
) 

alfalfa nodules may be because the fonner are determi.nate an:1 the latter 

meristematic. 

'n1e d1an;Jes in starch CXI1tent am the associated activities of amylase 

aM ~rylase in effective oodules are in confonnity with d:servations 

CIl ether plants (Okita et al., 1979). Aco:>rdl.rg to a :theorY' developed by 
, 

okita et al (1979), amylase acts first on the starch to break it down mto 

smaller oligosaCX'l1arides; IilœIilorylase then cx:>ntinues the process finally 

producir~ glucose-1-IilOSIilate. 'Ibis may tNel.l explain the pattern of amylase 

'am ~lYlase activity in ~ffective nodules .. 

'lbe decrease in SBSS activity ___ fran 14 ta 21 d in ~ wildtype ~es 

is positively cx:>rrelated with the CX>rK::l.lI'I'e depletion of starch. If 

J:eduoed activity of SBSS reflects reduoed synthesis, then it may have been 

ta the cell ts advantage sinee the ènzymets substrate SUWly i5 probably 

limited by the allosteriœlly controlled activity of ADFG pyrqilClSPloI}hase 

(whidl is inhibited when the cell needs ~). Energy ~d, therefore, not 

]:)a wasted al the productiœ of an enzy:tœ whidl was IlOt, bein;J used. 

In TS-95 nodules, the iJx::reased SBSS activigr fran 14 to 21 d post­

infection, may explain, at least in part, the in::rease in starch cx:>ntent , 

CNer ~ same t.ilne periode '!he laxqe increase in ~lase activity was 

alse in positive cone1atlœ with the staIàl level c::harge ~licatirq a--
" 

1'01e fox: stardl ~lase in ~starch synthesis-a possibility which will 

]:)a further clarified in the disOlJssion of the 6lA24 nodules. r:tl1e decreased 

amylase activity fran 14 to 21 d post-infection cculd have rontr.ib.rt:ed to a 
1 • 

decJ:ease in starch degradatioo leadiIg' ta the àJserved increase in starch 

ocntent. '-
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'l1le relatively high levels of amylase act1vity in 14 d '1'8-1 nodules 
-

cnil.d have been due ta the abseJx:le of a CXXltrol medlanism for amylase--

prod\xticn at the laVel of protein synthesis. '!he subsequerlt decrease of 

amylase activity at 21 d may have been due to decreased synthesis of the 

enzyme possibly because of limited SUWlies 'of sul::strates for protein 

synthesis. Decreased prcductioo of the enzyœ is energetically advantageous 

for the cell buse, with the iowered energy sink characteristic of fix-

rmw.es, stardl. breakdotm was ~ly not needed arrjWay. 

In all rodule typeS 'trhere the bacteroids were releasej fran the 

infection' thread (wildtype, T5-95 am '1'8-1)' the level of P'lOSJ:i1orylase 

activity at 2ld post-infection was high, while it was much lower in the Ta-

1 nc:xlules of the same age. Possibly, the presence of the bacteroids inside 

the cell may have been necessaty for the activation of high levels of 
-

{ilosfilo:rylase activity, althalgh mIe work is required to prove this. 

S:imilar to what bas been prcp:lSErl for the _ '1'5-95 nodules, the elevated 

levels of SBSS activity may have contr~ -to the high starch content in . 

the '1'8-1 nodules at 21 d p::st-infectioo. 

In 6lA24 !XJdules, the activities of amylase, ~xylase ~ SBS 

synthase increased alag with e1evatiœ of starch leveis fran 14 to 21 d 

post-infection. rnt.erestirgly, the'~in:::rease of SBSS activity in 6004 

rx:xiules was net drastically different fran that foon:.l in the other 

ineffective nodules' despite the massive acx:unul.ation of stard1 in these 

naturally oocurin;J ~es. Starch bœrx:i stardl synthase, therefore, may 

rot have been_ the only eJ'.'1ZYIœ lnvolved---in stal'èh synthésis in the 61A24 

ncdules. lhosIhoryIase my be involved sirœ it synthésizes starch in other 

plants (Hanes, 1940; Sdmeider ~ al., 1981; sivak et al., 1981,; Slabnik-­

an:i FJ:ydman, 1970), ~, amylase does IlOt (see Preiss, 1982 a,b). 
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, starc:h phœphcr.{lase EL"dtibited int=iq.ll."l3" behavior, its activity 

.increasin; in parallel te bath.inc:reasirç (in TS-95 arxi 61&4 nodules) am 
,.. 

dec:reasi.."Ç' (in wildtype) levels of starch content frcm 14 te 21 d post-

infection. 'Ibe c:twious reconcilation of this COI xtradiction is that stâ.rch 

phoçtlorylase bas two raIes of bath sym:hesis arx:l degradation. At the 

naDent, this statement is spea1lation and more work is needed te provide 

proof for the a"""""'1"lCn'ri- double functionirq of starc:h phosphorylase. _ 1:".1: .......... ::...... ~ 

Rlosphol:Ylase may pave P~ starch synthesis only if sufficient 
. ~ " 

ammts of gluc:ose-1-phosphate were Pl'esent te satisfy the Rm requirements 

of the phosphorylase enzyme (see Prèiss, 1982b). Although a high 

concentration of glucose-l-phosphate was unlikely in the cytoplasm, it may 

, have been possible in the contained enviranment of the amyloplast. 

In aÎl nodule types, SSS acti~ was consistently lower-than that 

fOl1l"Xi in the uninoculated root web may in:ticate that 5SS plays 'a larger , 

part in starch synthesis in th'ë roOt than it daes in the nodule. 

Although SSS activity was ,net high in the nodules, it could still he 

, ~rtant. A basal level of the SSS may have J?een .neces'sary in the ~e, \ 

possibly providing pri.mer$ for the initiation of starch synthesis (Hawlœr -

et al., 1974; Preiss et al., 1982b). . , 

SWCh fbosphorvlase; A NcduJ.e SpecifW Fom? 
\ 

'lbe amine acid sequence of stardl phosphotylase is knc:1.Yn arxi bas been 
J 

.' ~ / 

fc:IuJn te be conser:ved :in a wide range of: organisms. "For extmPle, the patate 
. \ 

enzyma shows 51% and 40% hœv:>lcgy with those of !.coli an::l rabbit muscle, 
. " 

respectively. '(Nakano aI1<f l'\Jk.J1, J9S6). 'lhus, it ~ not surPrisi.'"1g that 
o '., ta g:; 

arttibody made aga:ir1st patate starch phœphOJ:Y'l~~ reacted W1th t.~ ~ - ' ' 

,rotsin. ~ . 

(1 

, -

" 
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In yam;J patato t:ubei:s, a sÙY:Jle bard. at 105 kDa ~ with the anti­

PSP (Brissal, perscnal cœm..miœtiCXl). ~ture patato tuber sanples, in 

oootrast, cx:ntain a praninent 105 kO:t barrl as well as a ntnTtler of 

~tioo products. Brisson (personal ccm1l.Ulicatioo) bas proposed that 

these degradation~, are very specifie fO: the various stages of 

prcqressive maturation f patata tubers. one can speo.ùate that the lOtIer 
~ -

\ barrls in lanes' a arrl b of Figure 7 represented degradation products; 

\ A 105 kIl:l barrl was foon::i in the nodule sanples, bIt net in the sample 
\ ' 

fran ~ated root. Possibly, the 105 kn:l bard rep~too a nodule-
, t~ 

specifie fOrIn of stalfch }:hOS,J;ilorylase, rut. IOOre work ls required to prove 
1 

this. 1 

Another speculatit>n can he made alol'XJ this line. since the anti-PSP 

aIso ~cted with an !87 kO:l barrl}n nodule and root sarrples as well as with 

the 105 kI:a bard in the nodules, the two proteins differirq in molecular 
1 

weight may represent !two crcss-reactirXJ isoenzyrres of starch IhosIX1orylasa. 

'Ihe 87-kOa barx1 Jeacted ~lY with the antibody in the 14 day 

nodule tissue despi~ the 1"'" 1evels pf stan:h ~1ase specifie 

activity at the same titre point (~ Fig.4). '!he 87 kIB barrl ~y, 

therefore, have been a degradation product of starch thOSIilorylase. 

Protein sanples fran all types of ineffective n:dul.es were found to 

:react with anti-PSP in the sazœ m:mrr as the wildtype protein 

co.mt.el:parts. '!'No possible explanations for thls may be: (a) while the 

p:rotein was present in a11 nodule types, i t was active in sana and 

inactive in others; (b) other isoenzymes may also exist whidl do rot cross 

react with the anti -FSP. 

'lhere is also the possibility that ale ,fonn of Jilœphotylase was 
l , , , 

specifie to the amylcplast am ale to the cytq,lasm. 1his speculation is 
, 'f 
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subatantiatad by Wëlt ha(:.pers in spinadl leaf liihere .. there are two fonns of 

stardl ~lase, ale fOnD in the dù~rc.plast ~ anotrher in the 

cyt:q)lasm, the two fon;ns sOOwin:J little cross-reactivity (Schachtele arrl 

steup, 1986; steup am Sd'lachtele, 1986). '!he same may he true for soybean 

nodules. 

OVerall, the resul ts fran the Westem blot suggest that there was nore 
.. 

stardt phosplotylase in nodul~ than in UI'1Ï.J'X)cUlated 'root. At least part of 
" 

this differert.:le ~d he due to a rxxiule-specific fOnD of this enzyme. 

SUboeJ.lular lpcation of SUcrose Synthase 
..... 
'!he n::dule specifie fom. of sucrQSe synthase (nodulin 100) was fOlll'Xi to 

be present in"the cytoplasm of bath inf~ am tminfected ~lls (se.e Fig. 

9a am b). 'lhis suggests that sucrœe synt:hase acts in l:x:>t:h cell types, but 

nore oell-specific activity assays are i'equired to prove this. 

Acxx>:rdi.n;J ta the "~, Nodulin 100 was not present in 
, " 

o ' 

interoellular spacœ, bacteroid, p:m, }:bf, vacuoles, peroxisanes or ,'. " 
, lj ~.;.;.("" 

amyloplasts. '!he awarent absence of the enzyme fran these spaces sugg~ts 
. -

that nodule-specifio sucrose synthase is a ,cytc.plasmie enzyme whiclt is the 

case in sana plants (~J" 1982 a,b) • 

Relative1y little work bas bèen done in area of localization of sucrose 

synthase or 8Irf of the other enzymes invol veel in stardl metabolism int 
, '" ~ 

nodules. SUcrœe synthase bas been fCA.11'rl, however, in the cytq>l~ of 

reserve tissues (see Preiss, 1982 b). 

r . 
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IPcatim of starch 

In tenns,of anomts of starch, the light mi~ shéwn in Figures 

10 am 11 suwort the data in Figure 1 for the wildtype oodules, nan-ely, 

the 14 d cross secticns had mre st:arch than the 21 d cross sections. 
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Differences between the locatim of staràl in the 14 an:! 21 d wildtype 

J'lOàul.es ~ evident. Because ~ differero?S were easily disoerned in"' 

. the wildtype situatim, the 14 an:i 21 d wildtype nochùes were cqrpared in 
1 

detail so as to develc.p an explanation for the rontrastirq st.ard1 levels. 

One reason for the decrease in stardl fran the 14 to 21 d wildtype , -
" 

ncxlules co.ùd be the ~ of stardl fran the infected cells. At 14 
ft (l ~ 

d, there were substantial aoomts of starch in the infected cells while at 

21 d they Wre nuch reduoed. 'Ibis parallËùs noqnological studies of 

alfa,lfa nodules, ~ ya.IDJer infected cella oontaln considerable amounts 
, ... . 

of stardl afrll!lélture infectOO Cells oontain only very little or none (Vance 

et al., 1980). 

'Ibis clisaJ;:peararx of starc:h specifica1lY.fran the infected èellr;; can 
.. 

be explained by the int.erior Iilysiology of these cells. '1l1eoretically, the 

energy sink is lower at 14 d because nitrogen fixation has not yet reached 

max:i.m.un arrl because there was a decréased requirernent for carl:x:>n skeletons 

nel~ to malœ ureides (FUller am Verma, 1984). In the 14 d wildtype 

ncx:hùes, the c::œt>inatioo of maxim.nn sucrose synthase activity aM a low 

energy s~! Jk may have led to the aco.mulation of the break.c:bm products of 

sucrœe. '1hese excess œrl:xilydrates were prcbably oooverted to starch in 

the infected as weil as the uninfected cella because bath celi types woold 
" 

have a lC7N energy sink am receive m.Jghl.y the saJOO aJIDlllt of sucrœe 

('lbuDInler and Verma, 1987) • 

'1here are other possible explanations for the reduced stardl oontent of 



the ~1 d ncdules. 'lbe 14 d mdules may have had diff~ regulation of 

st:.ard1 metabolism as OCIIp"red ta the 21 d nodules. Am there is also the . 
-
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possibility that the starch storage or the nature of the starch netabolism 

enzymes themsel ves may have been cel! specifie • 
...., 0 

'!he uninfected cells may have had IOOre st:ard1 than the infected cells 

at bath 14 .. ard 21 d post-infect.ial for the fo!lowin;J reasons: (1) there are 

no bacteroids in the uninfectOO cells, thus, t11ere is roc>re spaoe (2) less 

protein synthesis (lb ala1e represents 30% of the soluble prot.ein in the 

noch11e am .it was loc:alized in the infect.ed cell), thus, JOOre camon might 

he acx.:unulated in st.arc#l ·rather than~ in protein (3) different regulation of 

starch biosynthesis (in carparison to that foon:1 in the infected cells). 

Another way of lookin:J at the differenœs in stard1 acx::tmlllation 

between infected arrl uninfectOO celle is in tenns of cell roles. '!he 

noq:i1ological sttrlies su:JgeSted that the mrlnfected cells had a role in 

starch storage, -just as they do in nitrogen assimilatiŒl. 

'!he uninfected cells may havé a role in starch storage .. ~ both 

effeCtive ard ineffective oodules. In the 'lS-95 oodules, the mllnfed:ed 

cella had IOO:re stardl than the infected cells. Arxi in the '1'8-1, am 61A24 

nodules, the smaller oells we:re fOlIl'rl to oart:ain l[K)re starch than the 

larger cnes (the smaller cells possibly havinJ represented the cells 

taxgeted to be, uninfected befol)t. the rx:rlule develc:pœnt was arrested) • 

j 

J 
\ 
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CCllcl.usims ; 

Many aspects of the original hypot:heses have been SUJi:POrted by the data 

shcMl in this thesis. Certain parts of the ~ have rot been fully 

proven b..tt the results ~ined in the effort have indicated new questions 

ta, be aslœd am have shawn Widl directioo future erdeavo..u:s sho.ùd take. 

'!he first ~is stated that the st.arch ac:x:utlll.atioo in the nodule 

is r.el.ated te the soorce/sink ratio. 'lhis hypothesis was SURX>rted by the 

starch acx::unulatian data am by the microscx:pical examination of s~ 

content am location. when the two were cx:nc:.:;1dered in view of the k:nc7.m , 
, 

tine-oourse of nitrogen fixation am other cellular processes. '!he secom 

hypothesis called for a relationship between the ,starch content of the 

nodule am the valYÎl'XJ activities of the enzymes of starch metabolism. '!he , , 
1 

enzyme activity data depicted in this thesis ~rted this hypothesis, , , 

alt:ho..tgh, only at the level of cx>~lation. F.vw.1y, ~,third hypOthesis 

Sl)(}1eSted that there are two fontIS of ~ ~rylase. '!he results 

irdicated that the hyp:Jthesis nay he true, Plt that nore work is required 

to make a solid statement al this matter. 
" 

'!he results of the exploratory set of e>q:>eriments described in this 

thesis pt"OV'ided encu;Jh backgrcmxi for the raisin;J of retI, lOOre specifie 

questions. Detennination of cell mles in root oodule starc::h rnetabolism can 

now be aèkkessed with the ~ledge that stardl aœunulation ls affected by , 

the energy status of the cell in question. Elucidation of the cellular 

interactions involved in bath the carbc:81 and nitrogen metabolisms wculd 
i 

increase the urderstardi.rg of the rxx:hùe c.peration as a whole and, thus, 

provide the needed backgrc:uOO to investigate tba saJœ q>eration at the 

lOOleal1ar level. 
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'lbe next stage of this researcb l«W.d be to se!parate the varioos cell 

types o~ the nodule and detennine for ead:l the stardl cart:ent as \Vell as 

the specifie, activitiés of amylase, ~lase ani syntbase. 'Ille . -

regulatlœ of stardl metabolism ClOl1l:d also be, sttdied in the separated 

. cells. 'lbe activity of AJ)I:G pyrq:ilcsplotylase cxW.d he examined in 

relatial to the effects of Pi am roA. 
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