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the relative levels ef starch and the specific activities of anmylase,
stardu;hosphorylaseamistaxdlsynthasemreatamined ineffective (£ix )
and ineffective (fix™) soybean root nodules at 14 and 21 days after
mfectimmmmlevantstxalmofmmmjm Starch levels
decreased between 14 and 21 days post-infection in fix*t nodules but
increased in fix™ nodules. In effective nodules, the specific activities of
amylase and synthase were found to positively correlate with starch levels,
vhile phosphorylase activity was negatively correlated. In the three types
of ir;effective nodules,’ latidns with starch levels were as )
follows:; amylase, positive or negative; synthase, positive or negafive and
phosphorylase, positive. A 105 kDa form of. sta.rch phosphorylase m present
in nodule extracts, but not ineoct:ract:sofminowlatedroot Sucrose
synthase was localized in cytoplasm of both infected and uninfected
cells of ‘efrfective es. Starch was present in uninfected cells of all
neaule types. %At 14 da posf-infection, starch was present in
infected cells of effective nodules, although, it was‘nat present jn this
enter or

cell type by 21 days. In sxtuations where the bacteroids did
dlsag)earedfmnthemdule cells, large, distimtlystardxfreecellswere
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Les quantités relatives d'amidén et les activités spécifiques de

~
1'amylase, la phosphorylase d'amidon et 1'amidon synthétase ont

" 6té mesurées dans les racines nodulaires dée la féve de soja

pouvant (Fix*) ou ne pouvant pas (Fix~) fixer 1l'azote aprés 14 et
21 (jours d'infection avec des souches appropriées de 0
Bradyrhizoblium japonicum. Les niveaux d'amidon diminuent du

141éme a4 21iéme jours dans les nodules Fix* contrairemént aux

.nodules Fix~. Pour les nodules efficaces,- l'amylase eE la

synthétase ont été en corrélation positive avec les niveaux

~ d'amidon, tandis qﬁ'onqobserve l'inverse pour l'activité de la

phosphorylasé. Dans leswtrois ty;;es de nodules inef'ficaées, lal
corrélation avec le niveau d'amidon était comme suit: am.ylase,
p;sitive ou négative; synthétasé, positive ou négative; '
phosphorylase, positive.. La phosphorylase d'amidon (espéce au

poids moléculaire de 105 kDa) est présente dans les extraits de

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

efffcaces, la synthétase de sucrose est locallsée dans le
cytoplasme, autant dans les cellules infectées que celles qui ne
l'étaientwpas. L'amidon est présent dans ies cellules non-

infectées dans tout les types de nodules. Aprés 14 jours

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

nodules efficaces, bien que, celui ci ne soit plus présent au

21iéme jour apreés l'infections. Dans les cas ou les bactér01des

n'ont pu pénétrer ou sont dlspar;.;‘g des cellules nodulalres, on
~

aper¢oit de grandes cellules sans amidon.
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Traduit par Francis Ouellette et Mario Filion.
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INTRODUCTION '

Nitrogen fixation from symbiotic interactions between plants and
microbes contributes significantly to the supply of fixed nitrogen in the
global nitrogen cycle (Postgate, 1978). Successful symbioses can occur
between plants and diazotrophic bacteria or mycorrhizal fungi (see Verma .
and Long, 1983) , .

Research has been concentrated on elucidating the mechanism of
biological nitrogen fixation in plant/microbe interactions since it has
potential to improve agriculture. Bacterial symbionts, primarily of the
germs Rhizobjum, have been in focus in the resulting scientific literature.

iosis

The soil bacterium, Rhizobium spp., is capable of forming a tightly co-
ordinated interaction with a wide range of higher plants leading to an
endosymbiotic relationship (for reviews see Bauer, 1981; Verma and Long,
1983; Sutton, 1983; Verma and Nadler, 1984; Rolfe and Shine, 1984;
Kondorosi and Kondorosi, 1986 and Long et al., 1986). As a result of this
interac;:ion, a differentiated and highly specializéd structure, known as a
nodule, is formed. It is m51de the noduie that the rhizobia fix nitrogen
[the conversion of atmospheric nitrogen (Nj) ’qirrto ammonia (NH3)]. Ammonia
can be used as a souwrce of nutrition by the plant, whereas, dinitrogen
cannot. These ncdules are usually found on roots, although there are same
examples of photosynthesizing stem nodules (Lajudie and Huguet, 1987) .

The various, naturally occurring species and strains of Rhizobium (fast
growers) and Bradvrhizobium (slow growers) amﬁusually host specific. This

_ means that nitrogen fixing nodules (£ix* or effective) are only produced

when the bacteria infect hamologous hosts. Interaction with heterologous
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hosts either does not result in nodule formation or induces the formation
of ineffective nodules which do not fix nitrogen (fix™) (see Verma and
Lang, 1983; long et al., 1986).

Extensive ultrastructural analyses have elucidated the series of
morphological events involved in nodulation, nitrogen fixation and nodule
senescence. This work has provided a basis for metabolic and molecular R
studies. ;

Immediately following attachment of an appropriate Rhizabium spp. to
the rootthair cell, root hair curling occurs. The bacteria-then enter the
cells of the "croo)lc" of the curled root hair (Vincent, 1980). infection
thread is formed as the endosymbiont makes its way into the root hair
interior. A certain rhizabial exopolysacc:haride is known to have a role in
the induction of this infection thread (Long et al., 1986).

Meristematic cell division occurs in the root inner cortex prior to the ° | -
entry of the infection threads. This early stimulation of plant cell
proliferation requires a hamologous interaction and, therefore, seems to be °
at a point in the nedulation process when recognition of the hostﬁccura
(Long et al., 1986).

Based on the temporal nature of ,the meristematic @vhim, lequme
nodules can either be determinate as is the case with spherical nodules
(e.g. soybean) or uﬂefarmu\?(as is Ef case with elongate nodules (e.q.
alfalfa). In the latter nodules, meristematic growth contimies thoughout-
the entire life of the nodule in which there are clearly defined
meristematic, mature and scenescent zones.
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The bacteria are released upen entry of the infection thread into the
dividing cells of the root cortex. Immediately aft:e.rwards: the Rhizobium
pass into the cytoplasn as "unwalled" droplets enveloped by the plant cell '
plasma mxbrane: In this specialized role, the envelope plasma menbrane
develops new characteristics and is called the peribacteroid membrane
(pm) . The fluid inside the plm envelope is}&alled the peribacteroid fluid
(pbf) (see Verma and Long, 1983). Once enpmloped by the plm, the Rhizobium
spp. differentiate into bacteroids which are different from the free living
bacteria in that they have a modified outer membrane and a less defined
cell wall (long et al., 1986). ¥

Provided all relevant conditions are favourable, the bacteroids begin
fixing nitrogen inside the plm. The processing of the resultant ammonia
requires an interaction between the infected and uninfected cells both of
which are present in mature nodules. The initial steps of nitrogen
assimilation oocur in the infected cell while thé final steps happen in the
peroxisomes of the uninfected cell (see Goodchild, .1977; Newcanb et al.,

-~
!

1985)
The infected cells are interspersed in with the uninfected cells in
such a way that every infected cell is in physical contact with at least

’
!

one uninfected cell (Selker and Newcomb, 1985; Dart, 1977; Newcomb, 1981).
Numerous plasmodesmata exist betwben infected and uninfected cells and
between two uninfected cells. Plasmodesmata between two infected cells are
relatively mcam\an(see Goodchild, 1977). : \
There are two types of uninfected cells: those at the periphery of the
nodule and those which are interspersed with the infected cells in the

nodule interior. The former are also called the portal band of cells and
—— - e » ‘
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0‘ . are thought to have a role in determining the entry and exit of metabolites
(Tjepkema and Yocum, 1974).
Uninfected cells are ultrastructurally different from the infected
cells. As well as lacking bacteroids, the uninfected cells are smaller and
bcththestardugramﬂesaxﬂpermdsamarelargerarﬂmommmerms
(Selker and Newcamb, 1985; Van den Bosch and Newoomb, 1986). The mature L
in

]

3 ,
infected cells contain quantitatively less starch than uninfected cells

a variety of nodule types (Dardeard 1926. lechtova-Trnka, 1931. Biebdort,
1938; Allen and Allen" 1940 and_Bord, 1948) Passage of @arbdxydrates from

one\/celltypetoanotherhasbeensuspected but unproven. Ineffective

nodules of soybean have more starch than effective nodules (Morrison’ and
%, ’
Verma, 1987). The reason for this is unknown.

Prior to senescence, the ncladuleﬁ receive up to 30% of the plant's
photosynthates (Minchin et al, 1981; Mahon, 1983¢) . But later, when the
plart forms its pods, photosynthates are diverted from the nolule to the
pods. Ithasbeenproposedthatasamultofmedecreasedmmohydrate
supply, the mdulw senesce (Sutton, 1983).

As senescence advances, the infected cells eventually lose their turger

- and begin to collapse in between the still turgid uninfected cells (Vame‘
et al., 1980). The successive stages of nodule senescence (in the infected .
cells) are as follows: (1) increased electron density of the cytoplasm (2)
the ptm develops small breaks resulting in the formation of mxmem{ small
vaslcles, together with an increasingly abnormal appearance of the
o bacteroids, (3) the mucleus develops lcbes and disintegrates and eventually
——  (4) the host cell walls begin to breakdown (ucdme.n et al.,1986).

o ’ Rhizobjum strains' which cause the formation of ineffective nodules can

— e



. (Wermer et alg.\, 1980) .
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mimicﬂ:estagesqgmmgimuarto\memmlsequemeofevams

m,‘tJ.ti—step cascade of events involvﬁmg rhizobial root colonization, root
hair adhering and curling, infection thread development, nodule initiation

JR S -

and development. This sequence of events requires a co-ordinated regulation
and Wion of several rhizcbial and plant genes.

The isolation of different classes of bacterial mutants is possible
through transposon ;mﬁégenesis. Genetically mutated Rhizobium often can
cause the formaticon of nodules with varying developmental arrests depending
Ltponmmgmw;sactedtmonbythemspoéon (Rostas\et al., 1984).
Such mutants are a useful aid in studying Rhizcbium/plant J.nteractlons
~ Trensposon mitagenesis has been used to establish a mumber of
B.Japonicum mutants, strains T5-95 and T8-1 being e'xanpla;{ TS-95 induces
the formation of nodules which are ultrastructurally similar to the '
wildtype, but dre fix~. T8-1 infected nodules are fix™ and deficient in
bacteroid development (bad™) meaning that the bacteroids are not released
from the infection thread (Rostas et al., 1984; Morrison and Verma, 1987).-

A mtux;;lly ocaurring -of B. Jjaponicum (61A24) also causes the
formation of ineffective nodules. The most striking characteristic of 61A24
nodules is the degradation ’of‘the pm 18 to 20 d post-infection (Werrer et
al., 1980, 1984). : .

TS-95, T8-1 and 61A24 infdted nodules each provide wnique situations
of developmental arrest: fix™; £ix~, bad™ and f£ix~, phm™, respectively.— ’
Table 1 is a summary of all the dm:actenstlcs of*the three ineffective

v
'
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nodule types as well a comparable effective nodule infected with wildtype -
B. japonicum strain 61a76. - '

Mutants similar to those mentioned above have been used to examine the
step-by-step molecular interactions between plant and bacterium leading to
the development of a mnctional nodule. ‘ B

Initial contact between free-living Rhizobium spp. and the leglm\e root
hair are in the form of a dlemi@al'plz;nt factor, known as a flavone (Bauer,
1981; Iong et al. 1986). Ihis factor is released from the growing host root
hair and results in the 1nduct1cn of bacterial nogulation genes, provided
the interaction is hamologous (Long et al.,1986). After having been
activated by the plant factor, the bacteria approach the i1oot hair (due to

chemoattraction) and became attached via a specific receptor molecule

. (Dazzo and Hukbell, 1981; Dazzo and Gardiol, 1984). ‘

" Several Rl;xizobim encoded proteins (bacteroidins)~play an important

role in the symbictic functioning of the nodule. The bacteroidin,

nitmgenaée, is asseni:ial because it carries out the conversion of
atmospheric nitrogen to ammonia (see Verma and Long, 1983). Nitrogenase
establishes its role in soybean fodules gradually, from 9 to 16 d post-
infection (post-infection means the number of days after the rhizobia have
contacted the root). At 9 days post-infection, 0.1% of the maximum J:evel of
nitrogen fixation is evident; at 10 days this increases to 1%. By 16 days
post-infection, the maximm level of nitrogen fixation is established and
is maintained until pod formation (Sutton, 1983; n“g,ler and Verma, 1984).
Inthe,smdyoftmeplantgenesardgenepmductswsentialtomdulq
development and fxmftiompg, the progress has: been slow. EXpression of
certain plant genes result in the production of nodule-specific proteins or

nodulins. There Xge 2 types of nodulins: structural and metabolic.
4

e
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‘ nb].ge, Characteristics of nodules formed by different strains of
| _ B.japonicum in terms of nitrogen fixing ability, fracroscopic
appearance and ultrastructure. '

) B

Strain of Nitrogen Macroscopic Ultrastructure
B.japcnicum Fixation, Appearance at 21 d
61A76 Fixt -large nodules  -ipfected and
~ - (wildtype) . . clustered on main . uninfected .

-~ rxoot - . cells
- -deep red interior -intact pim

'T5-95 fix™ ~small nodules -same as 61A76
-pink interior , -
T8-1 . o fix” -small hodules ~bacteroids
” ‘ throughout root + are not
-green interior released from
SN . infection® -
61A24 ‘ fix~ -small nodules ~pbm breaks

/ ‘ throughout root at 18-20 d
: -green interior , post-infection _
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cstnx:Unalmdlnmsaretrmewhidiacunllycmtrimtetothemildin;of

thenodule. Metabolic nodulins are involvedinthefmctimingottm
nodule. To date nodulins involved in the oxygen, nitrogen and carbdaydrate -
metabolisms have been studied (Verma and Long, 1983).

The nodulin, leghemoglobin (Ib), carries oxygen to the actively
respiring ;:acte.rpids while maintaining a low level of free axygen to which
nitrogenase is sensitive (Appleby, 1984). Leghemoglcbin is similar to 'P
animal hemoglobin and myoglobins, in that it has oxygen-binding capicity
(Hnt et al., 1978). It is Ib which gives the interior of nodules the red
coloration, similar to blood. The heme moiety of Ib is thq.\ght‘ to originate
from the bacteroids,% although 'in soybean, it may ke produced by the plant

(see Verma and Nadler, 1984; Guerinot and Chelm, 1985). Table 2 shows the

*  relative amounts §j%1b MRNA in effective and 3 types of ineffective nodules
By

of soybean. ~

During senescence, the properties of Ib change such that it becomes a -
different substanoe known as legcholeglabin (Lc). Legcholeglebin (Lo -
differs fram Ib in that the heme porphyrin ring is cleaved and the central
iron atom is more easily released. A green colored interior is a
characteristic of nodules containing Lc (Virtanen et al., 1947; Virtanen
and Meitinen 1949).

Nitrogen assimilation (processing of ammonia) involves nodulins and

.~ follows one of two alternative pathways in the legume/Rhizobium
“interaction: one leading th the production of amides and the other leading
\

to the production of ureides. Amides and ureides are carbon-nitrogen
campounds which are easily utilized by the plant's metabolism. These two
campounds are made in the nodule and are then transported to the plant via
the phloem. In tropical lequmes, such as soybean, it is ureides which are

AN
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Tabla 2: Characteristics of nodules formed by different strains of*
~ B.laponicup in. terms of Ib/ mRNA levels (Morrison and Verma, 1987). -
¥ . ’ .

Strain of ] ‘Relative Ib mRNA
B.iaponicum in 21 d nodules
61A76 . 100% '
(wildtype)
T5-95 - 37% N
T8~1 ' 8%
61224 - 6%
/’ -
’ Y
l\
A}
’ <
o
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produced and transported (Schubert, 1986).

mthetmeideﬁatlmy, theactim of nodulins such as glutamine
sym'hetase (GS), xanthine dehydrogenase, purine mxclecsidase ard a mumber
ofotherenzymes catalyze the conversion of ammonia touric acid (an -

‘intermediate in the ureide pathway). All cztalytic steps occurring up to

the formation of uric acid occur in the infected cells of.the nodule (sea
Verma and Delauney, 1987). Once formed, the uric acid is then transferred
to the peroxiscme of the uninfected cell where uricase (another nodulin)
mﬂo&ermzyms’carrywtthéfhnl reactions which result in the

" formation of uréides. Newcomb et al. (1985) and Van den Bosch and Newcab

(1986) have reasoned that uricase acts in the uninfected cells because of
the microaercphilic nature of the infectued cell. .

Carboh;di'ate metabolism is essential to nitrogen fixation since it
provides energy to the bacteroids. Much work has been carried out on
synbiotic nitrogen fixation, while the corresponding carbohydrate -
metabolism has received little attention. One of the soybean podulins,
Nodulin 100, has recently been identified as a nodule-specific form of
sucrose synthase, anenzynewhichcandegradeahose. Itistt\em;ly
nodulin identified to date to be involved in carbohydrate metabolism
(Thammler and Verma, 1987). )

4

te Metabolism Root es . &

L 4
Before more extensive work can be done at the molecular level, ‘the

nodule carbohydrate metabolism must be understood at the biochemical and

physiological level. Figure 1 (Thumnler and Verma, 1987) is a modal of
arbdzydmtenetabohsnmmotmdul@basedonmatishmninmdlﬂes
and what generally happens’ in plants.




' .
. Floure 1: Proposed model of the carbohydrate metabolisn of soybean root
;iodtlles, including the possible role of heme in regulating the activity
of sucrose synthase (Thummler and Verma, 1987). The numbers represent

" foliming enzymes: (1) sucrose synthase, (2) phosphofmctokmase,
:g‘mlq:mglucoismerase (4) phosphoglucamitase, (5) UDEG
pyroplwsphozylasa, (6) phosphodiesterase, (7) ADFG pyrophosphorylase,
(8) starch synthase, (9) amylase and (10) starch phosphorylase.
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The carbchydrate supply to the nodule affects nitrogen’ fixation,
although a controversy still exists as to how this influence is exerted
(?uttm, 1983) . The association between nitrogen fixation and photosynthate
supply was first aamined in the 1930's when two different views were
propounded. Allison (1935, 1939) and Allisom.and Iudwig (1934) proposed
ﬂlaltﬂieamtmtofcazbdlydmtereadﬂn;therndlﬂewasthedanir_@nt
inﬂuer:ce on the resultant amount of nitrogen fixation. Another group,
Wilscn et al. (1933) and Wilson and Fred (1939), have suggested that both
the carbohydrate supply and existing ammonia level in the nodule are
important factors in limiting the production of fixed nitrogen. So far, a
consensus has not been reached betwéen these two schools of thought, but

sdiepxogresshasbeénmdeinthesuzdyofinvolvedeﬁzynsaxﬁrasexve

" carbohydrates. -

a

() Sucrose Dearadation - ‘ <
Sucrose is the major transported photosynthate in plants. This

' disaccharide is made in the leaves and is transported through the phloem to

the non-photosynthetic tissues (Giaquinta, 1980 a,b). Once the sucrose
reaches itstargettissue itisusuallybrokenciovmirrtocarpaxﬂsmre
easily utilized by the plant (see Stryer 1981).
Breakdmmofsucmsecanbewrnedoutbytlmeeenzynmeadmableto
carplete the process itself. Alkaline amd acid invertases catalyze feaction
(1) (Rees, 1984). The reverse reaction of sucrose synthase (see Preiss,
1982 a,b; Morell and Copeland, 1984; Thummler and Verma, 1987) is shown in

“yeaction (2). 'mwereactiomhavebeenstudledmmdulasaswellasm

plants
gl) sucrose = D-glffoose+fructose

A
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(2) sucrcse + UDP’f +\H" & UDP2--D~glucose + D—rmctosa
During early development of soybean nodules (0-10 4 post-infection),

the specific acf:‘ivity‘of acid inv?rtase has been found to s‘teadily' decline,

while that of the alkaliné form of the ehzyme increases and levels off
(Morell ard cépelar:d, 1984 and Anthon, personal commmication). This type

of activity during the early phase of nodulation conforms with the reported

high levels of invertases during rapid development of plants in general
(see Avigad, 1982).

Sucxnsésynthaseactivityincreasesavertimeatﬂ:asamraiteasm
and nodulé—sp::ific GS in effective nodules of soybean [Ib and GS

activities increase and stabilize in parallel with nitrogenase (Anﬂmoﬁ,
- r\ /‘

personal communication)]. Thus, in comparison with the invertases, sucrose

synthase is more important during the perfiod of active nitrogen fixation
(10 4 post-infection until senescénce) (Thummler and Verma, 1987; Anthon,
personal commmnication).

Thummler and Verma (1987) have suggested that nodule-specific sucrose

synthase may be regulated by free heme which is released from leghemoglobin

‘during senescence. In vitro -experiments have shéwn that free heme is able

~

s A

tobreakdmntﬁeactivetetxanerfomofsucméesynthasetoanmactive

monomer. A model ofthisivaosairegulatim is shown in Figure 1.

Jli)mofsmemﬂaﬂm
The products of sucrose breakdown can enteér one of many metabolic

pathways. The regulated sequence of events leading towards the appropriate
partitioning of these products has been studied extensively in a mmber of

planfs (see Preiss, 1982 a,b), but only to a very limited degree in
nodules.

~

»

Y- oag



Once the sucrose is degraded, the products can enter either the
glycolyticpattmrayorbedheltedtwardsstaz@synth&is, depending on
the energy needs of the cell. One key enzyme involved in determining the
fate of sucrose breakdown products is phosphofructokinase which catalyses
the conversion of fructose—-6-phosphate to fructose-1,6~diphosphate (see
Stryer, 1981). _

An irreversible form of phosphofructokinase (PFK) is inhibited by high
levels of ATP, while the reversible form of phosphofructokinase (PFP) is
pyrophosphate dependent and is regulated by fructose-2,6-bisphosphate.
Fructose 2,6-bisphosphate is known to stimulate respiratory utilization of
sucrose and starch; low levels correlate with starch synthesis (Stitt,
1987) . Both PFK and PFP are located in the cytoplasm of plant cells (Huber,
1986; Stitt, 1987).

In soybean root nodules, PFK activity is found to increase early in
nodgle gevelopment with a time course similar to alkaline irvertase,
MS, root nodule PFP follows the same activity time course as acid
invertase. In view of these findings, Anthon (personal communication) has
suggested that PFK is of greatest importance during nitrogen fixation;

In plants, PFK is allosterically regulated by cellular ATP
concentration. When ATP levels in the cell are low, PFK catalyses the
conversion of fructose-6-phosphate to fructose-1,6-diphosphate which then
can enter glycolysis. When cellular ATP levels are high, PFK is irhibited
and fmctose-—é-phosphate will build up (see Stryer, 1981). Thummler and
Verma (1987) have suggested that this type of allosteric regulation of PFK
also occurs in nodules. -

Excess fructose-6-phosphate favours the formation of glucose-6-
'phosphate via the enzyme phosphogluccse isamerase. Next, th a reaction
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catalysed by phosphoglucamutase, glucose-—6—phosphat§ can be convertad to
gluccse-1-phosphate. Glucose-1-phosghate is a substrate for starch
synthesis (see Stxryer, 1981). Phosphoglucoisanerase and phosphogluomut;se
have not been studied in nodules. ' .

Glucose-1-phosphate can also be formed in ancther way, directly from
the sucrose breakdown product, UDFG, via UDRG pyrophosphorylase. It has

been shown that the pyrophosphate (FPi) concentration in plant cell
\

cytoplasm is quite high, thereby, making it possiblee for this
pyrophosphorylysis to occur (Stitt, 1987; Stitt et ak, 1987; Rees et al.,
1965; Black et al., 1985 a,b; Huber and Akazawa, 1986). -

Recent findings have shown that UDPS pyrophosphorylase activity is high
in both effective and ineffective nodules of soybean (Anthon, personal
cammmication). &

Breakdown of UDEG can ailso be carried out by a phosphodiesterase which
carries out the following reaction:

(3) UDFG + ﬁzo 4= glucose-1-phosphate +UMP

Either way, once glucose-l-phosphate is produced it can enter one of
two pathways: towards glycolysis or in the direction of starch synthesis
(see Preiss, 1982 a,b). The direction taken is controlled by a mmber of
factors which will be described in the next section.

(iii) Factors Involved in thé Control of Starch Biosynthesis

As well as being limited by the amount of available photosynthate,
starch biosynglgsis is also controlled by the allosterically regulated
enzyme, ADPG Wlm (see Avigad, 1982; Preiss, 1982 a,b).7'mis

enzyme has not been studied in root nodules. -




ADFG pyrophosphorylase catalyzes the foll
in the formation of ADPG, the substrate for starch synthase (an enzyme
vhich synthesizes starch).

(4) ATP + Glucose-l-phosphate = ADCPG + PPi

ADEG pyrophosphorylase is located in the amyloplast ard because of the
relatively low coxne:ntratims of PPi usually found in this organelle, the
reaction proceeds in the direction of ADPG synthesis (Gross and Rees,

1986) .

The breakdown of ADPG, when corditions favour this pathway, is most
likely carried out by ADPG phosphorylase (Dankert et al.,1964). Although if®
is not allosterically regulated, ADFG phosphorylase plays an important role
in putting ADPG back into, the hexose phosphate pool (as glucose—1-
phosphate) with re‘)iatively little loss of energy (Feingold, 1982).
Therefore, the cambined activities of both pyrophosmorylase' and
phosphorylase contribute to the ADPG concentration in the amyloplast (de
Fekete and Cardini, 1964). . ~

The controlling element in the allosteric regulation of: ADPG
pyrophosphorylase in plants/ is the ratio of 3-phosphogl¥cera(te (Paa) /
orthophoquhate (P1) (Ghosh and Preiss, 1965; Heldt et al., 1977; Preiss,
1982 a,b). When this mtio is high, as a result of a build up of glycolytic
intermediates and a high ATP level (indicated'by a low Pi pool), the ADFG
pyrophosphorylase activity is enhanced When the same ratio is low,

_ indicating a need for ATP in the cell, the pyrophosphorylase activity is

inhibited and the ADPG remaining may be converted back to glucose-1-

phosphate by the action of ADPG phosphorylase (Feingold, 1982). |
Allosteric control of ADEG pyrophospharylase varies consider;bl; with

cell type. For example, inmmis L. the ADRG pyrophosphorylase found in
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trxennm”heamceh)sismeasnyacuvatedbym”ommmdmm
form of the enzyme found in the mesophyll cells. Bundle sheath cell ADFG
" pyrophosphorylase also has a higher affinity for PGA and a lower affinity |
for Pi than the mesophyll cells. These oell—specific\dmmcteristics of,\the
pyrophosphorylase make it more likely for starch synthesis to occur in the
mesophyll than ifi the bundle sheath cells (Spilatro and Preiss, 1987).

Non—-photosynthetic plant tissue has been documented be less
sensiti;e to allosteric regqulation of ADRG pyrophosphorylase. It has been
suggested ‘that plant storage tissues have evolved towards a state of —
insensitivity to any requlation. Therefore, any carbochydrate substrates
entering the cell would be converted to starch rather than be used for
other functions (Spilatro and Preiss, 1987). '

iv) Iocation of Starch thesis and tio;
Starch metabolism in plants is m@rhmhli&d: some stages occurring
in the cytoplasm and others in the plastids (Stitt, 1987). This aspect of
caxbohydrate metabolism has not been studied in root nodules.
Starch is synthesized in plastids (including chloroplasts and
amyloplasts) while sucrose breakdown occurs in the cytoplasm. Starch
synthesis is, therefore, dependant on the transport abilities of the |
plastid membranes for the provision of substrates and removal of waste '
products (Stitt, 1987). . '
The envelopes of amyloplasts and dﬂomplaéts are similar in il/ipid
composition and ability to form galactolipids (Fishwick and Wright, 1980).

In vitro experiments have shown that the two plastid types. are
interconvertible (Aquettaz et al., 1987). Jenner (1980) has suggested that
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all features of carbohydrate metabolism in the chloroplast also apply to
the amyloplast, including transport ability.

ﬂmaret&nézamlocators in chloroplasts: one for phosphaté and cne
for sugars. meplwsphatetran;slocatornediatastheead)argebetweenpiarﬁ
tricse phosphates. The sugar translocator provides for the passage of
glucose and other sugars (but not sucrose) irrtoan\t\i“wtoftheplastid
(stitt, 1987). -

;Glucose—l'pl'wsq(ate may be transportéi into the amyloplast, althéugh it ‘
is equally possible that it is ?’::onverted to triocse phosphates before it
enters the amyloplast since triose phosphates are known to traverse the
amyloplast membrane (Heldt, 1976; Walker, 1976). It is generally believed
that the plastids and cytoplasm each have their own glycolysis, oxidative
pentose phosphate pathway and reversal of pathways, thereby, making
it possible for the triose phosphates to be converted to glucose-1-
phosphate in either location (see Preiss, 1982b).

{v) Starch Metabolism
. Relatively little work has keen done on the starch metabolism of
nodules. However, it has beenwe.ll studied in potato, spinach and maize

%

Ll

(see Preiss 1982 a,b; Jenner, 1982).

The major enzymes involved 1n the biosynthesis and degradation of
starch are the followmg ADPG pymphosphoxylase, starch symmase amylase
and starch phosphoxylase The two former enzymes are usually irnvolved in
gynthesis, ‘yhue the latter two are Mly involved in degradation
(Ckita et al., 1979; see Preiss, 1982 a,b). Phosphorylase can also be
involved in starch synthesis, a point vhich will be discussed in detail
later in this section. -
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ADFG pyréphosphorylase and starch synthase have been localized in the
plastid, while amylase and phospharylase are found in both the plastid am
the cytoplasm (Okita et al.,1979). In Dunaliella and Chlamdamonas, amylase
and phosphorylase are found only in the chloroplast (Goyal et al., 19.87).
~ The earliest report of jn vitro catalysis of (1,4) —a—glycosidic linkage
formation in plants was by Hanes (1940) who elucidated the following
reaction catalysed by starch phosphorylase.
{(5) Glucose-1-phosphate + a~-glucan primer 4
Pi+ (1,4)—a-gluoosylgiucén -
The next Significant study was carried out by Leloir et al., (/1961). )
The production of the a-glucecsidic linkages was cataiysed from .either ADPG
or UDEG. ADFG has been found tb be a better substrate for the starch
syrrth&sizingenzymeinviewogthemmw\ax. The enzyme, in this case,
is starch syfthase and it has since been found in a large number of plant
extracts (Preiss and Levi) 1979, 1980; Preiss, 1982 a,b).
The activity of the enzyme starch synthase also results in the
formation of starch fram the substrates UDPG and/or ADEG. The reaction
catalysed by starch synthase is shown below in (6).
(6) ADFG + (1,4)-a-glucan &
ADP + a-4-glucosy1—a-1 4-glucan
Starch !synﬂnsehasbeensttxiiedinawiderangeofplants (Preissand
Levi, 1979; 1980; see Preiss, 1982 a,b). This enzyme is present in plant
cells in two forms: starch bound (SBSS) and soluble (SSS), each having
samewhat different properties, although both require sugar mucleotides and i
a primer (amylose, amylopectin, glycogen or starch grarules). Both forms of
the enzyme have 15 to 30 times more affinity for ADFG than for UDFG and
both are localized in the plastid (Cardini and Frydmaf, 1966 and Frydman
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and Cardini, 1971). Neither SBESS nor SSS is likely to use UDFG ip vivo
because UDPG czmot enter the amyloplast (Antlm, perscnal communication).

stardupmsptmylasenasbemreportedtobeﬁmlvedinbotnsynumls
(Hanes, 1940; Schneider et al., 1981; Sivak et al., 1981 and Slabnik and
Prydman, 1970) and in degradation of starch-(see Preiss, 1982b). In order
for starch phosphorylase to cperate in the on of starch synthesis, a
certain concentration of glucose-1-phosphate is required, the K for
glucose-1-phosphate being 1-50 mM (see Preiss, 1982b). Often these high
levels of glucocse-l-phosphate are not present in the photosynthesizing
plant cell, where the concertrations can be 1000~fold lower than that _
required for starch phosphorylase to cperate J.n the direction of starch
synthesis (Heldt et al., 1977). Phosphate concentrations have not been
extensively studied in non-photosynthetic tissues. '

In a mmber of plants, starch phosphorylase has been localized in both

plastids and cytoplasm (de Fekete, 1966; Okita et al.,1979). In young

potato tubers which are actively synthesizing sta.l.Jd'l': starch phosphitylase
hasb:eenfourxiintheamyloplast, while in mature potato tubers the enzyme
is found only in the cytoplasm (Brisson, personal commmication).

A starch phosphorylase-inhibitor has been found which is ubiquitous in
plants. In sweet potato, this inhibitor has been localized in the

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

phosphorylase has not yet been determined (Chang and Su, 1986). Starch

phosphorylase in potato cdn also be inhibited by UDPG and amylase (see

Halmer and Bewley, 1982). S
Amylase catalyses the breakdown of starch into smaller, linear

oligosaccharides which can then be acted on by starch phosphorylase.

Interestingly, phosphorylase and amylase have been localized in both the

4
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_ cytoplasm and plastids in many plants. In view of this, it has been
proposedthatsmeofﬂmeoligosacdmaridesaretrampdrl‘ﬁimtofﬂm
amyloplast and degradation contimes in the cytoplasn by both hydrolysis
and phosphorylysis (Okita et al., 1979).

Starch metabolism of root nodules has been studied to a limited extent
in alfalfa (Duke and Henson, 1984). In alfalfa nodules, changes in amyla;e
activities were found to correlate inversely with the dxanging levels of
starch. At the sane time, phosphotylase activities shoved a positive ‘
correlation with starch. Duke and Henson (1984) interpreted these
cbservations as indicating that amylase is the most szynafor
the degradation of starch. » N

Starch is not the only type of reserve carbon in the nodule. The |
bacteroids can also store carbon in the form of poly-f-hydroxybutyrate
(PHB), although it has been shown that PHB cannct be used to support
nitrogen fixation (Wong and Evz;ms,n 1971). Because of this, it has been .
proposed that starch is the most important reserve carbon source in the

nodule (Yin and Sun, 1947).

Carbohydrate metabolism in root nodules is understood only to a véry
lmlted degree. Prior to extensive molecular su;dies, it_ is necessary to -
examine the physiclogy and biochemistry of the carbohydrate metabolism and
the related morphological changes in order to obtain a solid b;ckgrmm of
information. —

One very evident contrast- een effective and ineffective noduleg and

<between infectqdardmﬁnfectedoells is the accumilation of starch

" (ineffective nodules having more starch than éffect:ive and uninfected cells
’ } l

v ‘e
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having more starch than infected). This clear difference provides a good
starting point forﬁ camparative analysis of the bliochanical sequence of
events of x:xodule carbohydrate metabolism, -\
'nnmaerlyit_ﬁn of this study was to explore the physiology and the

biochemistry of e starch metabolism as well as the associated
morphological 1 . In the first stage of the work, whole nodules were

examined in terms of their starch content followed by a study of the T

,possible enzymes involved: in synthesizing or in degrading the starch. The

secmﬂstageinvolveéllookimagainatthestardmmtentardits

. .-
.metabolism, but this time in texrms of the roles that specific cells play. .

In view of what is known about the starch metabolism of nodules and of

plants, the following hypcrl:.hesega were made: .
(1) Starch accumlation in the nodule is related to the energy

" source/sink ratio, both at the level of the whole nodule and in terms of

L

the individual cells. -

(2) The starch content of the nodules is related to the varying
activities of the enzymes of starch metabolism in the nodule.

(3) There are two isoenzymes of starch synthase in the nodule: ane for
starch synthesis and the cther for its degradation.

In the present study, the soybean/B. japonicum interaction-was chesen
as the experimental system because determinate nodules provide tissue with
more uniform stages of develcpment than that fourd in méristematic nodules
like those of alfalfa. '

Three ineffective nodules, TS5-95, T8-1 and 61A24, allow one to lock at
factors inflpencing starch metabolism by examining situations where various
aspects of the symbiosis are altered. The three situations which I have

-
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been able to study are the gpuown;g: (1) TS-95, £ix~ (2) T8-1, fix~ bad~
(3) 61A24, f£ix~, phiS (at 18 to 20 d) (see Tables 1 and 2). E

The first part of the study involvedquantifymgﬂustaxmmlvelsin
all three ineffective nodules as well as the wildtype, ,61A76, which is the
genetic parent of T5-95 ard T8~1. The specific activitiesmof amylase,‘ -
starch phosphorylase, and the two forms of starch synthase were examined in
these nodule types’in order to elucidate events underlying the accumulation

and degradation of starch. Sucrose synthase has been localized with

immmocytochenistry, in order to determine the cell type(s) in which this
pathwa& operates. Finally, using liéht microscopy, stafi-dx was localized in
the effective and ineffective nodules. '

RN
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j@m strain 61A76 and 61A24 were cbtained meitragm Co.

. (Milwaukee) . Strains T5-95 and T8-1 were isolated following random Tn5

mitagenesis of smmcn?s (Rostas et al.,1984). The bacteria were grown
on liquid yeast extract, mannitol medfum (0.2 g K;HPO4, 0.2 g MgSOy, 0.5 g
NaCl, 1 g yeast extract, 10 g mannitol per litre of distilled water, pfl/i
aqjusbed 1\:0 6.9) and 1%‘agar with 0.1% bramothymol blue indicator at roam

temperature. h .

Blant growth conditions

Glycine max cv Prize were cbtained fram Strayer Seed farms (Iowa). The -
seeds were treated with 10% sodium hypochlorite solution for 3 min and
ri.nsed in running sterile distilled water for 15 min before inoculation.
Bacterial inoculum was prepared by harvesting late exponential phase
cultures grown in liquid medium on a rotary shaker, washﬁpthebacteria in
sterile water and concentrating 15 times before applying to\;eeds Every
set of 180 seeds was imoxl::.\ted with the rhizobia resulting from four days
of bacterial growth in 1L of liquid medium as described above. About 200
nodules would eventually establish themselves on the plant, be the inoculum
fix* or fix~. Plants were gron in a controlled enviromment chamber as
described by Fuller and Verma (1984) using autoclaved vermlmllte in
sterile pots. - ANREN

Nodules were harvested only from the oldest part of the root, since the
3y
nodule age and size in that area are approximately uniform (Morrison,
personal ‘cammnication). In the starch quantification experiment and the
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enzyme activity assays, the experiment in question was carried out three
timsforeadx\tissuetype. The nodules used in each of the three cases
came from a different harvest. The value ofthemeanarﬂ&t&ﬂax_demrof
the mean were calculated.

2

\
Relative levels of starch (expressed in te\rns of glucose units/mg

"
protein) were determined for 14 ard 21 d post infection nodules and

uninoculated roct. To comvert starch to glucose units, two aliquots of the -
sample were analysed: one in which the starch was left ifxiactardamther
in which the starch was broken down to gluccse by amyloglucosidase. The
difference between the two aliquots in terms of the presence of the
reducing sugar, glucose, represented the amount of starch in\glucosedﬁnits.
The following solutions were employed: (A) (extraction buffer)

dimethylsulfoxide:25% HCl, 4:1 (v/V), (B) 0.2M sodium citrate buffer (pH

L

10.6), (‘C) H.05md sodium citrate buffer (pH 4.6), (D) amyloglucosidase

suspension [3.2 ng in 300 pl of (C)], (B) triethanclamine uffer (pH 7.6),
(F) (co~enzyme. solution) 6mM NADP, 40mM ATP. A 5 ml aliquet of solution (a) .
was psed to esctract tle starch from 120 mg (about 10 to 12 nodules of
uniform size) “of tissue which had previcusly been ground to a powder in
liquid nitrogen. This mixture vas left at 60% for 30 min. It vas then
centrifuged at 12,000 X g for 5 min at 4°C. To 1 ml of the supernatant 6 ml
© of solution (B) vas added. Fromthis 7 ml mixture two aliquots were taken,

" ane 300 ul sample was incubated at 57°C for 20 min with 300 sl of solution
D, while another 300 ul sample was left on ice with 300 ul of solution C.
The reaction mixture contained the following: 200 ul of the extract,’ 400
pl distilled water, 300 ul solution (E), 100 ul\solution (F) and 10 4l of a
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suspension of wmkimse/qlnmse—G—pmos’;mte Adehydrogenase (Boehri)nger =
Mamnhieim) . Each sample was incubated at room temp for 1 h. Extinction was
measuwwed at 340 rm (using quartz cuvettes) both before and after addition
of the i:exokinase/glhoose-s-mosphat{e dehydrogenase (Schafer, 1983).

N \
Enzyme assays ¢
Amylase:
The specific activity of amylase was determined in 14 and 21 d nodules
and uninoculated root (units = jmol gluooseproducedperx_nin).'me assay
was carried out as described by Okita and Preiss (1980). One hundred twenty

mg of tissue were used in this protocol, again representing 10 to 12

t

nodules. The activity was measured in 1 ml reaction mixtures containing the
following: 5 my amylopectin, 40 umol sodium acetate buffer (pH 6.0) and 50
to 200 pl of the enzyme sample. The assay mix was incubated at 37°C for 0

to 30 min. Aliquots were removed at 5 min intervals. The amount of cing
sugar was quantified according to the procedure of Nelson (1944) using
glucose as a standard.

Starch phosphorylase:

The specific activity of starch phosphorylase was examined in the same .
tissue allotments as for the amylase assay. ;Iheh;hosfhoi:ylése assay was
carried out in-the direction of synthesis of starch. A 2.5 g sanple <ka
tissue (200 to 250 nodules) was ground to a powder in liquid nitrogen and
resuspended in 5 ml of the following ext:a&im buffer: 100 mM sodium
citrate (pH 6.8), 0.05% sodium bisulfite, 0.2 mM PMSF and 0.6 pl 2-
mercaptoethanol. Dmmediately after resuspension in the extraction buffer
the samples were mbcedarﬂplyaoedm ice. The suspension was then
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centrifuged at 12,000 X g for' S min. The resulting supernatant was used for
assay. For each 0.2 nml sample of extract the following substrate

solution was prepared: 0.1 M sodium citrate (pH 6.8), 2% starch, and 0.15 M
glucose—-1-1hospnate. The starch was dissolved in the buffer by heating in a
1000c water bath. A 0.2 ml sample of the extract and a 0.2 ml sample of the
substrate were each preincubated separately for 1 min at 30°C, After 1 min,
the two solutions were mixed and returned to 30°C. At time "O" a 20 pl
sample was taken and sampling continued every min for 10 min. Samples were
placed directly into a tube containing‘the following mixture: 1.5 ml water,;
1.5 ml metavanadate/molybdate solution and 3 ml n-butanol. )’I’}ie extinction /
of the organic phase was measured at 310 nm using quartz cuvettes.
Potassium phosphate was used as a standard. The protocol was modified by
Brisson (personal commnication) from that in Parvin and Smith (1969).

7

Starch synthase:

The assay of starch synthase was carried out in the direction of starch
synthesis. One ADP unit is produced per addition of 01'19 glucosyl to starch.
Upon addition of PEP and pyruvate kinase to the reaction mixture, the PEP
phosphorylates ADP to ATP. Of PEP, pyruvate remains: the concen'tration of
pyruvate being in a 1:1 ratio with the amount of ADP. The following assay
is designed to measife the relative concentration§ of pyruvate as an ,
indication-of starch synthase activity. -

The extraction procedure involved the grinding of 0.2 g of tissue
(about 18 nodules) to a powder in liquid nitrogen. ‘Ihepwdelrwasﬂ'aen“
resuspended in 0.4 ml of water, filtered through two layers of Miracloth.

and centrifuged at 2,500 X g for 10 min. The supernatant was then removed
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ard saved (as it containg the SSS). The pellet was resuspended in 0.4 ml .
water (containing the SBSS) (see Baxter and Duffus, 1971).

The reaction mix contained the following: 0.3 pmol ADPG, 0.1 ol
EDTA, 40 umoi glycine buffer (pH 8.4), 0.1 ml enzyme preparation and water
to 0.4 ml (Hawker et al., 1974). Phosphoenolpyruvate (PEP) in 0.4 M KCl
(0.025 ml) was then added to the 'reaction mixture. Immediately following, 1
unit of pyruvate kinase in 0.1 M MgSO, was added and mixed. The reaction
mixture was incubated at 37°C for 0, 5, 10, 15 and 30 min. Pyruvate was °
used as a standard with a range of 10 to 60 ug (per tube). To each'reaction
tube, 0.15 ml of 0.1% 2,4-dinitrophenylhydrazine in 2N HCl was added, mixed
and left at room temp fzr 5 min. Finally, 0.2 ml of 10M NaOH with 1.1 ml
95% ethanol was added, mixed and centrifuged to remove debris. The
absorbance was measured at 520 rm using plastic disposable cuvettes. The
protocol for estimation of ADP was modified from Leloir and Goldembery
(1960) ex’cludmg any steps necessary for blood (Farkas, personal
cammnication). '

Light microscopy: ‘
(A) Paraffin-embedded material

Whole or half nodules were fixed in 5 ml of
formalin-acetic acid-alcchol (FAA) (50% ethanol, 90 ml; glacial acetic
acid, 5 ml; 38% formaldehyde, 5 ml) for 24 h at 47C. The tisSue was then
rinsed 3 times in 50% ethanol and treated f%raminim.nnofshwith each of
following series of solutions: TBA 1 (50 ml distilled water, 40 ml 95%
ethanol, 10 ml tertiary butyl alcohol (TEA)), TEA 2 ( 30 ml distilled water,
50 ml 95% ethanol and 20 ml TBA), TBA 3 ( 15 ml distilled water, 50 ml 95%
ethanol and 35 ml TBA), TBA 4 (45 ml 95% ethanol and 55 ml TEA) and THA 5 .
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(75 ml TBA and 25 ml 100% ethanol). After exposure to this series of.
solutions, the tlssue was placed in pure TBA at 379, pure TBA at 619c,
TBA: paraffin wax (1:1) at 619C and, finally, pure paraffin wax at 61°C
repeated 2 times. At this point the tissue was embedded in paraffin wax.
meblockswerec.ztintoe;m«_sections on a A.O. Spencer Rotary 820
microtome. The sections were m;}nted anto glass slides by first placing 2
drops of Haupt's :aldhesive on the clean slide followed by 6 drops of 43‘k
fqnnalin“'m; ribbons produced by sectlonn/ag were placed onto this mixture
and the slides were placed on a warming tray at 600C for a few seconds. The
excess fluid was subsequently drained and the slides were then placed in a
379C oven to dry for 12 to 24 h.

The sections were then deparaffined by placing the slides in the
following solutions, for a period of 5 m.m each: 2 times 100% xylene,
Xylene/ethanol (1:1), 100% ethanol, 95% ethanol, 70% ethanol, and 50%
ethanol. The sections were then stained specifically for starch -in the
following manner: Gram's iodine, 15 min; 2 times 10-min icdine rinse (2%
iodine in 100% ethanol); hematoxylin, 10 min, 10 s in acidified water and \
aqueous safranin 5 min. Gram's iocdine is specific for starch (see 'Peax‘:se, - ‘
1954) . Hematoxylin and safranin were used for backgrourd staining. The
sections were then'cleared: 50% ethanol 5 min, 70% ethanol 5 min.,95%
ethanol 1 min, 100% ethanol 30 s, xylene/ethanol (1:1) 30 s, 100% xylens 30
s. The cover slip was placed on slides still wet with xylene using D.P.X. *
(BCH) to secure it. The slides were then placed on a 609C warming tray
cvernightarxithenobsen;edmd‘erthemicroscope. . .
(B) Plastic embedding for high magnification studies.

Small pieces of tissue (0.5-1 mm were fixed in 3% glutaraldehyde in'0.1

M sodium phosphate kuffer (pH 7.2). The specimens were then washed in cold

(
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(4°C) buffer 6X, each wash lasting 10 min. The tissue was then dehydrated
in ethanol and embedded in Spurr's ‘epoxy resin (Spurr, 1969)° The blocks
were sectioned on a Porter-Blum ultramicrotome MI~1 (Sorvall) to obtain 1.5
(m thick sections using a glass knife. Sections were mounted individually
onto water droplets on glass slides. After drying, the

stained with a mixture of Azure IT and methylene blue
1985) at 700Cc. The slides were then rinsed with disti water and a cover

slip was placed on top as described above.

Electron microscopy:

The tissue was fixed as described above, for plasti‘c embedding, the
only difference being that it was done on ice. Three plastics ‘(Spun', IR
white and Lowicryl) were tested in order to find the one best suited to the
antigenicity of the given aﬁgm under examination. Lowicryl K4M was found
to give the best results when used as ocutlined in lacoste~Royal and Gikbs
(1985) . The first stage was dehydration of the tissue using the following
series of éthanol solutions: 25% ethanol, 2 times 15 min at -5°C; 50%
ethanol, 3 times 20 min at -189C; 75% ethancl, 3 times 20 min at -18°C and
95% ethanol, 3 times 30 min. at -18°C. The infiltration sene; was carried
out next: 95% ethanol:resin 2:1, 1 hour; 1:1, overnight; 1:2, 2 times 120
min. and pure resin overnight all at -18°C. 'n'le"tissue was then embedded in
pure resin (first equilibrated at -18°C for 15 min) in BEEM capsules.’
Polyuefization .was carried out in the following way:' 24 hours at -18°C and
1 to 2 d at rocm temp, both durations being under’ UV light (General
Electric lamp# F1). {T

The immnocytochemical analysis was carried out as described below.
Pf;le gold sectiaons were picked up gﬁ Formvar-coated nickel grids and placed

i

/
7
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‘ \ (section side down) cn the following series of solutians (1 drop each): '
phosphate buffered saline (PBS), 15 min; antibody diluted 1:1000 in PBS, 30
min; protein A gold diluted 1:10 in PBS, 30 min. All steps were done at |
roan temp. The sections were post stained in 2% uranyl acetate pricf to
electron microscopy. The procedure described above is from Mangeney and
Gibbs (1987). The antibody made against nodule-specific sucrose synthasa or
nodulin 100 (anti-nodulin 100) was made as described in Thumler ard Verma
(1987) . The anti-potato starch phosphorylase (anti-PSP) was a gift from N.
Brisson of l'Université de Momtréal.

b
W blotti and j o-detection o : .

Proteins.were resolved on denaturing polyacrylamide g'radient gels
(ranging fram 7.5 to 15% acrylemide) ( Laemmli, 1970). Each lane was loaded
with Eo ug of protein. Two gels were prepared, one stained with Cwmésie
brilliant blue and the other used for the Western blotting. The procedure
for the Western blot involved transfer of prote’ins bnto nitrocellulose
(0.45 ym) and using the buffer system described by Burnette (1981).
Incubation of antisera (diluted 1:100 in tris buffered saline (TBS)) with
blots and detection of the antigen/antibody camplexes with iodinated

' protein A were done as described by -Davis et al. (1983). Staphlococcus
aureus protein A (Boehringer Mannheim) was icdinated using the procedure of
, Langone (1980).

1 .
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and of uninoculated root are shown in Figure 2. In 14 d wildtype nodules,

.-
$N
.

’ 33

N

VA

Starch guantification:

The starch quantification data for effective and ineffective nodules

26 umles glucose equivalents of starch were present. In all types of 14 d
heféective nodules, the levels of starch were lower than levels found in
the 14 d wildtype nodules, T5-95, T8-1 and 611;24 each having 12, 8 and 24 -
imoles of glucose equivalents, respectively. From 14 to 21 d post-
infection, the starch levels decreased in wildtype nodules by about 80%. On
the other w, it increased in all ineffective nodules, by 80% in T5-95,
by 165% in T8-1 and by about 1200% 1n 61A24 infected nodules. The starch
level of uninoculated root was 70 umoles of glucose equivalents and was,
thus, ’higher than that in any nodule except in 21d nodules of 61A24
infected roots. The values shown in Figure 2 represent‘the mean of three
replicates each’'of which deviated from the mean by less than 10%.
Enzyme assays:
(1) Amylase

Specific activities of amylase Of effective and ineffective nodules and

1 ' °

of uninoculated root are shown in Figure 3. The amylase specific activity

decreased from the 14'to the 21 d samples by just over 40% in 61A76, by 20%

in-T5-95 and by just over 65% in T8-1 nodules. The only nodule type which

[ 4
showed an increase was 61A24, of about 35%. One striking aspect of the
amylase data was the relatively high levels of the enzyme found in 14 d T8-
1 nodules, about 330% higher than that found in the wildtype nodules of the
same age. The other 2 ineffective nodules, TS-95 and 61A24, also had levels
higher than that found in the wildtype at 14 d, but only by 35% and 30%,
respectively. At 21 days, the level of amylase activity in the

i

=
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Fiqure 2: Relative starch content (expressed in gluccse units/mg
protein) in nodules 14 and 21 d post-infection and in tninoculated
roct. 'Ih; tissue types are as follows (referring to the infecting
bacterium in each case) :a A=61A76, B=‘I‘5-§5, C=T8-1, D=61A24 and
R=xm;1'.noculated root.

<3
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Figure 3: Specific activity. of amylase in 14 and 21 d nodules and

{ oo i
uninoculated root (units= umol gluccse produced per min per mg protein).

The. tissue types are as follows (referring to the infecting bacterium in
each tase): A=61A76, B=TS-95, C=T8-1, D=61A24 and Reunincculated root.
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‘ ~ ineffective nodules was again higher than that found in the effective
nodules of the same age by: 90% in TS-95, just over 150% in T8-1 and 200%
in 61A24 nodt%las The specific activities of uninoculated rooct' were very
low, being aba'.lt 1/3 of that found in the 21 4 wildtype nodulues. The va'lues
shown in Figure 3 represent the mean of three replicates each of which
deviated from the mean by less than 10%.
(ii) Starch Phosphorylase
Specific activity of starch phosphorylase in effective and ineffective
nodules and uninoculated root is presented in Figure 4. Starch
phosphorylase specific activity increased from the 14 to 21 d samples by
“about 80% in the wildtype, by more than 95;6% in T5-95, by 135% in T8-1 and
by more than 540% in 61A24 nodules. At 14 d, the wildtype had the highest
relative activity, 70% more than that found in TS-95, about 70% more than
' in T8-1 and about 20% more than that found ip 61A24 nodules. At 21 d, this
situation was reversed for T5-95 and 61A24 nodules, each having about 70%
and 180% more phosphorylase activity than the wildtype counterpart,
respectively. The 21 d T8-1 nodules had about 1/2 the activi;:y of the
wildtype nodules of the same age. The level in uninfected root wés also
Tow, having roughly 1/2 the activity of the 21 d wildtype nodules. The
values shown in Figure 4 regrwent the mean of %lmplicates each of which
deviated from the mean by less than 10%. '
(iii) Synthase -
(a) SBSS

7

The sp:ecific activities of SBSS of effegtive and ineffective nodules
arﬂmimwlatedmot;feshmminﬂgtm;s.-mmingﬂxetﬁmbetwemmm

21 d post-infection, the wildtype and T8-1 nodules showed decreases (from

0 14 to 21 d) of about 75% and 25%, respectively. Conversely, the T5-95 and




39

}
Eloure 4: Speciffg activity of starch phosphorylase in 14 and 21 d
nodules and uninoculated root (units= n mol phosphate released per min
per mg protein). The tissue types are as follows (referring to the
infecting bacterium in each case): A=61A76, B=T5-95, C=T8-1, D=61A24 and
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£
Eiqure 5 Spdcific activity of SBSS in 14 and 21 d nodules and
uﬂnomlated root (units= mmol pyruvate produced per min per my

" protein). The tissue types are as follows (referring to the infecting

bacterium in each case): A=61A76, B=T5-95, C=T8~1, D=61A24 and
Reuninoculated root.
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61A24 nodules showed jncreases (fram 14 to 21 d) of about 40% and 45%,
respectively. At 14 d, both the TS5-95 and 61A24 nodules had levels of
specific activity similar to the wildtype nodules of the same age. The T8-1
nodules, at 14 d, had an activity level 70% higher than the wildtype:
nodules of the same age. At 21 d post—infection,l all the ineffective
nt;dules had higher activity levels than the wildtype of the same age by:
450% for T5-95 and T8-1 and 550% for 61A24. The uninfected root level was
intermediate between the effective and ineffective situation at 21 4, being
125% more than that of the 21 4 wildtype. The values shown in Figure '5
vebmsent the mean of 3 replicates each of which deviated from the mean by
less than 10%.

(b) sss:

Specific activity of SSS of effective and ineffective nodulei and
uninoculated root is shown in Figure 6. An inv:rease of about 65% ' in the
specific activity of SS synthase was observed frun the 14 to 21 d samples
of wildtype nodules. A decrease of just over 15% was cbserved in T5-95
nodules fram 14 to 21 d post-infection. Both T8-1- and 61A24- infected
nodules appeared to maintain constant levels of activity at both 14 and 21
d. At 14 days, both the TS-95 and 61A24 nodules had higher levels of
activity than the wildtype, by about 50% and about 65%, respectively. The
14 d wildtype nodules had about 25% more specific activity than that found
in T8-1 nodules of the same age. At 21 4, the wildtype had about 25% and
55% more activity than T5-95 and-T8-1 nodules, respectively. The 21 d 61A24
nodules had a similar enzyme activity as in the wildtype nodules of the
same age. The 21 d wildtype nodules had about 70% less activity than did
the uninoculated root. The values shown in Figure 6 represent the mean of 3
replicates each of which deviated from the mean by less than 10%. The data
presentet_i_in Figures 2 to 6 are sumarized in Table 3.
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Figure 6: Specific activity of SS6 in 14 and 21 d nodules and
uninoculated root (units= umol pyruvate produced per min per mg of
protein). The tissue types are as follows (referring to the infecting
bacterium in each case) : A<61A76, B=T5-95, C=T8-1, D=61A24 ard.

Y

R=uninocculated root.
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Table 3. A summary of the results presented in Figures 2 to 6.
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Table 3: Sumary of the levels of starch and the specific activities
of amylase, starch phosphorylase, SBS synthase and SS synthase in
nodules formed by different strains of B.japonicum and uninoculated
root. All lwelsamacpressedzelaﬁvemﬂﬁttqu in 21 4 nodules
infected with wildtype B.japonicum (strain 61A76) which represents
ane unit. Any value going beyond the 6th level is accampanied by an

arrow (t).
.A\ “

Strain of st Am} SP SBSS Sss
B.Japonicum
61A76 14 d 5 2 < 4 <
21 4 1 1 1l 1 1
T™5~95 14 4 2 2 <l 4 1
21 d 4 2 2 6 <1
™-1 14 4d 2 6(t) <1 6(t) <1
21 d 5 3 <1l 6 . <1
61A24 14 4 = 5 ¥ 2 <1l 5 1l g
21 d 6(t) 3 3 6(t) 1
uninoculated 6(t) <1 <1 2 2
root l ,
1 \ 4
*.
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presented in Figure 8 are also indicated in Figure 7.

48

Protein profiles cbtained with SDS-PAGE and staining with Coomassie
Brilliant Blue are shown in Figure 7. I.eghemqldoin (Ib) bands are

.indicated (as "leg"). All the proteins refered to in the autoradiograph

Reaction of protein bands with the antibody was identical for effective
and ineffective nodule extracts. For this reason the ineffective lanes are
not shown in Figure 8.

In Figure 8 (lane b)|faint bands are apparent at 52 arnd 59 kDa which

seem to correspord to bands at the same molecular weights in the potato
lane (d). The 66 kDa . | (fourth arrow from the top) was distinctly

present in the 14 d soybdan nodule lanes and there was also a faint band at
|

66 kDa in lane b (containing the 21 d wildtype nodule extract). The 76 kDa
(third arrow fram the top) band was present again, in the 14 d soybean .

nodule lanes and very faintly in the 21 d lanes. The 87 kDa band (secord

arrow from the top) was present at relatively high levels in all nodule -

lanes and at a lower level inméxmﬁmnatedrootlane._me 105 kba band -
(top arrow) was present at a low level in lanes A and B (14 and 21 d

nodules, respectively) and at a high level in the potato lane (D). This
bardwasextranelyfaﬁrtinﬂxemimlatedmotiane (©).

Iocalization of sucmse synthase

Figures 9 aja/.nd b show nodule specific sucrose synthase localized in 18
d effectlve nodules using protein A gold. The grouping of gold particles
indicated thatthaenzymeispresmtinthecytoplasmofboth infected and
uninfected cells. >
Location of starch-
(i) whole nodule: ‘ |

Figure 10 shows cross sections of 21 d ef_:ect_:ive (a) and ineffective
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Fioure 7: SDS-PAGE gel stained with ie brilliant blue. Markers
s‘hcwn' in the far left hand lane represent the following molecular
weights, starting at the top (x103): 92, 66, 45, 31, 21.5, and 14.4.
Each lane was loaded with 60 ug of protein from the following tissue
types (the first eight lanes being nodule) 1: 14d 61A76, 2: 21d 61476,
3: 14d T5-95, 4: 21d T5-95, 5: 14d 61A24, 6: 21d 61A24, 7: 14d T8-1, 8:
21d- T8-1, 9: uninoculated rocot and 10: mature potato tuber. Arrow heads
represent proteins of the same molecular weight as those refered to in

Figure 8 and in the text.
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4

Fiaure 8: Wm of protein homologous to potato starch
phosphorylase. SDS—gel pattern of proteins (prepared exactly as shown in
Fig.7, but without Cocmassie staining) identicafto those present in
la;zes 1,2,9 and 10 now represented as a,b,c ard 4, respectively, each
lane containing protein from the following nodules as listed: a, 14 d
61A76; bi21 d 61A76; C, uninoculated Toct and d, mature potato tuber.
These proteins from the gel were transferred to nitrocellulose and -
incubated with antisera made against PSP. Antigen-antibody camplexes
were detected using (125 I) protein A and autoradiography. Arrow heads
represent protein bands discussed in the text and correspond to
similarly ordered arrowheads in Figure 7. The results from the
ineffective lanes were not included because the protein from the 14 and
21 d reacted to the anti-PSP in exactly the same way as the 14 and 21 d

effective nodules, respectively.
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Floure 9: Immunocytochemical localization of nodule-specific sucrose
synthase on thin sections of 18 d wildtype nodules. Sections were
incubated with “anti-nodu.:l.in 100. - Specific labelling with gold particles
was cbserved in the cytoplasm of both infected (IC) and uninfected (UC)
cells. Gold was sparse or absent in the phm, pbf, bact;mids (b),
vacuoles (V), peroxysomes (p), amyloplasts (A) or starch grains (St).
Paﬁel (a), aninfectedandtminfectadc_:ell side by side and (b), the
intercellular space (IS): Bar=1 /. '
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Figure 10: Cross sections of 21 d effective (a) and ineffective (b)
nodules. The following cell types are shown: cortical (cC), interstitial
uninfected (UC), peripheral (PC), infected (IC) and the following:
vascular hundles (Vb), infected zone (IZ) and thick walled sclerenchyma
(Sc). Magnification= 50 X.
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(infected with the 61A24 strain of B.japonicum) (b) nodules. The most
visible difference was the absence of bacteroids in (b). Whole nodule
sections were stained with hematoxylin/safranin
(i) Low magnificat::im studies:

Sections made from paraffin embedded material are shown in Fig 11 a -
h. Thick sections of this material show:ed large populations of -cells for
determination of the location of starch in the nqdule as a whole. )

The sectiaons of the 14 d 61A76 nodules (a) indicated that starch was

present in uninfected cells both at the outer edge of the central group of
infected cells and in cells interpersed amongst the infected cells (see
Figure 9 for definition of these areas). Very little starch was apparent in
the cortical cells and in the immediate vicinity of the vascular bundles.
The 21 d wildtype nodules (b) showed a similar pattern except there was
mach léss starch in the interstitial uninfected cells and again very little
starch was found int.heo?rtexofthenodule.

At 14 4, the T5-95 nodules (c) did show an accumulation
of starch, mainly in uninfected cells close to the large vascular bundles.
Starch was apparent both at the outer edge of the core and interstitially
in patches. At 21 d, these nodules (d) showed a very distinct absence of
starch in the core cells and a clear layer of starch containing cells at
the outer periphery. Same starch was found in the cortical cells (at a
higher level than that found at 14 d), although, the amount was low
relative to the other nodule types.

In 14 4 T8-1 es (e) there was little starch accaumilation.
Sections of the 21{d T8-1 nodules (f) showed an accumulation of,starch
mainly in the gorticai cells. There was an abundance of relatively large
cells containing sizable mxlei in the center of the nodule which were

©

found to be devoid of starch.
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Figure 11: Cross section of paraffin-embedded tissues qf 14 and 21 d
nodules stained with a cambination of hematoxylin/safranin and Gram's
icdine. The following legend applies: infected cell {IC), uninfected
cell (UC), peripheral cells (PC), vascular burdle (Vb), cortical cells
(CC), mucleus of infected cells (N), infected zone (IZ) and starch (St).
(a) 14 4 61A76 (b) 21 d 6176 (c) 14 d T5-95 (d) 21 d T5-95 (e) 14 4 T8~

1, (f) 21 4 T8-1 (g) 14 d 61A24 ard (h) 21 d 61A24 infected nodules.
Magnification= 140 X.
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' The 61A24 nodules had a large amount of starch in the uninfected cells
att.heperiphe:yoftheudmdules (g9). Amxd;lowe.rlevel of starch was
apparent in the interstitialminfectedcens. Staﬁcdxwasalsofm in the

e

cortical cells. At21daysthesemdules (h) had an abundance of starch in

all cell types. .

(iii) High magnification studies: .

. Figures ;2 a- h are micrographs of cross sections of plaétic—embedded
tissue magnified 1,400 X. Plastic-embedding allows thinner sections which
can be cbserved at high resolution. The stain used in this case,
differentiates the following: starch (light or dark blue) in éontrast to
the bacteroids (dark purple) and the.nuclei (1jight purple).

At 14 4, the wildtype nodules (a) had large amyloplasts in the
uninfected cells. There was also a substantial mmber of these "starch
positive" (blue) bodies, although smaller, at the outer periphery of the
infected cells. At 21 days these nodules (b) have a distinct absence of
starch in the infected cells. Upon observing a number of sections from
different nodules, only very rarely were small starch positive bodies
famdatthewteredge of the 21 d nodules. Amtherdlfferencebetween the
14 and 21 d wildtype nodules is that the amyloplasts in younger nodules
were stained a light bl;,le with scattered, interior deep blue granules while

u

at 2% d most of the amyloplast was deep blue.

'Very little starch was apparent n‘fthe 14 d T5-95 nodules (c). At 21 4,
the level ofstardnintheTS—QSmdulasappearedtohavemcreased
scmamat although, as in the wildtype nodules, there was a distinct lack
of starch in the infected cells. The starch in 21 d nodules (d) stained

light blue and very few deep blue'staining regions were evident. -

sl
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Ficure 12: Crouss sections (1.5 pm thick) of plastic-embedded material.
Staining was carried cut using a combination of azure II and methylene
blue. The following legend applies: infected cell (IC), uninfected cell
(UC), mucleus (N), starch (St), vacuoles (V), bacteroids (b) and
mucleolus of the infected cell (No). (a) 14d 61A76 (b) 21d 61A76 (c) 14d
TS5-95 (d) 21 d T5~95 (e) 14 d T8-1 (£) 21 d T8~1 (g) 14 4 61A24 (h) 21 &

61A24 infected nodules. Magnification= 1400X. -
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THE QUALITY OF. THIS MICROFICHE .

IS HEAVILY DEPENDENT UPON THE
QUALITY OF THE THESIS SUBMITTED
FOR MICROFILMING.

UNFORTUNATELY THE- COLOURED

ILLUSTRATIONS OF THIS THESIS
CAN ONLY YIELD DIFFERENT TONES
OF GREY.

LA QUALITE DE CETTE MICROFICHE
DEPEND GRANDEMENT DE LA QUALITE DE LA
THESE SOUMISE AU MICROFILMAGE.

MALHEUREUSEMENT LES DIFFERENTES
ILLUSTRATIONS EN COULEURS DE CETTE
THESE NE PEUVENT DONNER QUE DES
TEINTES DE GRIS.
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Reiat;‘.vely‘little starch was present in the 14 4 T8-1 nodules (a),
while in the 21 d nodules (f) starch was present in the cells with both
large and small nuclei. The 61A24 méules had relatively large amounts of
deep blue staining starch in the uninfected cells of the 14 d nodules (g).
at 21 d (h), a similar pattern f}‘sievident, although some cells seemed to be
distinctly empty. Starch was absent even in cells with signs oéphm
breakdown.

s
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Starch levels decreased in effective nodules and increased in
ineffective nodules from 14 to 21 d ?oqt—infectim. This difference between
effective and ineffective nodules may be interpreted in terms of the energy
sink and source present in each nodule type.

Effective nodules, in which }Jx.mgen fixation is known to be maximal
fram 16 d post~infection until senescence, have a well-established energy
sink by 21 d (Lawn and Brun, 1974). The carbchydrate requirements of this
energy sink could explain the disappearance of the starch from these
particular nodules. |

The increase in starch content of the ineffective nodules could have
been due to a relatively small ene.ngyh ;ink because of the lack of nitrogen
fixation. ‘Excess sucrose (beyond that required for cellular n\ainterxar;ce) in
masenodulwwasprobablyomvertedt;sm'mmérumbengdi/rected ,
Wthel@cycleasitmﬂdbehthenitrogen flxmgnoduleﬁ

The amount of available carbohydrate in nodules is partly determined b)lr/
the activity of sucrose synthase (Anthon, personal cammunication). "Ihmm;ler
and Verma (1987) have shown that sucrose synthase activity is high in 10,
14 and 21 d effective and ineffective nodules, but is low in senescent ” .
nodules. All thenodul&suiedintlﬁssuﬁywerepresmwdtohavehadhigh
sucrose synthase activity. The possibility that 61A24 nodules, due to
senescent-like behaviour, had low sucrose synthase activit§ J.S unlikely,
since it accumilated high levels of stan;h

The increase of 1200% in starch content of 61A24 nodules from 14 to 21
dpost-infectimvésnudmlaxqerthanthe .'i.l'\t:reasasfa.lrx'iJ'.l'ltl'AeO’(:herﬂ

A
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ineffective nodules. It may be that either the 61A24 nodules received more
su:roseorthe'ls—és and T8-1 nodules metabolised same of the excess
sﬁ&eﬁst&dofs@rim it as starch. The band of peripheral oeils
(Tjepkema and Yocum, 1974) may have had a role in this differentiated
storage of starch by allowing more sucrose through in the 61A24 nodules or
by limiting the entry of sucrose into the T5-95 and T8-1 nodules.

. The starxch content of the uninoculated root was relatively high (Fig
1). ‘I‘hisismt\unusual since starch is caomonly found to accumulate in the
roots of most plants (see Preiss, 1982b) and soybean is not an exception
(Yin and Su:u, 1947).

Starch quantities in 14 d ineffective nodules were found to be lower
than their wildtype counterparts probably b@a/use of the generally slower

development of the ineffective nodules (Morrison, personal communication).

Enzymes of Starch Metabolism
Table 3 is a summary of the levels of starch and specific activities

of amylase, starch phosphorylase, and two forms of starch synthase found in
this study . In interpreting the activity patterns in relation to the
starch content of these nodules each nodule type was considered separately.
Soluble starch synthase activity in the nodule was- interpreted apart from
the other enzymes because of its consistently low activity in nodules
compared to uninoculated root. {

© - In effective (wildtype) nodules, specific activities of amylase
decreased from 14 to 21 d post-infection, while phosphorylase activity -~ ..
increased. At the same time, starch levéls decreased by 80%. This pattern
is contrary to that found in effective alfalfa root nodules where amylase

activities were found to correlate inversely with starch, vwhile
¢ ’ .
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phosphorylase activities have a posiéive correlation (seé Duke and Henson,,
1984). This discrepancy in enzyme activity pattemns between soybean and
alfalfa nodules may be because the former are determinate and the latter
meristematic.

The changes in starch content and the associated activities of amylase
and phosphorylase in effective nodules are in conformity with observations
on other plants (Okita et al., 1979). According to a theory developed by
Okita et al (1979), amylase acts first on the starch to break it down into
smaller oligosaccharides; phosphorylase then continues the process finally
producirg glucose-1-phosphate. This may well explain the pattern of amylase

-and phosphorylase activity in effective nodules. .

The decrease in SBSS activity fram 14 to 21 d in the wildtype noduleﬁ
is positively correlated with the concurrent depletion of starch. If
reduced activity of SBSS reflects reduced synthesis, then it may have been
to the cell's advant%ge since the enzyme's substrate supply is probably
limited by the allosterically controlled activity of ADPG pyrophosphor}slase
(which is inhibited when the cell needs ATP) . Energy would, therefore,’ not
be wasted on the production of an enzyme which was not being used.

In TS-95 Poduls, the increased SBSS activity fram 14 to 21 d post-
infection, Bxéy explaiin; at least in part, the increase in starch content
over the same time period. The large increase in phosphorylase activity was
also in positive correlation with the starch level change irPlicating a
role for starch phosphorylase in 'starch synthesis—a possibility which will
be further clarified in the discussion of the 61A24 nodules. The decreased
amylase activity from 14 to 21 d post-infection could have contributed to a
decraa;e in starch degradation leading to the cbserved increase in starch
m; . , ,
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The relatively high levels of amylase activity in 14 d T8-1 nodules
could have been due to the absence of a control mechanism for arylase -
production at the level of protein synthesis. The subsequent decrease of
amylase activity at 21 d may have been due to decreased synthesis of the
enzyme possibly because of limited smpplies ‘of substrates for protein .
synthesis. Decreased production of the enzyme is enezgetically advantageous
for the cell \because, with the lowered energy sink characteristic of fix-
nodules, starch breakdown was probably not needed anyway.

In all mduletyp&cwlemtlxebactexoidswerereieased fram the
infection thread (wildtype, T5-95 and T8-1)’ the level of phosphorylase
activity at 21d post-infection was high, while it was much lower in the T8~
1 nodules of the same age. Possibly, the presence of the bacteroids inside
the cell may have been necessary f;ar the activation of high levels of
phosphorylase éc_:tivity, although more work is required to pr;ve this.

Similar to what has been proposed for the TS5-95 nodules, the elevated
levels of SBSS activity may have contributed to the high starch content in
the T8-1 nodules at 21 d post-infection.

In 61A24 nodules, the activities of amylase, phosphorylase and SBS
synthase increased along with elevation of starch levels from 14 to 21 d
post-infection. Interestingly, theuxrease of SBSS activity in 61A24
nodules was not drastically different from that found in the cther
ineffective nodules despite the massive accumilation of starch in these
naturally occuring nodules. Starch baund starch synthase, therefore, may
not have been the only enzyme involved-in starch synthesis in the 61A24
nodules. Phosphorylase may be involved since it synthesizes starch in other
plants (Hanes, 1940; Scimeider et al., 1961; Sivak et al., 1981; Slabnik-

and Frydman, 1970), whereas, amylase does not (see Preiss, 1982 a,b).




. have been possible in the contained envirorment of the amyloplast.

'Mportant.AbasalleveloftheSSSmayhavebeen*nws’sérymtheno(dule, %

70
+ Starch phosphorylase exhibited intriguing behavior, its activity

increasing in parallel to both increasing (in TS-~95 and 61A24 nocules) ard
decreasing (in wildtype) levels of starch content fram 14 to 21 d post-
infecticn. The dbvious reconcilation of this contradiction is that starch
phosphorylase has two roles of both synthesis and degraéation. At the
manent, this statement is speculation and more work is needed to provide
proof for the apparent double fv.zr'x:t:ioning:B of starch phosphorylase.

Pm;sphorylase may have prcmted\ starch synthesis only if sufficient
amounts of glucose-1-phosphate were present to satisfy the Ku reqn_rements
of the phosphorylase enzyme (see Preiss, 1982b)'. Although a high
Mtim of glucocse-l~phosphate was unlikely in the cytoplasm, it may

In ail nodule types, SSS activity was consistently lower than that
fourd in the uninoculated root which may indicate that SSS plays a lazge.'\r
part in starch synthesis in ti rodt than it does in the nodule.

Althouh SSS activity was not high in the nodules, it could still be

possibly providing primers for the initiation of starch synthesis (Hawker .
et al., 1974; Preiss et al., 1982b).

- Q ? ‘ '

1

The amino acid sequence of starch phosphorylase is known and has been

Eagﬁ to be conserved in a wide range of ‘crganisms. -For example, (the potato
enzyme shovs 51% and 40% hamolagy with those of E.coli and rabbit miscle,
respectively (Nakano ard fulef, 1986), Thus, it was not swprising that r
antibody made against potato starch phosphorylase reacted With the soybean

{
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In yong potato tubers, a single band at 105 kDa reacts with the anti-
PSP (Brisson, personal communication). Mature potato tubar.sanples, in
cantrast, contain a prominent 105“kmband as well as a number of
degradation products. Brisson (personal cammnication) has proposed that
these degradation p are very specific for the various stages of
progressive maturatiaon Hf potato tubers. One can speculate that the lower

. )
. bands in lanes a and b of Figure 7 represented degradation products.

\ A 105 kDa band was found in the nodule sanples, but not in the sample

from uninoculated root. Possibly, the 105 KDa band represented a nodule-
specific form of stax;c‘ﬁ'\phosmoxylase, but more work is required to prove
m specullatjibn can be made along this line. Since the anti-PSP
also reacted with an !87 kDa band in nodule and root samples as well as with
the 105 kDa band in t;:he nodules, the two proteins differing in molecular
weight may represent 'two cross-reacting isoenzymes of starch phosphorylase.
The 87-kDa band rieacted stm@ly with the antibody in the 14 day
nodule tissue despite the low levels of starch phosphorylase specific
activity at the same time point (see Fig.4). The 87 kDa band may,
therefore, have been a degradation product of starch phosphorylase.
Protein samples from all types of ineffective nodules were found to
react with anti-psp in the same raner as the wildtype protein
counterparts. Two possible explanations for this may be: (a) while the
protein was present in all nodule types, it was active in some and
inactive in others; (b) other iscenzymes may also exist which do not cross
react with the anti-PSP. '
There is also the possibility that one form of phosphorylase was

1

specific to the amyloplast and one to the cyt}plasm This speculation is
. k]

v
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substantiated by what happens in spinach leaf wheresthere are two forms of
starch phosphorylase, one form in the chloroplast ar%another in the
cytoplasm, the two forms showing little cmss—reactivn:y (Schachtele and
Steup, 1986; Steup and Schachtele, 1986). The same may be true for soybean
nodules.

overall, the results fram the Western blot suggest that there was more
starch phosphorylase in nodules than in uninoculated root. At least part of
this differe:rpe c;Jqld be due to a nodule-specific form of this enzyme.

Subcellular location of Sucrose Synthase -

';)e nodule specific form of sucrose synthase (nodulin 100) was found to
be present’ in the cytoplasm of both infected and uninfected cblls (see Fig.
9a and b) . This suggests that sucrose synthase acts in both cell types, but
more cell-specific activity< assays are required to prove this.

Aocordingtomemmmocytqdmistry NodulmlOOwasnotpresentm

intercellular spaces, bacteroid, phn, pbf, vacuoles, peronscmm or

v .
2w

amyloplasts. The apparent absence of the enzyme from these spaces suggelts
that nodule-specific sucrose synthase is a cytoplasmic enzyme which is the
case in same plants (Preiss,.1982 a,b).

Relatively little work has béen done in area of localization of sucrose
synthase or any of the other enzymes involved instarchmetabolism :m{f
nodul%. Sucrose synthase has been found, hcwever, in the cytoplasm of

reserve tissues (see Preiss, 1982 b).
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In terms of amounts of starch, the light micrographs shown in Figures
6 10 arnd 11 support the data in Figure 1 for the wildtype nodules, namely,
the 14 d cross sections had more starch than the 21 d cross sections.
Differences between the location of starch in the 14 and 21 d'wildtype
nodules were evident. Because these differences were easily discerned in
' the wildtype situation, the 14 and 21 d wildtype nodules were carpared in
detail so as to develop an explanation for the contrasting starch levels.
One reason for the decrease in starch from the 14 to 21 d wildtype . -
hodules could be the disappearance of starch from the infected cells. Af 14
d, there were substantial amounts of starch in the infected cells while at
21 d they were mxch reduced. This parallels morphological studies of
alfalfa nodules, where younger infected cells contain considerable amounts

of starch and mature infected 1?:ells contain only very little or none (Vance

et al., 1980). ’ : , \ 9
This disappearance of starch specifically from the infected cells can
be explained by the interior physiology of these cells. Theoretically, the
energy sink is lower at 14 d because nitrogen fixation has not yet reached
maximm and because there was a decreased requirement for carbon skeletons
nexded to make ureides (Fuller and Verma, 1984). In the 14 d wildtype
nodules, the combination of maximm sucrose synthase activity and a low
energy sirk méy have led to the acamulation of the breakdown products of
. sucrose. 'nmeests’carbdxydmteswereprobablyoawertgdtostam in
the infected as well as the uninfected cells because l;om_cell types would
havealwenergysinkandreoeivemx;hlythesaneanmmt'of sucrose
o (Thummler and Verma, 1987) .
- \‘ Ihefeamotherpossibleexplamtiasforthemdwedétarmmntof
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the 21 d nodules. The 14 d nodules may have had different regulation of
mmlimwwwﬂn21dmla. And there is also the
possibility that the starch storage or the nature of the starch metabolism
enzymes themselves may have been cell specific.

The uninfected cells may have had more starch than the infected cells
at both 14_and 21 d post-infection for the-following reasons: (1) there are
no bacteroids in the uninfected cells, tl;us, tHere is more space (2) less '
protein synthesis (Ib alane represents 30% of the soluble protein in the
nodule and it was localized in the infected cell), thus, more carbon might
be accumilated in starch rather than in proteir; (3) different regulation of
starch biosynthesis (in carparison to that found in the infected cells).

Ancther way of locking at the differences in starch accaumilation

" between infected and uninfected cells is in terms of cell roles. The

morphological studies suggested that the uninfected cells had a role in
starch storage, -just as they do in nitrogen assimilation.

~ The uninfected cells may have a role in starch storage.in both
effective and ineffective nodules. In the TS-95 nodules, the uninfected

cells had more starch than the infected cells. And in the T8-1.and 61A24

nodules, the smaller cells were fourd to contain more starch than the
larger ones (the smaller cells possibly having represented the cells
targeted to be uninfected beforg, the nodule development was arrested).
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conclusjons:

Many aspects of the original hypotheses have been supported by the data
shown in this thesis. Certain parts of the hypotheses have not been fully
proven but the results cbtained in the effort have indicated new cuestions
to be asked and have shown which direction future endeavours should take.

The first hypothesis stated that the starch accumulation in the nodule
is related to the source/sink ratio. This hypothesis was supported by the
starch accumilation data and by the microscopical examination of starch
content and location when the two were cansidered in view” of the known
time-course of nitrogen fixation and cther cellular processes. The second
hypothesis called for a relationship between the starch content of the
nodule and the varying activities of the enzymes of starch metabolitsm. The
enzyme activity data depicted in this thesis smlxpported this hypothesis,
although, only at the level of correlation. Finally, the thind hypothesis
suggested that there are two forms of starch phosphorylase. The results
indicated that the hypothesis may be true, but that more work is required
to make a solid statement on this matter.

The results of the exploratory set of experinents described in this
thesis provided enough background for the raising of new, more specific
questions. Determination of cell roles in root nodule starch metabolism can
now be addressed with the knowledge that starch accumilation is affected by .
the energy status of ‘the cell in question. Elucidation of the cellular
interactions involved in both the carbon and nitrogen metabolisms would
imreasethemxierstarﬂingofthemduleq)eratimasavﬂwle'ard, thus,
provide the needed background to investigate the same cperation at the

molecular level.
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The next stage of this research would be to separate the various cell
types of the nodule and determine for each the starch content as well as
the specific activities of amylase, phosphorylase and synthase. The
requlation of starch metabolism could also be studied in the separated

.cells. The activity of ADRG pyrophosphorylase could be examined in

relation to the effects of Pi and PGA.
‘ ¢
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