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Infection of legurne roots with Rhizobium species -resul ts in the develop­

rra1t of a root nodule structure in which the bacteria forro an intracellular 

symbiosis with the plant. It is reported here that the infection of soybean 

(Glycine ~ L.) roots with Rhizobium japonictun results in the synthesis by 

the plant of at least 18-20 fX)lypeptides other than legherroglobin during the 

develoFflEIlt of root nodules. Identification of these "nodule-specific!' oost 

po~ypeptides (referred ta as noduHns) Was accarplished by 1:v.o-dirœnsional 

gel analysis of-the imru.noprE!Cipitates formad by a "nodule-specific" antise­

rurn with in vitro ~anslation p~cts 01 root nodule polysaœs that are 

free of bacteroidal contaminations. No::lulins aCCOW1t for 7-11 % of the total 

o 35S""'tœthionine-Iabeled' protein synthesized in the host cell cytoplasm, and 

the najority of them are of 12,000-20,000 rrolecular weight. These proteins 

are al::sent fran the uninfected roots, bacteroids and free-living Rhizobium, 

and appear to be cOdedfor by the plant genes that may be obligatory for the 

develor:m=nt of syrnbiosis in the legurœ root nooules:, Analysis of nodulins 

i..ry ineffective (unable ta fix nitrogen) nodules developed due to Rhizobium 

strains SMS and 61A24 sho\o.ej tha~ their synthesis is reduced and their ex­

pression differentially influenced by nutations in rhizobia. 

Apart fran 'the low nolecular ~ight nodulins, a 35,000 m polypeptide 

present in the no::lule cytoplasm was also identified as "nodule-specific". 

This protein, referred ta as nodulin-35, represents atout 4% of the total 

cytDpla..srnîc protein in root nodules, and its appearanoe is not affected by 

nutations in several nodulating strains of Rhizobium. Nodulin-35 was not de­

tected in uninfected soybean, bacteroids or free-living Rhizobium, and it 

appears ta he synthesized by the plant during the formation of rCX)t nodules. 

Whereas the tran§formation of free-living Rhizobium into œcteroids _ is 

accanpanied by substantial changes within the pop.11ation of cytoplasmic pro­

teins, the majority of 'plant polypeptides fran nodules are also present in 

uninfected (non-nodulated) roots. Hence, to further identifyand isolate the 

"nodule-specific" proteins, it was essential ta develop several inmmologi­

cal procedures, including a preparati ve adsorption of anti1:odies wi th anti-
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mR'JA l1j, inmmoprecipitatial of the nascent pePtid~lysane cœplex, which . 
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are described in this thesis. ~\ 
In addition, 00 pjlypeptides of bacterial origifi were found to he cross-, 

reactive with the "nodule-specific" antiserum, suggeSting that they are se­
crete:l into the !host cell cytoplasm during symbiotic 'hitrogen fixation. 
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L'infection des racines de légumineuses par des espèc~ de Rhizobium 

cause le développerœnt d'une structure nodulaire sur la raCine dans laquelle 

les bactéries fo;nent une symbiose intracellulaire avec la plante. Nous 

avons trouvé que l'infection des racines de sojà (Glycine ~ L,) par la 

~térie Rhizobium jap::?nirun cause la synthèse par la plante d r au noins 

18 à 20 polypeptides, autres que la léghénoglobine, durant le développaœnt 

d'un nodule, L'identification de ces-·polypepti,des hÔtes "spécifiques ,aux 

nodules" (les nodulines) fut ,réalisée par 1 r analyse sur gel bi-dirœnsionnel , 
des innunoprC"Cipitats fo:t1llés par un antisérum spécifique aux nodules avec:: 

1 ~. 

les produits de la traduction .!!2 vitro des' polysaœs de nodules non-conta-

minés par les bactéroides. Les nÔdulines représentent de 7 à 11 % des pro­

téines marquées Par la 35S-rréthionine et synthéÙsées par le cytoplasme 

de la cellule hôte. Le poids rcolêculaire de la majorité de ces protéines 
#' 

se situe entre 1 2 1000 et· 20, 000 • Ces protéines sont absenteS des racines 

non"':infectées, des bactéroides et du Rhizobitun non-Msœié et semblent 

être codées par des gênes de la plante nécessaires au développement de lq. 
• 

symbiose. L'analyse des nodulines, proèluites par des nodules non-efficients 

(incapables de fixer 1 r azote) et développées l?ë!I:I' les souches de Rhizobium 

SM5 et 61A24, dérrOntra une réduction de la synthèse de ces protéines et 

1 r :influence différentielle de leur. expression par des nutations dans les 

rhizobia. 

CXltre les nodulines à pJids noléculàires réduits, un polypeptide de 

35;000, trouvé dans le cytoplasm= des ncXlules, fut identifié ccmœ "s~i­
fique aux nodules", Cette protéine, n~ noduline-35, représente environ, 

4% du total des protéines cytoplasmiques dans les nodosités et sa tprésence 

n'est pas affectée par des rutations dans les souches de Rhizobium produi­

sant des nodules., Cette protéine végétale ne fut pas détectée dans le sojà 

nan-infecté, dans les bactéroides ou le Rhizobium non-associé. Il semble 

qu f elle soit synthétisée par la plante durant la formation des nodules. 
;'J • 

Bien que la transforrration des Rhizobia non-associés en bactéroides ' 

soit accc:npagnée par des changarents importants parmi la p:)FUlation des 
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identifier et isoler les protéines "spécifiques aux nodules", il étàit 

, essentiel de dé~elopper plusieurs P~OCédés .lJmu.m0logiques, ~ont l' adsorp­

tion préparative de,s anticorps par ,~es antigènes, la technique d':inmJno-

replication m.lltiple (trultiple irrmmoreplica technique) et la préparation 
, > • 

. d'une copie sinple de mRNA par l'innunoprécipitation du carplexe peptide-
, 

. )?'Jlysaœ' naissant. Ces techniques sont décrites dans ce travail. --- 1 • 

De plus, on a trouvé que deux 1 J.X)lypeptides d'origine bactérienne dé-
- l ' 

nontraient ~ûne interaction croisée avec l' anUsérum "spécifique aux no- q,. 

dules", ce que nous mène à croire, qu' ils sont sécrétés par des bactérOides 

-de Rhizobitun dans le cytopla5Iœ 'd~ la cellule hôte durant la fixation de , 

l'azote par symbiose. 
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PREFACÈ 

Ten thou\.and yeau ago, man, learned the rud iments of agricul ture; 

yet, despite the advanées in genetics and in thè technologies of 
( 

planting and harYesting during those millenia, agriculture has not kept 

pace with the increase in human population. lt has now become clear 

that if the production of food does not grow by a higher factor, the 

hunger that exists in the world wH L ·increase in a frightedng way. , 

scient iats havé both the privilege and responsibility of being aware of 

this problem m~re than others. l trust thato the search for truth and 

dignity of mankind must continue to be the highest ideals of the~r 

work. 1 am convinced that within the next decade ~r two. biologists 

will possess the capability of drastically enlarging our supplies of 

food and possibly prevendng the tragedy of hunger. It_ ,is very 

encouraging to believe that the revolutiona7y developnent ~ 

sophisticated technologies in molecular biology of recent" years is being 

directed by rather simple, but genuine, humanitarian goals. 
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INTRODUCTION AND LITERATURE REVIEW 

'4> 

L BioLOGICAL NITROGEN FIXATION 

1.1 The Role of Nitrogen Fixation 

.Nitrogen s an essential constituent of aIl living organisms. As a~ 

major bi~logica element, along with carbon, oxygen and sulphu!, it i8 

subject to cyc1 c processes of great importance from both ecological and 

economic viewpoints. The nitrogen cycle, shown in Fig. 1 , begins upon 

the ,synthesis of nitrogenous living matter (mainly protein) fr om( 
1 

inorganic nitrogen compound8 (nitrate, nitrite and ammonium ions) during 

growth of plants and their consumption by animaIs, foll~wed by thfir 

return ta the sail as a result of decay ~nd putrefaction of organic 

matter. The loss of nitrogen ta the atmosphere from nitrates is 

returned ta the cycle by the process known as nitrogen fixation. Recent 

estimates suggest that approximately 175 HM tons_per annum of nitrogen 

is being fixed biologically, with 90 HM (ons occuring in agricultural 

soil (Hardy, 1976), whereas only about 40 HM tons is produced chemically 

2 

(Ewell, ,1972) _ " 

The great importance of nitrogen in agriculture is weIl illustrated 

by the fact that, provided adequate phosphorus and potassium lev~ls, 45 , , 

kg/ha of added nitrogen increases the ,corn yield from ~bout 2195 kg to 

about 3763 kg/ha, corresponding ta 35 kg of torn produced per kg' of 

nitrogen added (Pimentel, 1976). Similarly, by adding 30 kg of nitrogen 

per hectare, rice yields increase from 3061 kg/ha to about 4542 kg/ha, 

or about 49 kg per kilogram' of nitrogen added 'Per 'he,ctare ('Pimente1, 

1976). While the importance of nitrogen in agriculture has been weIl 

established, the proceS8 of indu8triai fixation of nitrogen remaina 

". 
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Fig. 1. Nitragen cycle according ta Postgate (1975). 
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principàlly unchanged since 1913. The original Haber-Bosch I?rocess of 

synthesizing nitrogen gas with hydrogen under a high temperature and 

" 
pressure has been slightly modified, but not changed. Since the primary 

. 
• resources (natural gas, naphtha and oil) for ammonia synthesis are the 

• ,~ 

basis for about 88% of aIl amnonia produced (Sweeney, 1,976), the recent 

energy short age has, a major impact on the 'annnonia industry. Dr. Raymond 

? Ewell, world authority on fertilizer needs, -recently said: ,l'The current 

world fertilizer shortage will continue indefinitely., perhaps for the 

rest of htnnan history" .(Lovvorn, 1976). In the U.S., approximately 80 

gallons of g'1lsoline ·are being used to produce an acre of corn. With 

fuel shortages and high prices 1 it is doubtful if developing countries 

will be able tb afford such technologies in the near future. 

These long-standing and more recent limitatio~ of nitrogen 

fertilizer intensif y a search for al ternative technologies. Recent i 

developments indicate tha~the ma,in impact of progress in this field 18 

linked to a thorough study of the biologie al , and not i~ial, 

nitrogen fixation. A comprehe~sive research in biochemistry of nitrogen 

fixation during the past decade, as weIl as the establishment of genetic 

engineering in plants, have ,r"eeently 'formed a novel vision of resolving 

the problems related to plant pr'o~uctivity. 

1.2. Tax~nomy and Classification of Nitrogen-Fixing Organisms 

Unlike most other fundamental reactions in nature, nitrogen 
o 

fixation is not a eharacteristie of plants but iB almost h,aphazardly 

distributed through a broad spectrtDD of microorganisms which have little 

in eommon other than their ability to reduce nitrogen. ~gher plants 

utilize this resource by forming an association with nitrogen-fixing 

" 
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TABLE lA 
o 

SOHE'OOMMON NITROGEN-FIXING ORGANISMS 

----_-::::::--:-..-,. ~ .. _~_. 

Description ' 

Bacteria 

Blue-green 
algae 

Non-legume 
angioaperm 
symbiose8a 

'-

Family and inê~dence 
of N2-fixati~n (genera) 

Thiorhodaceae (14) 
Athiorhodaceai! 0' 
Chlo~acteriaceae (7) 
.sPirMaceae (11) > 

Azotob~cteriaceae (S) 
Enterobacteriaceae (10) 
BaciUaceae (3) > v 

Mycobacteriaceae (2) 

Chroococcaceae (1) 
No8tocaceae (31) 
Rivulariaceae (~) 

Sèytonemataceae en 
08ci11atoriaceae (3) 
Stigonemata~eae (6) 

Corfariaceae (12)b 
Myricaceae (11)~ 
Bet ul àceae (25) 
CaBuarinaceae (14)b 

.J!:laeagnaceae (9)b 
- Rhamnaceae (30)b " 

, 

S~lected-genus 

Chromatium 
Rhodopseudomonas 
Chlorobium 
Desul fovibrio 
Azotobact.er 
Î{1ebsiella 
Bacitl'us 
Mycobacteri\Jll 

Gleocapsa 
Anabaena 
Calothrilb 
Scytonema 
Oscillatoria 
FÏBcherella 

Coriaria 
Myrlca 

. Alnu8 
Caauarina 

aElaeagnus 
Ceanothu8 

Re fer'ence 

• • 

Arnon et al., 1961 
Lindstrom et al., 1951 
Lindstrom et al. * 1950 

~PoBtgate. 1970 • 
Coty, 196'1 
Hah1 .. 1965, 
Grau and WH son. "1963 
Biggin. and Postgate, 1971 

Gilchrist et Ill. t 1972 
Gorkom and Donze, 1971 
Schneider et al., 1960 
Laloraya and Mitra. 1970 
Hayse et al., 1951 
Pankow, 1964 

--AlI listed non-Iegume 
angiosperms after Bond 
(1967), and Burns and 
Hard y (1975) 

a The most commonly observed microorgènisms in the nodules are actinomycetes, eg.,Frankia 
(aee text) 

b Species known to form nodules 
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TABLE lB • 

SOME CQMMON NITROGEN-FIXI~G ORGANlSMS, cont'd.c 

f, 

Genera No. Nodulated Species No. 
Description -Subfamily total No. examined eX) examined 

Rhizobium- Mimo8oideae 30 19 95 130 
leg\me Caeealpinioideae 91 31 48 97 

8ymbio.ei~t,' Papil ionat ae 308 154 97 ~ -

C-After Burns and-Hardy (1975) --.-------., 

ft 
'-

-. 
J 

1"'" 

Nodulated 
(X) 

92 
34 
94 

; 

0\ 
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\ 
mieroorganisms in \ symbiotic fa~hion. The faiJure to obtain a suirable 

in vitro assay for nitrogen fixation restricted early investigations of 

the organisms pable o(~ fixing nitrogen. !he demonstraton in 1960 by 

Caroahan et (~960a. 1960b) of-nitr'ogen redU~ vith extrac:. of 
, 

. Clostridium :eàsteurianum 'provided the foundation for analyses of 
,) 

~itrogen-fixing organisms. A direct consequence of this was the 

~seovery of nitrogen fixation 1n the aerob~, Azotobacter vinel~ndii 

() 

(Bulen et al., 1964), followed by similar studies in Bacillus polymyxa 

(Grau and Wilson, 1963; Wl.tz et al., 1967), Rhodospirillum rubrum (Bulen 

et aL, 1965; Burns and Bulen, 1966), Klebsiella rubiaterarum (Bulen, 
, 

i965) , Klebsiella pneumoniae (Kahl, 1966), soybean. nodules (Bergersen, 

'" < 
1966a; Bergersen, 1966b; Bergersen and Turner 1967) and a number of 

. 
other systems (Table 1). The nitrogen-fixing re ferred to 8S 

diazotrophs (Bur:ns and Hardy, 1975), derived fr a wide evolutionary 

speetrum without any taxonomieal relat ionship (T ble 1), are often 

categorized aecording.to their nitrogen fixing ha itat rather than 

evolutionary origin. ,Figure 2 illustrat'es the maj r bio1ogical 

nitrogen-fixing relationships assembled in three cl sses: asymbiotic 

. (freel..living.) and symbiotic (associative' and obligat ry), as proposed by 
• 1 

Burns and Hardy (975). The inclusion of aerobic, f cultative, 

anaerobie and photosynthet ic organisms among the diazotrophs, attesta to 

their physiologieal and metabolic diversity; however, some genetie 

bridges and similarities do appear to 0 exist anong them. Among the 

• 0;,;.-

n~trogen-fixing organism~, the bacterial ;iazotrophs repr~sent about 26 

genera, blue-green ,algae 23, non-'legume angiosperms 14, and legumes 

650-700 genera (Burns and Hardy, 1975). 
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Fig."2 

11 

Classification of po8sibly a11 diazotrophs in nature (~8_ and 

Hardy, 1975). The compl ex it y and type of nitrogen fixation are 

unrelated to evoluGionary origin of diazotrophs. 
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RHrZOBIA 

'ACTINOMVCETES .(?) . . 

BLUE - GREEN ALGAl 
AND BACTERIAL 
DIAZOTROPHS 

NATURAl DIAZOTROPHS 
BLUE-GREEN ALGAL 

.. 

OBLIGATORY SYMBIOSES 

GINETle 
fNVOlVEMENT ' 

,-

~N-LEGUME ANGIOSPERM 
ROOT NODULES 

ASSOCIATIVE ·SYMBIOSES 

LEAF NODULES 
ROOT NODULES 

LICHENS 

NO MORPHOLOGICAL 
INVOlVEMENT 
PHVLLOSPHERE 
ASSOCIATIONS 
RHIZOSPHERE . 

ASSOCIATIONS 

- ASYMBIOSES 

AND SACTERIAL --r-­
DIAZOTROPHS 

SVN1HETtC OIAZOTROPH.;..$ _--+-_ 
ESCHERfCHIA COU 

- • (> 

LEGUMES 

NON-LEGUME 
ANGtOSPERMS 

YARIOUS "IGHER 
PlAN.TS AND 
MICROORGANISMS 

.-/ 
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(i) Loose Symbiotic Associations 

The clus "of as.sociative symbio~es (see Fig. 2) assembles a great 

variety of loose associations between free-liv~ng diazotrophs and other 

organisms. Al though the biology and mechanisms of these associat ions 

\ 

remain largely WlknoWll, there are three apparent classes of the loose 

associative symbioses described in literature: interactions among micro-

organisms, phylloplane and rhi zosphere assoc iat ions. Interact iODs anong 

microorganisms often involve organisms capable of decomposing pol y-\-

sficcharides and stimulating nitrogen fixation by associated Azotobacter 

(Fedorow, 1960), Beijerinckia (Jensen, 1940) and ClostridilD (J~nsen, 

1965), .possibly by supplying utilizable carbon sources. ~e stimulation 

of nitrogen fixation by bacterial diazotrophs associated with certain 

bl ue-green algae (Panb-atova, 1.970; Shtina and' Pankratova, 1970) May 

occur for the same reason .• Nitrogen fixation by Mycobacterit.m appearll 

to be stimulated by such organisms as Bacte~ium, Pseudomonas (Fedorow 

and Kalininskaya, 1961) and Flavobacteri\lll (Kalininskaya and Ilina, 

-1965). Rhodopseudamonas capsulata, requ~ring anaerobic conditions to 

fix nitrogen in pure cultures, fixes nitrogen aerobically in mixed 

cultures with Bacillus megatarium (Ko~'ayashi, 1970). An interbacterial 

association has been suggest'ed in the case of Methanobacillus 

omelianskii, which was initiaUy tho~ht t~ be a single organism, but 

was subsequently shown to be a form of symbiotic association ?f two 

b acteria (Reddy et al., 1972). 

'ftle second clau of the loose associative symbioses, phylloplane J 

, 

assembles free-living diazotrophs ~ssociated with the aerial portion of 
" 

higher plants. The pr~sence of ,tnicrobes on the surface of leaves 

(phyllosphere) has bee~ described in some temperate crops as wU as in 

" 

., 
" 

, . 
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a variety of tropical plants (Ruinen, 1974>' 'Studies of tropical 
j 

grasses showed that the y exude biologically significant concentrations 

of carbohydrates, but little or no nitrogenou8 nutrients, thus providing 

a suitable habitat for diazotrophs (Ruinen, 1970; Ruinen, 1971). Rhizo-

sphere associations involye a number of different diazotrophic micro­

organisms loosely associated with or near root systems of hfgher 

plants. Among these microbes are 'Azotobacter (Mishustin, t970), 

Klebsiella and Aerobacter (Evans et al., 1972), Bacillu8 and Clostridium 

(Ravira, 1963), Beijerinckia (Hilger, 1965) and Derxia (Jensen et al., 

1960). In association with these microorganisms, significant ' 

nitrogenase activity was observed in rhizospheres of sugar cane 

(DObereiner, 1961), corn (D8IIIIlergues et al., 1973), rice (Yoshida and 

Ancajas, 1971) and grasses (Dobereiner, 1969; Moore, 1963). Since a 

high incidence of nitrogen fixation was found with root systems heavily 
.. 

populated with fungal mycelia (Richards and Voigt,'1964)"and since 

there is no evidenc: for mycorhizal fixatic;ltl of nitrogen, it appear!" ..... ' 
~ . . ' 

that these associations are particularly_ éf~ect.ive in promoting nitrogen 

fixation ,by bacteria and! or algae (Burns and Hardy, 1975).' 

Whereas the loose associative symbioses described above do not 

involve any structural Or morphological accomodation of the nitrogen-

fixing organisms, there are aIso a number of organisms categorized among 

associative symbionts, characteristic of morphological accomodations and 

modifications (Burns and Hardy, 1975; see a180 Fig. 2). An outstanding 

'example of bacterial participation in this more intimate type of 

assoc,iation is the leaf-nodule s~biosis, in which high concentrations 

of the nitrogen-fixing facult~tive anaerpbe, J(lebsiella. occur 

. " 

JO 
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extrac,ellul arly in the subepi~ermal leaf of a tropical plant, ~sychotria 

(Lersten ad'd Ho~ner, 196]). These l:iacteria appear to be involved in the 
\ 

hormonal as well as nitrogen metabolisms of the plant (Silver et al., 

1963). Among the bryophytes, Nostoc species were found in symbiosis 

with the liverworts Blasia and Cavicularia; where they occupy cavities 

in the underside of the th,llus (Stewart, 1966). Similarly, several 

Anabaena species and the water fern Azolla form a symbiosis in which the' 

alge is housed' i~ leaf pores (Lang, 1965). Interestingly, a form of 

root nodule symbiosis occurs between certain tropical gymnosperms of the 

family Cycadaceae and blue-green elgae identified as Anabaena or Nostoc 

(Bond, 1967; Stewart, 1970). Sinee the nodules appear to form. even in 

the absence of endophyte, and sinee these symbioses are associative 

rather than obligatory, this type of root nodule symbiosis is very 

diffet:ent from that in angiosperms. Perhaps the most intimate 

involvement of free-living diazo,tropns with other organisms was fountl in 

the lichens. F()r example, Lichina (Stèwart,-,1970), Peltigera and 

Collema (Henriksson and Simu, 1971), Leptogium and Colbema (Bond and 

, Scott, 1955) were shown to contain the phycobiont, Nostoc, and to fix 

nitrogen. 

(H) Obligatory Symbiotic Associations 

Many non-legume angiosperme are al so capable of symbiotie 

associations with microorga~isms, leading to the formation of root 

nodules and effective fixation of nitrogen. 'Ibis symbiosis, referred to 

as "aIder-type" (Burns and Hardy, 1975), shares many characteristics 

~~th that of legumes, but possesself unique quaI ities which clear~y~ 

warrant separate classification (Table lA). One of them is the 

difference in the endophyte, were the most commonly observed 
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microorganisms in the nodules are considered to be actinomycetes. These 

microbes are known to differentiate into three morphologie al forms ,upon 

symbiosis: hyphae, ves'ic1es and bacteria-like cells (Becking, 1970; 

" Gatner and Gardner, 1970). The nodule initiation and development 

processes in the "oider-type" symbioses follow a pattern very similar to 

that described for legunes, including root hair curling, entry by infec-

t ion thread through the root hair, and the eventual appearance of 

b'acteroid-like bodie 8 (Bond, 1974). Despite these developmental 

1 
analogies to the establishment of symbiotic process in,legumes there are 

several distinct differences, inc1uding those in nodule anatomy (Bond, 

1974; Bergersen, 1974), the lack of leghemoglobin, and the differentia­

\_ \ tion of endophyte (Bond, 1974). 

~ Among aIl nltrogen-fixing organ1sms, the most abundant (Table lB) 

and evol utionary coherent group arec ~egumes (famil.y+e;uminoseae). 

Infection of legume roots with Rhizobium" the free-living soil ,sapro-

phyte growing on combined nitrogen, establishes a true endo-symbiosis in 

root nodules. 

1.3. Root Nodule Morphogenesis in Legume'8 ------------- ~ 
Leguminous r!>ot nodules represent a type of abnormal but highly 

organized growth, leading to the formation of a new atructure, often 

cO,nsidered an organ sui generis (Libbenga and Bogers J 1974). 'lbe 

morphogenesis of' root nodules is accomplished, through a series of 

complex processes according to the following chronology: 1. infection 

of the host root cell by' Rhizobium; 2. development of 'an infaction 

thread 

tissue 

I 

into the cortex tissue of the host; 3. proliferation of cortex 

to form a nodule; 4. deposit~ into the host cell 

12 



( 

( 

{ , , 
and formation of membrane envelope; 5. differentiation of rhizobia to 

the bacteroid state. 
f • 

In the normal infection sequence, the foot hau 

curIs in response to the rhizobial population which aggregates at.' its 
} 

surface. The curling reaction ia possibly induced by a rhizobial extra-

cellular polysaccharide (Hubbell, 1970) and indole-acetic acid (lAA; 

Bulard et al., 1963), as well as by the presence of both lAA (Pate, 

1958; Dullaart, 197(}) and gibberelin (Jj)ixon, 1969) of host origine 

Torrey'(1961) and Libb~nga and Torrey (1973) suggested that auxins and 

cytokinins are, aiso involved in the early induction of cell ..... divisions in 

nodule initiation. 

There ap'pears to be a defined host range in the Rhizobium-legume 

recognition prior to infection ?f roots in that a single strain of the 

bacterium can only infect certain species, or even certain varieties 

with,in a species. of legtlDe (Allen, 1971). 'ftlis specificity is the basis 

for species differentiation in Rhizobium as weIl as the cross-

inoculation groups in legumes (Mishustin and' Shil 'nikova, 1972; Buchanan 

and Gibbons, 1974) in the Rhizobium - legUllle symbiosis. It was 

suggested that the basis for the specificity of Rhizobiun i~ governed by 

,the abil ity of the bacterilDD to induce polygalacturonase specifically in 

the roots of <:ompatible hostp (Ljung.gren and "abraeus, 1971). thus 

promoting the cell wall lysis of root haira and the invasion by the 

microsymbiont. lt should be noted, however, that others (Lillich and 

Klkan, 1968; Solhain and Raa, 1971) failed to demonst~ate enhanced 

polygalacturonase or pecHnase production in several legumes inoculated 

with infective or non-infective strains ,of Rhizobium. Recent reports 

suggest that legune lectins may play a part in the specificity of 

Rhizobium - legume toot nodule symbiosis (13huvaneswari et al., 1971; 
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Wqlpert and Albersheim, 1976; Pueppke et al'.·, 1978>.. Bohlool and 

Schmidt (1974) showed that the lectin from soybean binds specifically 

with 22 strains of Rhizobium japonicum which nodulate soybean 1 \oÙere~ 

it does not bind to any of 23 other strains of Rhizobi\Jl1 which do not' 

~odulate soybean. These data, slong with the observation that the ., 
lectin from white claver roots appears ta be localized at or near the. 

tipa of the root hairs (Dazzo ~d Brill, 1977), suggest that lectins May 

interact specifically with a polysaccharide on the surface of 
If 

Rhizobium. This conclusion is further substantiated by the fact that 

leglJlle lectins specifically interact with an o-antigen moiety of 
. 

Rhizobium lipopàlysaccharide (LPS) (Wo! pert and Albersheim, 1,976);, and 

by the apparent relationship between the lack of o-antigen and the 

inability of nodulation by mutant strains of R. japonicum (Maier and 

BrUI" 1978) and R. leguminosarum (Sandera et al., 1978).' 

It has a1so be~n observed t~at a leglUllinous plan~ causes 

accumulation of its owo particular nodule bacteritJll in the rhizosphere 

(Purchase and Nutmap, 1957; Rovira, 1961), and that befare nodulation 

the root surface is covered with a bacterial matrix (Dart and Mercer, 

1964). Due to the selective charact~r of this phenomenon, governed by 

compatibility of the hast and Rhizobium, it, lIlay be considered the first 

specific event in the root nodule symbiosis. Currier and Strobel (1976) 

showed that Rhizobium.!fP.. reveal a hïgh degree of chemotaxis to Toot 

exudates in legumes. Al though the inc idence of nodul at ion in 10 

different 1.egLDDes examined seems to coincide with chemotaxic 

intèractions between root exudates and various Rhizobium.!fP.., several 

non"::,legumes, whièh ne.ver nodulate, were alao shown to produce robt 

exudates capable of attracting Rhizobium (Currier and Strtlbel, 1976)". 
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Since roots exètetè a number of substances, eg _ vitamins, carbohydrates 

and amino-acids (Ravira, 1956a and 1956b), it remains unc1ear what 

compounds cause the chemotaxis of Rhizobium in the rhizosphere of 
~ 

~ 

legunes. PreliminarY,resultB with!. japoniclllll ~Currier and St-robel, 

1976) indicate that it is attracted to some simple Bugars. 
, 1 

The entry of Rhizobium into the host cells of root hairs, the l 

, 
invagination of the host celI wall (Nutman. 1956). and formation of the 

infection thread, appear ta be associateçl by increased Ievele 'of 

pectinase and cellulase activities (Verma ,and Zogbi, 1978). While 

significant amounts of ceIIulase were, shown to be secreted from legume 

roots in response ta phytohormones of Rhizobium (Duulart, 1967), 

free-living Rhizobiun show little cellulase or' pectinase activities in 

pure cultures (Ljunggren, 1969), However. Ii marked increase in 

~ 
pectinase activity, with no significant cellulase activity, ,was observed 

\ , 

~ 

in!,_ trifolii upon incubation with clover seedlings' in vitro 

(Ljunggren, 1969). J The elevated quantities of pec!tinase in bacteroids 

and cellulase in host éells measured in root nodules of soybean (Verma 

and Zogbi, 1978), along with the above observatiops, indicate the hast 

origin o.f c~11u1ase and bacterial origin of pectinase. It also suggests 

that ta d.~velop li symbiotic association be~ween these t'WO organisms, a 

cooperative act~on of cell wall hydrolases in early stages of rhizobial 

infection ia a pre-requisite. The init ia! steps of infection were a1so 

sho~ to require calcium (Lowther and Loneragan, 1968.>, although its 

role in the formation of nodules is obscure. 
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~i) Membrane Envelope 

The presence of a membranous structure enclosing Rhizobium upon 

" entry into the Mst cells, caIle~ membrane envelope, was first ob served , 

by B,ergersen and Briggs (1958). There are three hypothefes tegarding 

the origin of this membrane: 1. that Rhizobium cells arel enclose~ ,by the 

plasma membrane of the ,host cell due to endocy~os i s (Ber~ersen and 

Briggs, .1958; Goodehild and Bergersen, 1966; Dixon, 1967/;- Tu, 1974; 

Newcombe, 1976; Verma et al., 1978); 2. that it is deriJed frOm the host 

~ , 1 
endomembrane system, ego nuê:lear envelope (Prasad: and Dé. 1971) or 

endoplasmic' reticulLm (Jordan et al., 1963). and 3. that it is 

synthesizedi de ~ (Dart and Mercer, 1963a; Dart and Mercer, 1964; Dart 

. and Mercer 1 1966). Verma et al 'o' (l978) described a procedure for 

1 

isolation of membrane envelope from soybean nodules and i presented sorne 

1 
further biochemical as weIl as struc tural evidence for the host origin 

of this membrane. Al though there is an apparent continui'ty of the 

plasma membrane around the initial infection thread (Sahlman and 

Fahraeus, 1963; Dixon, 1964; Newcomb, 19Z6), i't is not certain whether 

the same membrane continues ta proliferate during later stages of 

>,-infection or if other endoc~llular membranes (Jordan et a1., 1963; 

Karnovsky, 1965) participate in this process. Since most of the 

membrane envelope'is synthesized in the early stages of infection and 

since bacterial proliferation ceases in mature n~dules (!Junning, 1970), 

it i8 believed that the develorment of this structure i8 essential for 

the structural establ ishment of the root nodule symbio8is. The presence 

of membrane envelope also seems to condition the effectiveness of the 

~izobium-legume symbiosi8. If the memb~e envelope i~ rlbt formed, the 

rhizobia may become parasitic or saprophytic to the host cel! (Verma et 

~ . ' 
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al., 1978). ln nodules ineffective in fixing atmospheric nitrogen, 

there is ah apparent variability in the rate of growth and st~bi1ity of 

membrane envelopes, as ~11 as in the average ratio of bacteroids per 
." 

envelope (W~rner et aL, 1980). 'ntere are reports (Torrey, 1961; 

, Phil! ips and Torrey, 1972) suggesting that the development of meorbrane 

envelope is paralleled by the. production of cytokinins in Rhizobium. 

Although the mechahistic function of the membrane envelope remains 

unknown, it is clear that its developolent is a pre-requisite for both 

structural and functional establishment of the roC?t nodule symbiosis. 

(ii) Changes in Rhizobi,um During Nodule Development 

/l"Tr~f.(Jrmation c2Pf free-living Rhizobium into bacteroids is 

~ '. accœ:i~anied by a number of structural and morphologic~l changes in the 

bacterium. Apart from differences in size and shape between vegetative 

" 
cella and bacteroids, the latter appear to .have al tered nuclear material 

(Dart and- Mer~er,' 1963bj Berg~rsen, 1955), ribosomes are seldom seen in 

electron microgràpbs (Bergersen, 1-958), the deposits of pol,y-
---~ 

-hydroxybut:yric acid, glycog,en and polyphosphate increase in size and 

number (Goodchild and Bergersen, 1966; Craig ~d Williamson, 1972), and 

mesosome"'li~ struct'ures of the cytoplasmic membrane become visible 

(Dart and Mèrcer, 1963,c). Perliaps the most prominent stl\\11Ctural 

differences between free-living Rhizobium and bacteroids are confined to 
c 

tbe alterations of the cel l' ,ù ~cICenZie et al., 1913) and the 

consequent cb~nge8 in osmotic l:;ttivity of bacte~oidS. (Sutton et al., 

1977). Becent biochemical studies indicate that the transformation qf 
,/ 

free-living Rhizobi .. into bacteroids i8 associated vith significant 

" .lterations of gene expression, leading to th~, production of numerous 
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"bacteroid-snecific" products. ibere is a 10-fold increase in cellular 

heme as weIl as protoporhyrin and coprotoporphynin contents, accompanied .. " 

by .a several-fold increase in the activ ities of two e,nzyme~ of heme 

biosynthesis (l5- aminolevulinic acid synthase and &-aminollevulinic acid 

Il dehydrase) (Avissar .and Nadler, '1978). Also. the Rhizobium bactéroid 

,transformation is accompanied by the disappearance of cytochromes a, a3, 
, ~ 

and the appearance of a Co-binding cytochrome 552 (~issar and Nadler, 

1978). Since this transformation is largely due to the anaerobic 

conditions in the host; cytoplasm, lIhich have been shown to induce 

nitrogenase in vitro (Tjepkema and Evans, 1975; Kurz and LaRue, 1975; 

McComb et aL, 1975; Pagan et al., 1975), it is obvious that the 

development of bacteroids from vegetative cells is essential for 

nitrogen fixation. Comparison of enzyme activities of bacteroids from 

an effective (R. japonicum strain 61AlOl-induced) and ineffective 

(strain 6IA24-induced) nodules of soybean, showed in the latter ra 85% 

reduction in specific activity of alanine dehydrogenase, 50% reduction 

of 3-bydroxy-butyrate dehydrogenase, and_an_increase of glutamine 

synthetase to 400% (Werner et al., 1980). The observation that 

bacteroids deteriorate ,a fe" weeks before tbe nodule ceases to function 
/ 

(Bergersen, 1974) clearly indicate~ the relationship between the 
. 

structure and funcfÏon of root nodules, and also weIl docdIlents the 

,obligatory charaetet of the Rhizobium-Iegune symbiosis. 

since nitrogen fixat ion can 'be measured as early as 3-5 days 

following detection of root nodules in soybean, and since at this stage 

the bactejial structure appears ~o he a li~t\e 'different from thllt 

bacteria(grown in culture, Betgersen and Goo~ild (1973) conclQde 

of 

that 
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the bacteroid state may not be indispensable to nitrogen fixation by 

• Rhizobium. 'l1le more recent biochemical' evidence &uggests, however J that 

the early "bacteroid-spec ific" changes in Rhizobium may not he closely 

followed by observable differences in the appearance and structure of 

the microsymbiont. 

The breakdown of the root nodule symbiosis may take place not only 

due to aging of the tissue, but aiso due to incompatibility between host 

and bacteria. (This may prevent nitrogen fixation (ineffective 

symbioses) or may reduce it. Incompatibility may occur at any stage of 
l 

symbiosis; in the pre-infection phase, thus preventing infection (the so 

called "cross-inoculation group incompatibility"; Nutman, 1963), or at 

- any point of nodule developnent, including the intracellular phase of . . 
rhizobial infection. It appears that the development as weIl as 

maintenance of the Rhizobium-legume symbiosis are controlled b~ both ... 
bacterial and host plant genes (see below under Genetics of Nitrogen 

Fixation). Verma et al. (1978) were able -to sÎDIulate the initial steps 

of infection in pea using an 'incompatible (32HI) strain of'R. japonicUID 

by the treatment of etiolated pea seedings with LAA, but no symbiotic 

relationship was observed. Failure to develop symbiosis resulted in a 
, 

sapfophytic or parasitic association where nitrogen fixed under these 

~onditions did not appear to be of any use to the plant. 

2. BIOCHEMISTRY OF NITROGEN FIXATION 

2.1. The Nitrogenase System 

'l1le term nitrogenase is use~ to denote the enzyme system capable of 

reducing dinitrogen. It is now well established that 'nitrogenase 

( consists of two proteins: the iron protein (Fe protein), also called 

/ 
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azoferrodoxin, component II or azofer, an~ the mo1ybdenum-iron protein 

(MoFe protein), a1so called molybdo-ferrodoxin, component 1 or azofermo 

(Ljones, 1974). The nitrogenase reaction, 1eading to the production of 

ammonia, requires the participation of at leas~ six other components, 

including the two proteins, ATP, a divalent metal cation, Q reductant, 

and an electron accept'or (Burns, 1977). 

Component II of nitrogenase (Fe protein) occurs as ,a s~etric 

(a2-type) dîmer (Kennedy et al., 1976), with the molecular weight 

ranging from 56 kD to 67 kD. In.f. pasteurianum its molecular weight is 

56 kD (Dalton and Mortenson, 1972; Tso, 1974; Winter and Burns, 1976), 

~n A. vinelandii (Shah and Brill, 1973; Kleiner and Chen, 1974; Winter 

and Burns, 1976) and A. chroococcUlll (Yates and Planqué, 1975) it is 64 
\ 

kD. whereas in!. pnetmloniae it was shown to be 66.8 kD (Eldy et al., 

1972; Smith et al., 1976). lt appears that the Fe protein i8 rapidly 

inactivated by oxygen dy et al., 1972) particularly in the presence 

of ATP (Yates, 1972), this protein loses its,activity upon 

prolonged storage at ·C (Ljones, 1974). The Fe protein contains 4 iron 

atoms (Mbustafa and Mo 1969; Vandercasteele and Burns, 1970; 

Eady et al., 1972) and 4 acid-labile su1fide groups (K>ustafa and 

Mor tenson , 1969; Eadyet aL, 1972) per dimer. Whereas component II (Fe 

protein) of nitrogenase is involved in the reduction of nitrate, and 

thus is referred to as nitrate r~ductase (Kennedy et al., 1976), 

.companent l (MoFe protei~s believed to be responsib1e for binding the 

nitrogenase substrates Wris et al., 1978). 

There appears to be considerable variation in the structure and 

composition of the MoFe protein in different nitrogen-fixing organisms. 

'nie general consensus is that the MoFe' protein occurs as an Q2B2-type 

'. 
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tetramer of molecular weight ranging from 200 kD to 227 kD, depending on 

the organism. In C. pasteurianum (Dal~pnrâ~d Morte~son, 1972), its 

molecular weight was found to be 220 kD (a, 59.5 kD, S , 50.7 kD), Where­

as in K. pneumoniae (Eady et al., 1.972; fbith et al., ,1976) it was 218 

kD (a, 59.6 kD; S; 51.3 kD). The Q2S2-type subunit composition was 

not, however, observed in som~ other'diazotrophs examined. The HOFe 

protein from R. japonicum, molecular weight of which is approximatdy 
" . 

200 kD, appears to be composed of 4 identical 50 kD subunits (Israel et 

al., 1974; Winter and Burris, 1976). Similarly,~ the 227 kD MoFe protein 

of A. chroococcum was reported to be a tetramer of 60 kD subunits (Yates 

and Planqué, 1975). Despite the apparent variability and/or controversy 

in the subunit composition of the MoFe protein, it is generally defined 

as a tetramer of two 60 kD (a) and two 51 kD (~) subunits. This protein 

is also inactivated' by oxygen, although not as rapidly as the Fe protein 
~ 

(Eady et al., .1972). Present knowledge suggests the presence of 24 to 

32 iron atoms with an equivalent number of acid-labile sulfide groups 

and 2 molybdenum atoms per 200 kD mol~cule (Burris et al •• 1978). The 
" 

apparent diffieulty in obtaining consistent values for the metal content 

may'result from a variable 10ss of protein-bound metal during the isola-

tion procedures (Ljones, 1974). Although the associat10n of compone nt 1 

and component Il in a co~plex is essential for nitrogenase activity, 

there is little known about the role and nature of this association. 

Since the two components elute separately from DEAE-cellulose and sinee 
, , 

the nitrogenase complex dissociates in very dilute solutions (Thorneley, 

1975; "Dlorneley et al., 1975), Bu;ris et a~. ,(978) postulated that the 

- .... . .) (.. 
Fe and HOFe-conta1n1ng prote1ns form a loose-b1nd1ng complex. HOreover, 

it appears that the lpose association between the two proteins 

". 
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condit ions nitrogenasè· ,activity. Eraerich and Burris (1976) and Emerich 
, ", 

(977) showed that ,the HoFe protein from A. vinelandii and the Fe 
\ 

protein from C. pasteurianum' ~orm a tightly-binding 'complex lilich is not 
( - 1 

catalytically active. U- has been postulated that this. complèx 

dissociates at eàch turn of the reduction cycle (Burris, 1978). 

It has been well established that the Fe protein from .Q. 

pasteurianum (Biu and Mortenson, 1968; l'so and Bu~ris, 1973) and K'. 

pneumoniae (Thorneley and Eady, 1973) reacts speciffcally with MgATP to 

yield a stable complex. On complexat ion with MgATP, the Fe protein 

undergoes a dramatic negative shift of about 110 mV in its redox poten-

tial to a value of about -400 mV (Zumft et al., 1974). 'nle complexation 

appears 

present, 

to proceed very slowly if only Fe protein~ ArP and Mg++ are 
"-

but the rate is greatly accelerated 'in the complete nitrogenase 

reaction mixture (Burns, 1977). The reaction with MgATP causes a-

transition from rhombic to axial conformation of the Fe protein, as ~l 

as it increases the sensitivity to inactivation by oxygen of this 

Molecule (Burns, 1977). Burns Cl 977) aIso indicated that the fail ure of 
1 

nucleoside triphosphates other than ATP to bind with Fe protein suggests 

involvement of the adenine moiety in binding. Since ADP and analogs of 

AXP, which are methylene-substituted for oxygen in the triphosphate 

moiety, form inactive càmplexes with the Fe protein, the 

nonfunctionality for these analogs ~phasizes the essential role of 

specific phosphate bond hydrolysis for the catalytic function (Burns, 

1977) • 

Numerous reaction mechanisms have been suggested to explain 

nitrogenase activity (Burns and Hardy, 1975.: Eady et al:, 1.975; Newton 

et al., 1976; Burris and Orme-Johnson,. 1976; MOrtenson, 1976); howev~r, 
• 
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the exact sequence of evertt8 can not be postulated with certainty. 

According to Burns (1977) nitrogenase acti~ity involves 6 major steps: 
",-, 

1,. formation of a st abi ~ complex bet ween }1gATP and Fe prote in ; 2. 

reduction of MoFe protein by MgATP-Fe protein; 3. hydrolysis of ATP; 4. 

red'uétion of 8ubs.trates by MoFe protein; 5. release of reduced 

product(s); and 6. reduct.ion of Fe protein. It appears that the complex 

contains two ATP m.olecules per Fe protein, ie., one ATP per two iron 

atoms. The interaction between the red uced MgATP-Fe protein and tbFe 

protein, resulting in the hydrolysis of ATP, is also accompanied hy 

evolution of hydrogen and/or reduction of molecular nitrogen or other 

substrates. Nitrogenase is capable of reducing in vitro a variety of 

substrates besides nitrogen (N2)t including N20 (Hardy and Knight, 

1966), Nj- (Hardy and Knignt, 1967; Schollhorn and Burris, 1967), C2H2 
.$ 

(Dilworth, 1966; Schollhorn and Burris, 1966), HCN (Kelly et al., 1967; 
, , 

Hardy and Knight, 1967), and CH3CN (Hardy et aL, 1971). 'nle immediate 
, " 

donor àf electrons to nitrogenase in Clostridium is ferredoxin 

(HOrtenson, 1964; Buchanan and Arnon, 1970; Orme-Johnson, 1973), and in 

Azotobacter is azotoflavin (Shethna 'et aL, 1966; Hinkson and Bu1en, 

1967; Benemann et al., 1969). Ferredo,xin and a~otoflavin set as~ 

reductants of the Fe protein, where theïr oWn redox state 18 regu1ated 

by hydrogenase (Kleiner and Burris, 1970; Rakos and Mortenson, 1971). 

Thus, hydrogen may alao function as an electron source for nitrogenase 

by coup1 ing through.rhyd rogenase • 

Although purified nitrogel,lase proteins have been obtained only from 

;' 
a limited number of diazotrophs. it fappears that the basic structure J 

cata1ytic requirements and mechanism of this enzyme are similar and 

highly conserved. ' Combinations of the twc> nitrogenase components fram' 

.' 

23 

-, , 



( 

/ 

( 

,. 
l' different organi81lls have in a number 'ff cases shown nitrogen fixing 

(. 
-activity, indicating a" conserv-ed c,~~Dacter of this protein in 

evo1 utionary unrelated system81~ Emedch (977) demonstrated a very 
(: 

efficientoaction of such hybrid nitrogenases, comprising of proteins 

from !. vinelandii and!. japonicum, !. vinelandii and !. pneumoniae, 

)~. j aponiclEl and!. pneumoniae, R. rubrun' and !. vine landii, .!. polymyxa . 
and R. j aponicwn, and several other organisms. A highly conserved 

structure of the structural genes codi..ng for nitrogenase <has al sa been 

demonstrated (see Geneties of Nitrogen Fixation), suggesting a common 

origin of the nitrogenase system. 

2.2. Symbiotic Nitrogen Fixation 

Measurements of nitrogen fixation activity in Rhizobiwn~. grown 

under anaerobic conditions (Kurz and LaRue, 1975; McCombe et aL, 1975; 

tjepkema and Evans, 1975) clearly ~ndicated,the presence of nitrogenase 

in the microsymbiont. the nitrogenase'system of Rhizobium is believed 

to strongly resemble that of autonomous diazotrophs; it contains the Fe 

and MJFe-proteins, ferredoxin 'as a reductaqt, il variety of enzymes 

supp1ying ATP., as well as the hydrogenase system _. (Shanmugan ,et al., 

1978). The leveIs of nitrogenase activity produced by free-living 

Rhizobium have been reported -to approximate those from isolated 

bactero1ds (Tjepkema and Evans, 1975; Bergersen et al., 1976; Keister 

and Evans, 1976). Using 15H2 , more than 94% of fixed nitrogen wâs found 

to be expott~d by free-living!. japonicum (0' Gara and Sharimug~, 1976~a) 

as well as by isolated bacteroids (Bergersen and Turner, 1967>. Bath 

free-living rhizobia (O'Gara and Shanmugam, 1976a) and bacteroids 

(Bergersen and Turner, 1967) appear to excrete the fixed nitrogen as 
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NIif.+. There is indirect évidence that glutamate May play a role in the 

regulation of ,the nitrogenase system. leading to export of fixed 

nitrogen. For example, loben!. trifolii (free-living) was treated 

simul taneously with glutamate and NH4+' it showe_d a marked preference 

for glutamat as nitrogen source (O'Gara and Shanmugan, 1976a), as weIl 

as iç faHed t utilize aoy detectable NH4+ as long as glutamate. wa~ 

present in the In contrast, wen glutamate in the medium was 

replaced by L-as artate or L-Ieucine,!. trifolii utilized NH4+ for 

cellular growth and Shanmugam, 1976a and 1976b). The presence 

of either aspart te or leucine in the medillll also caused induction of 

glutamate synth se activity, whereas addition of L-glutamate inhibited 

thiB enzyme. ce the presence or absence of glutamate synthetase, 
. \ 

~th the NH4+ utilisation pattern, and.sinee NH4+ also eorresponded we 

repressed activity of glutamine synthetase, it is possible ,that the 

block in ,the conversion of J. + to glut8J11ate is responsible for , l'to/+ 

derepression of nitrogenase, even in the presence of NH4+ (O'Gara and 

Shanmugam, 1977). It thus appears that both glutamine synthetase and 1 __ 

glutamate synthase May be involved in regulatioo of nitrog"enase activity 
: 

in root nodules (see Fig. 3 ). .( 

Bacteroids are known to metabolize various carbon compounds 
('- . 

supplied by the plant cell (Bergersen, 1974) via an active TeA-cycle, 

coupled to an energy-yielding respiratory chain (Berge~sen, 1971; 

Appleby et 'ill., 1976). 'ibis $'ystem is known to function under low 

oxygen concentrations. The role of~ bacteroids in energy met'abol i8111 is 

" Il ' 
well substant iated by two systems: the hydrogen uptake system (Dixon, .. 
1912; ,S~hubert and Evans, 1976) and energ:r-linked nitrate reduetase 

(Rigaud et al •• 1973). 'ibe involvement "of h'ydrogen uptake system in the 

r 
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Fig. ~. A model for, symbiotic nitrogen fixation by bacteria (Shanmuge 
1 

et al., 1978). CS, glutamine synthetasé; GOGAT, glut8'll4,te 

synthase; nif and gIn are genes for nitrogenase and glutamine 

synthetaae, respectively. See Biochemistry of Nitrogen . ,. 

Fixation for details. j, 

v-

Fig. 4. The "aden;lation èascade" model for regulation of- the nitrogen 

fixation (nif) genes in Klebsiella e.m;umoniae (Sha~~g8Ill et 

al., 1976). See Genetics of Nitrogen Fixation for details. 
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energy III tabolism was shown by the use of isogenic strains of Rhizobium 

which la k the hydrogen utilization reaetions by Schubert and Evans 

(1976), nd Evans and Barber <I977). Since nitrogena;;"produce's certain 

, quantiti s çf hydrogen during the reduction of nitrogen, the amounts of 

hydrogen and ethylene produced by nodules can be used to estimate the 

efficiency of ,~nergy used in the nodules. Apart fram the hydrogenase 

uptake system, anaerobic reduction o! nitrates was also shown to be an 

energy-yield~ng reaction· in isolated bacteroids (Riguard et al., 1973). 

, Interestingly t the hydrogenase' system as well as the ni trate reductase 

t 
'are simultaneously induced in nitrogen-fixing cultures of free-living 

Rhizo~ium, thus further indicating their involvement in the process of 

nitrogen fixatiQn •• 

tt appears that 

by th~ bacteroids is 
! 

one of the major limitations of nitrogen fixation 

the avai1ability of photosynthate. Hardy and 

Hovelka (1975' demonstrated that increasing the rate of C02 fixation by 

the plant leads to higher rates of nitrogen fixation by the nodules. 

A1though the mechanism of this phenomenon is unknown, it suggests the J 

existence of a tight relationship between the physio1ogy of<the plant 

and the efficiency of nitrogen fixation by the microsymbiont. 

2.3. The RaIe and Structure of Leghemoglobin 

Leghemoglobin (Lb' was first reported by Kubo (1939) as a plant 

hemoglobin, able to reversib1y bind oxygen in root nodules of legumes. 

Recent bioehemical studies (Appleby, 1974), amino-acid sequence 

(Ellfo1k, 1961; Ellfo1k and Sievers, 1971; Ellfolk, 1972), and sequence 9' 

alignment (Hunt, 197~), indicated that t,he structure of Lb is c10sely 

related to that of myog1obin and animal hemoglobins. 
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There have been a number of proposaI s for the invo1vement of 

1eghemoglobin in symbiotic nitrogen fixstion, inc'luding its function as 

e1ectron acceptor in the transformation of N2 to NH20H (Virtanen 'and 

Laine, 1946), as e1ectron donor to ,nitrogenase bound to pl~nt cell 

membranes (Bergersen, 1960), or as nitrogenase itself with férrous, 

LbN2H2 as intermediate speci,e.s (Hanstein et aL, '1967), 'lt is now 

believed that leg'hemoglobin functions as an oxygen carrier' maint ain, ng a 

low and constant oxygen concentration in nodul~ thus preventing 

inhibition of the oxygen-sensitive nitrogenase - system (Appieby, 1974' 

The iron atom of ferrous herné of lb W8S shown to strong1y bind oxygen 

(Appleby, 1962)", as weIl as carbon monoxide (Imamura et al., 1972), 

which acts as an effective competitive inhibitor of the oxygen-bi~ding 

function of Lb. A c1ear indication of the importance of leghemog1obiq 

ofor nitrogenase activity in bacteroids cornes from the series of 

experiments performed by Bergersen et al, (1973). Measurements of 

• J .. • 
oxygen uptake and nltrogenase act1Vl.ty of bacteroid suspensions in the \ 

'1 

(.i 

presence and absence of oxygenated 1eghemoglobin (Lb02)' resulted in a 

30% increase of oxygen conslmption and a' dramatic increase of acety1ene 

reduction in tbe pr~8ence of Lb02• The initial entry o( oxygen from a 

gas phase into the cell cytoplasm ,appeara to ,be 'a slow proces8 

'. , 
(Scholander, 1965; Wittenberg, .1970). Leghemoglobin in root 'nodules 

appears to be only partiaUy (20%) oxygenated (Appl~by, '1969; Tjepkema, 

1971), thus providing the concentration gradient essential fo~, 

faciHtated diffusion. Sinc(! the concentration of Lb-bound oxygen in 
~ 

the intact nodule exceeds that of free oxygen more than IOOO-foId 

" {App1eby et al., 1976), it is possible that ,the transport of oxygen in 

the hosto cell .is entireIy mediated by leghemoglobin. Appleby et sC 

-___ ......... ____ 11f" t •• u ~_ M v -. ----------
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(976) aIso postulated that the Lb02/Lb system acta to buffer oxygen . .. 
pressures within the hast cell in the same vay that acid-base systems 

act as pH buffers. This effect influences the diffusion of oxygen 

tbrough such a protein solution and tends to stabilize its pressure at 

the point of deliverY. Leghemoglobin-~acilitated delivery vas shown to 

be much more efficient than unfacil itated oxygen diffusion (Bergersen et 

aL, 1973; Wittenberg et al., 1974). lbreover, the absence of Lb. vith 

consequent lo~s of buffering and stabilizing effects on delivered "oxygen 
1 

, 
tension '. aIso causes the destruction of nitrogenase by free oxygen 

(Appleby et al., 1976). It remains possible, howevér, that increased 

oxygen concentrations stimulate a bacteroid oxidase. wich might he 
fi f ' -

responsib1e for maintenance of bacteroid respiration (Jones et aL, 

,1972).1 A bacteroid oxidase involved in enzymic hydroxylation 

(Hol.ienb,rg and Rager, 1973), referred to as cytochrome P-450, is 

believed to act as a carrier or terminal oxidalê in the tSathway lIhich 
, 

receives its oxygen by facilitated di~fusion via Lb02 (Àppleby et al ... 

1976). Whereas cyanide, a general inhibitor of oxidases including 

P-450. strongly inhibits both Lb-fac1litated o~Pta1te and 

nitrogenase activity, N-phenylimidazole, tohicb i.a a specifie inhibitor 

of cytochrOllle P-450. inbibits Lb-facilitated nitrogenase activity only. 
_;IJ 

These observ ations suggest that the transport of oxygen fram Ib~ ioto 

bacteroids may be mediated by cytdebrœe P-450 (Appleby et al. .. 1976). 

nte observed relationsbip betwe~n the tb~facilitated diffusion of 

oxygen and nitrogenase acti~ity appears to be influenced by the 

availability of ATP in the cel!. Since it vas well estabÜshed that the 

Lb-facilitated diffusion of oxygen stiaulate. ~e .oxidative phosphoryl­
CI 

'ation syst~ (Berger.en et al., 1973; Wittenberg et al ... 1974). Appleby 

; ~"". ______ ~ __ ~ ______ ----__________ ~,.~_.-~~ ~~--____ -Wt'_. ______ ~~~,~~~ 

----- --~ --_ .... . 
29 



{ 
et al., (1976) studied the relationship between the bacteroid ATP/ADP, 

ratio and nitrogenase activity. A linear relat,ionship wa&.found, 
\- f . 

indicating that the stimulatory effect of Ib0l" on the nitrogenase system 

is mecHated by iocreased ATP/ADP ratio io the bacteroid. Oxyleghemo-

globin (Lb~), like oxymyoglobio (George and Stratmann, 1952) and 
':> 

oxyhemoglobin (Misra and Fridovich, 1972) is sens'itive to autoxidation 

in vitro, leadiog to the formation of metleghemoglobin (metIb), lIlbich i.s 
- 1 

physiïlogically inactive (Appleby, 1974). Puppo et al. (1981) receotly 

postul ated that superoxide dismutase .(SOD) from soybean nodules 

catalyzes the dismutation of Lb02 , and thus appears to play an important 

role in the Lb-mediated tr~A'port of oxygen. Superoxide dismutase may 

also prevent oxidation of nitrogenase (Henry et al., 1978). 8S weIl 8S 

ferredoxio (Hiara and Fridovich, 1971) and some cytochromes (Cassell and 

Fridovicb, 1915). , 
It has beeo establi8~ed that at least the majority of beme present 

in leghemoglobin is synthesized in bacteroids (Godfrey, 1972; Appleby 

and DiIWQrth, 1974), tilereas tbe globin apoprotein 1s produced by the 

bost plant (Verma et al., 1974; Verma and Bal, 1916; Baulcombe and 

Verma, 1978). 1he syntbeais of lb 'apoprot~in commences Fior to - that of 

nitrogenase in. root nodules of 8()ybean (Verma et al., 1919) a~ pea 

(Bisseling et al., 1979), and it occurs in a diff~rential fashion (Verma 

et al., 1979) fot' the two ~1ectrophoretica11y distinguishable molecular 

apecies of leghemog10bin in soybean. Althougb the properties and 
" 
~ 1 

structure of leghemoglobio, representing abou't 30% df the total soluble 

protein in soybean nodules, bave been weIl 'determined, its localization 

within tbe plant ce11 i. 8till in dispute. 

., 
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Both X-ray micro probe 1malyses of fixed section,s (Dart and 

Cllandler, 1971) and biosynthetic studies (Verma et aL, 1974; Vérma and 

Bal, 1976) of nodules» indieated that leghemoglobin is loealized 

entirely in the host plant cytopla~. Bergersen and Goodchild (1973) 

postulated that leghemoglobin iB localÏzed within the membrane" envdope 

surroundi!lg bacteroids in both fresh and fixed soybean nodules. Due to 

the size and propert ies of membrane envelope, however, it is possible 

that this structure iB broken during the preparation or extraction of 

the tissue and that the apparent intravesieu!ar material is contaminated 

with cytosol ic contents, incl uding leghemoglobin. AlJ:hough the 

structure and permeability of the membrane envelope remain large!y 

unknown, it is unlikely that leghemoglobin cat;l be transported across the 
( 

1979) by a vectodal dischar~ mechanisID (BlobeL 

--------
membràne (Verma et al •• 

and Dobberstein, 1975), sinee it is a non-glycosylated protein (EUfolk, 

1972) • 

Despite its hast origin, the levels of leghemoglobin in the plant 

cell appear to be strongly influenced b~ m~tations in Rhizobium .!.Iœ. 

Verma et al. (981) reported that ineffective nodules, developed by 

Rhizobium strains SK4, SM5 and 61A24, contain reduced anounts of 

legbemoglobin. Whereas the mutation in strain SK4 and strain 
\ 

incompatibility in 61A24 are poorly understood, it is believed tbat the 

mutation in SM5 affects the funetion of ·nitrogenase on1y· (Maier and 

Brill, 1976). 'lbe' observed anount of leghemoglobin in the SH5-induced 

nodules represents ooly 30-40% of that found in a wÏld type (strain 
) 

6lA76-induced) nodules (Verma et al., 1981), pro~iding additiona! 

evidence for tbe apparent lack between the presence or activity of 

oitrogenase and leghemoglobin. 
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Purific'ation of Lb-mRNA from soybean root nodules (Baulcombe and 

Verma, 1978) has led to the construction Lb-cDNA clones (Truel sen et 

aL, 1979; Sullivan,et aL, 1981). SubsequeIlt isolation of ~everal 

genomic clones of leghemoglobin from soybean nodules (Sull ivan et al., 

1981; Jensen et al., 1981) revealed the presence of at least seveD EcoRl 

fragments containing leghemog lobin genes in soybean. One of th.ese genes 

has been shown to be interrupted vith three' intervening sequences 

(Jensen et al.. 1981). Further investigations of the structure and 

complexity of leghemoglobin genes may elucidate the evolutionary origin 
1 • 

of this protein. Since the globin apoprotein of Lb shares an extensive 

structural homology vith common animal globins (Hunt, 1972), the origin 

- of this chss of genes must be sought in an early phylogenesis of the. 

animal and plant kingdoms. 

3. GENETIeS OF NlTROGEN FIXATION 

3.1. S~ructure and Regulation' of the' Nitrogen Fixation (nif) Genes 

Klebsiella pneumoniae is the mast videl y 'used organism for studying 

, ~ 
the genetics of nitrogen fixation because it can fix nitrogen in a free-

living state and is easy to manipulate in cul tures. The genes for 

nitrogen fixation (nif genes) were shown to he located near the operon 

for histidine biosynthesis' in K. pneumoniae by cot,ransduction of his and 

nif using the generalized transducing bacteriophage Pl CStreicher et 

al. J 1971). At the same time, Dixon and Postgate (971) performed R144-

mediated conjugation experiments between His+ nië donors and His-NiC 

recipients in which His+ exconjugants had regained the ability to fix 

" nitrogen, thus confirming linkage between his and nif genes. A sho'rt 

tÏllle later, they showed that the nif genes could be transferred hy 
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conjugation from K. pneumoniae to !. ~ C, a strain which normally 

does not fix nitrogen (Dixon and ~stgate, 1972). Shanmugan et al. 

(974) analyzed deletion mutants of the.!!i!.. region in K. pneumoniae and 

. found that th~ nif genes are located betwee? ,his and shi A on the 

bacterial chromosome. On the basis of ~lOgy with the chromosom~ map 

of ~. ~, nif genes were placed in a counter-clockwise position from 

the" his operon. Some of the individual genes involved in nitrogen fixa-
, 

, tion were identified and ordered' by St. John et al. (1975). Their 
o 

results suggested the following order and gene products: his D 

(histidinol dehy~rogenase), nif B (~cofactor), nif F (elect~on 

transfer protein), nif D (nitrOgenast MoFe ptotein), nif!l (nitrogenase 

Fe protein). and nif G (regulatory companent). Fine-structure mapping 

and complementation analysis of nif genes have led to identification of 

total of '14 nitrogen (ixation genes 'in K. pneumoni~e (MacNeil et al., 

1978). In this study, several hundred Nir straios containing point 

mutations '(Mu insertions and Hu-induced deletions) were used in 

complementation analysis with plasmids containing nif mutations. The _. --
nîf mu~ations, mapped by deletion analyses, were ordered into almost 50 

deletion groups with a gene order of Èi.! ... nif QBALFMVSNEKDHJ. 

HacNeil et al ~ (978) postulated the presence of seven operons; five 

polycistronic and t'WO monocystronic. Recent studies by Dixon et al. 

(977), Kennedy (1977), and Roberts et al. (978), resulted in 

identification of a number of nif gene products other than nitrogenase 
, 

(Table 2). Many of the .!!!!-coded polypeptides 'were identified by means 

of two-dimensional polyacrylamide gel electrophoresis (Roberts et alJ-., 

1978? and àssigned to specifie nif gents. It is now believed that there 

are 17 nif genes organized in seven operons on the chromosome of K. 
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TABLE 2 

.. IDENTIFICATION OF nif-ASSOCIATED PROTEINS IN K. PNEUHONlAE 

Gene assignment a MW/pl Putative function Reference 
:< 

nif A 
'iiI1 B 
"iiIT D 
nif E 
ill F 
nIT R 
nif J 
nif K 
nif L 
nif M 
nif N 
nif Q 
~s 
nif u 
·ntf V 
nif Y 
nif X 

60 kD/? 
Unknown 
56 kD/6.1 
46 kD/6. 8 
17 kD/5.0 
35 kD/4. 9 

120 kD/6.0 
60 kD~5.7 
50 kD/? 
28 kD/? 
50 kD/6.7 
Unknown 
18 kD/51 
28 kD/? 
42 kD/? 
24 k.D/? 
18 kD/? 

Derepression of nif; regu1atory 
Essentia1 in Fe~b synthesis 
Encoding nitrogenase (component IC)d 
Involvement in FeMo-Cob synthesis 
Electron transport factor 
Encoding .component Ile 
Regulàtory, unr~~ated to compone~ts l, II 
Encoding nitrogenase (cemponent I)f 
Repression of nif; regu1ator:y 
Invo1vement in synthesis of component II 
Essential for FeMO-Oo synthesis 
Unrelated to components 1, II 
lnvolvement in synthesis of comPO~Qt II 
Unknown 1 

Unrelated to component l, II 
Unknown 
Unknown 

D\~n et al., 1977; Kennedy, 1977 
St. John et aL, 1975; Roberts et aL, 1978 
St. John et al., 1975; Roberts et al., 1978 
Dixon et al., 1977; Roberts et al., 1978 
St. John et al., 1975; Roberts et al"I' 
St. John et al., 1975; Roberts et al., 
Kennedy, 1977; Roberts et al., 1978 :' 

• \0 

MacNu1 et al. t 1978; Roberts et al., .•. 
Kennedy, 1977; Kennedy, 1980 , . 
MacNeil et al., 1978; Klipp and Püh1er, 1980 
St. John et aL, 1975; Roberts et aL, 1978 
MacNeil et al., 1978; Roberts et al., 1978 
MacNeil"et al., 1978; Roberts et al., 1978 
Klipp and Pühler, 1980 
MacNeil et al., 1978; Klipp and Pühler, 1980 
Klipp and Püh1er, 1980 
K1ipp and Püh1er, 1980 

a Genes are listed according to alphabetical order. The actual sequence of the nif genes on K. pneumoniae chromosome is: 
hie ••• nif QBALFMVSUXNEYKDRJ (Kennedy, 1980) -

b Fei):'Co iaaco_~tor of nitrogenase (component 1) at its active site (Shah and Biin, 1977) 
c . Compoltent l is nitrogenase, a tetramer Q2B2 of t'lO polypeptides of 54 kD (e subunit) and 57 kD (CI subunit) (Kennedy et 

al., 1976). 
d The ~ subunit of nit~ogenase 
e Component Il is nitrate reductase, a dimer of identical polypeptides of 34 kD.(Kennedy èt al •• 1976) 
f The.,. B subunit of nitrogenase 

w .s:-
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pneumoniae, i ntree genes code for nitrogenase protein8; nif H, for the 

iron protein of nitrate reductas (component II) and D and K for the· a 

and ~ subunits of the molybdenlDD iron protein (component Ir respectively 

(Kennedy et al., 1976). Identi ication of the remaining nif gene 

products (Table 2) is at i~s pr liminary stage and detailed fudctions 
f;rF 

c 

have yet to be assigned to most of these pro teins. A n\IDber of other 
, , 

nif loci have been reported, in luding nif G (St. John, .f975) and nif,T 

(Aus~bel et al., 1977), but in each case the report has been based on 

only a single mutant strain weIl characterized biochemi-

cally. 

As suggested ,above J the and regulation of nif is under a 

complex control mechanian of g utamine synthetase. Ginsburg' and 

Stadtman (1973), and Woh.lhuete et al. (l9?3) postuls"ted the presence of 

a regulatory model for nif ex ession J referred to as "adenylation 

cascade" (see 'Fi~"4). ing to this model, addition of NH4+ ,or any 
~ 

other source ~itrogen, to repress nitrogenase (nixon and 

Postgate J 1972), triggers a of enzymatic reaetions modifying , 

glutamine synthetase. IThe s attachment or remova1 of adenyl 

moieties to or from tyrosine residues changes dramatically the catalytie 

properties of glutamine s t Adenylation of the enzyme (one .' , 

adenyl residue, per each 2 identieal 8ubunits) blocks the. binding of 

glutamine synthetase to the ~ prOllloter or J conversely, deadenylation 

leads to binding of thè enzyme and subsequent activation of tran8.crip-. r 
tion of nif o.peron. More recent studies with :tbree glutamine-requiring 

;, 
1 

auxotrophs, (~A~) (Shanmugam et al.; 1976) further supported the 
1 

Il adenylatipn cascade" mode!. The.s!!!. A- mutants, 1 acking catalytic 

i 
act,ivity of glutamine synthetase, faUed to synthesize nitrogenase under 

1 

1 

'. 
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a variety of conditions. Shanmugan et al. (1976) postulated. that the 

lOBS of catalytic activit~bY glutamine synthetase simultaneously 

destroys the regulatory prpet!f.ieS of the protein. On the other hand, 

transfer of an!. coli episome F133, carrying an effective glutamine 

synthetase gene, to a ë A- strain' (5060) ~f !. pneumoniae restores the 

pr~duction of nitrogen-ase (Low, 1972; Shanmugam et al., 1976). 'l1te 

original reports, postulating that glutamine syrithetase ie a positive 
/ , 

controlling element for nitrogenase" derepression (Streicher et al., 
., ' 

1974; Tubb, 1974), werè a1so evidenced by the isolation of mutants 

mapping within 'the glutamine synthetase struc tural gene, lohich led to no 

loss of biosynthetic activity of 'this enzyme but gave rise to marked 

irregularities in ~ and hut expression (Ausubel et al., 1977). In 
.. 

addition, an apparent sensitivity to 8DDDonia in K. J?neumoniae mutants 

~ A+R-nif s,u~ge'sted that glutamÏIie synthetase is not the on1y 

regulatory element controlling nitrogenase derepression (Streicher et 

al., 1974) 1 but that there May be a' second controlling element, a 

nir -specjpc repressor (Ausubel et sr. ,-1911). It is believed that 

within a 'narrow range of 8IIIIIonia concentrations, the activator 

(derepressor) and the postulated re,pressor compete for the control of 

nif transcription. 

since the nif genes map as a .c1uster between the ~ operon and shi 
~ -

A (shikimate pe~eas~f ônJthe K. pneumoniae chromosome (streicher et 

aL, 1971; Dixon and Postgate, 1971; Shanmugamet al., 1974; St. Jobnet 

al., 1975») the possibility of a coordinate expression of the nitrogen 

fixat' on genes was examined by Shah et al. (1972). '!'he resul ta 
1 

ted that botb component l and component II of nitrogenase in 

acter vinelandii' a're cordinately synthesized during derepre8sion 
~~~~~~ ~ . 

of 

, .. ~,.::t~ .. 

36 

t 

1 , , 
1 
1 
1 
1 

1 

1 



! 
( 
1 

1 
i 
',j 
1 

, .. ,~ .. 

( 
and coordinately lost during repression of· the enzyme. )obreover, Gordon 

and Brill (912) isolated revertants of nir mutants which lacked both 

• component 1 and component II ac tivities; several revertants .produeed 

nitrogenase constitutively and were insensitive to _onia repression. 

These observations suggest that the structural genes for nitrogenase are' 

controlled by a connnon regulatory gene. 

3.2. Nodulation and Nitrogen Fi"Xation Genes of Rhizobiun 

A major difficulty 88sociated with studies of Rliiezobium genetics is 

tbe fact that the genes of Rhizobiun involved in root nodule symbiosis 

do not genérally express in ~J but are revealed in the presence of 

the. host pl ant • 

, Schwinghamer (1964) studied the associatio\ between the antibiotic 

resistance and modification of effectiveness in spontaneous mutants of 

!. 1eguminosarum, .!. meliloti and !. trifolii. He distinguished three 

groups of antibiotics according to the modification of symbiotic 

properties. In group l, resistant to ch10ramphenicol J spectinomycin J 

l 
spiramycin and streptomyc~n, most of the mutants did not lose 

effec·tiveness. In group II, resistant to novobiocin, penicillin and 

vancomycin. tberè was a partial or total 10ss of effectivenefs in about 

50% of mutants, tllbereas in group III, resistant ta neomycin and . , 

viomycin, most of the mutants were. completely ineffective in fixing 

nitrogen. Subsequent stud ies of viomycin resistance (Vior ) in!. 

meli loti showed that the Vior mutants 

ceU wall (McKenzie and Jbrdan, 1970; 

accumulate phosphoUpids in the 

McKenzie and Jordan, 1972) and ' 

bave fewer negative1y charged sites on the envelope .(Yu and Jordan, 

1971>. Since no bacteroids were detected in the nodules, it is bel ieved 

'. 
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that these vegetative hacteria are not con~erted into bacteroi;ds and 
, 

.- tIIII' degenerste (Hendry'and Jordan" 1969). Surprisingly, almost a11 .the 

antibiotic-resistant mutants of Rhizobium studied are infective, thus 

providing a suitable system for identification of the genes related to 

" the effectiveness of symbiotic nitrogen fixation. 

, Apart from the studies of effectiveness in spontaneous mutant·à of 

Rhizobium', selected accor~ing to the antibiotic resistance 

(schwinghamer. 1961+) and the r/sistance to metabolic inhibitors 

(Sch~nghamer. 1968,), Il variety of genetic techniques have been uèed in , ' 

the studies of the Rhizobiun genetics, inc1uding transformation. 

transduction, transfection, conjugation and mutagenic treatments. As 

early as in, 1953, the genetic transformation of ho'st specificity by 

• 
bacterial lysates' of !. lupini was reported (Ba1assa, 1953). Wh en 

Q 

exposed to DRA from R. meliloti strain M, some cells of R. lupini strain - ~ 

H-13 became infect ive on al falfa (Medicago sstiva). When the donor 

straln was Strr and the recipient StrS , bacteria.isolated from the 

resu1 ting nodules retained the StrS character. When strain H was - ,." 

trsnsformed to Strr vith DNA of Str r strain K, the transformants did ,not 

form nodules on al falfa. A Cys- mutant of !: l:;:"ini strain H-ll, when 

transformed with DNA from straj,n M. gave cultures forming ineffective 
~.. \ 

nodules on al falfa. Bscteria isolated from these nodul es were either 

Cys- or, Cys+. the latter being spontaneous revertants (Balassa, 1953) J 

and ,:ontinued to induce, the same type of ineffec tive nodules on alfal fa 

(li!)shenetski and puriiskaya, 1971). If transformed a second time by DNA 

of strain M, the resul ting cul tures formed several effec tive nodu~es. 

Sinee silnilar résu1ts were obtained in R. trifolii mutagenized by UV or 

X-ray irradiations, where the bacteria formed ineffective nodules on pea 

'v 
/ 
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(Schwinghamer, 1962), it appears that host specificity of Rhizobium can . " 

be modified by transformation or a single-step mutation (Dénariê and 

Truchet, 1976). The ineffectiveness of nodules formed on a new host and 

the observation that the nitrogen fixation ability restored only after 

further transformations, suggest that the nodulation and effectiveness , ' 

genes May not b~ closely related. Further evidence for this hypothesis 
,.. 

was provided by Maier and Drill (1976), ltbo recently isolated five 

symbiotically def~ctive mutants of R. japonièllD lInong 2~500 survivors of 

a mutagenic treatment. Some of these mut4nts (strains SM3, 'SM4 and SM5) 

produced nodules. but they did not fix nitrogen. !. japonicllll! strain 

SM5 was shawn to be defective in the production of nitt'ogenase component 

II. Some additiona! evidence for the apparent lack of a di!ect rela-

t ionship bet-ween nodulation and symbiotic effectiv.eness in Rhizobium has 

been also obtained using auxotrophs. A riboflavin-dependent mutant of 

R. trifolii showed full restoration of the effectiveness in prototrophic 

revertants following addition of riboflavin or its coenzymes 
. 

(Schwingh8lller, 1969; Schwinghamer, 1970). Similarly, in a leucine auxo-

troph of .!. melilot-i, the eHectiveness could be restor.ed by the. 

addition of leuc ine (Kowalski and Dénarié, 1972). 

lbe observation tbat about 70% of aIl" R. melilrti strains exanined 

are phage carriers (Kowalski. 1965) was encouraging for the prospect of 
, 

obtaining transduction SUlong different species lof . Rhizobium. Phage L5, 

whose pro ph age resides in the lysogenic.!. meliloti strain L5 (~5), wa8 

shawn ta be a generalized transduèing phage (Dénarié and Truchet, 

1976). The use oi phage L5 incÎicated that an ineffective lysine-

requiring mutant of R. meliloti carries at least two mutations:_()~,.in a 

gene controlling ly.in~lY') and the other in a gene for 

• ' .... '01.*", 
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effectiveness (eff-2) (Kowalski, 1970). Analysis of a number of other 

ineffective leucine-requidng mutants (Kowalski and D~nariê., 1972; 

Kowalski, 1974) suggested that aIl the l!.!! genes are c1us'tered in the 
" ' 

same region of the chromosome. Two of these mutants, the prototrophic 

trallsductants and revertants, were fully effective Cstrains B11 and E66) 

(Kowalski, 1974). Additiona1 experiments al so suggested that the Bl! 

strain of R. meliloti cardes an eff-1 mutation which is situated in the 
o 

leu region ot the chromosome (Kowalski, 1974; Dénarié et al.', 1974). 

Whereàs Kowalski' s resu1ts involved generalized transduction, a special-

ized transduction was also reported in literature. Staniewski et al. 

(1971) demonstrated transfection <infection of bacteria vith phage DNA) 

in R. melilotL'" A lov frequency was observed for transfection of intact 

cells of Rhizobium by a temperate phage, but use of spheropl ast cells 

and helper phages gave a 300-fold increase in frequency. Although 

transfection in Rhizobium remains at its preliminary stage and no 

conclusive data are as yet. available, this approàch ,may be a power fuI 

tool for genetic tntlpping of the closely-related rhizobia. 

Since generalized tr'ansformation and trànsduc~ion Allo!, 'the trans­

fer of on1y a small part ~about 1%) of the bacterial chromosome (Dénarié 

and Truchet, 1976), a system all,ol{ing genetic transfer of large 

chromosomal segments wou1d be of major interest in the investigation of 

the symbiotic role of Rhizobium. According ta Dénariê and Truchet 

(1976), two approaches to such a system can be dist inguished: the search 

for natural conjugation systems in roct nodule bacteria, and the intro-

duction of sex factors from a'ther bacteda (eg. E. coli or Pseudomonas) 
..../"- - -

into Rhizobium.!EI!.' Higashi (1967) reported the transfer of host 

specificity from R. trifolii to R. phaseoli by conjugation; however, no 

-3 1 .. 

40 

, .-. 

'1 

J 



.. 

( 

i 

f 

further characterisation and genetic identification followed this work. 

A successful transfer of the resistance factor RP4' conferring resist-

~nce to anpicill in, kanamycin and tetracycline, from Pseudomonas 

aeruginosa to!. lupini was ,reported by Pühler et al. (972). In 

another report on conjugation among five strains of R. trifolii 
, -

CI . .orkiewicz et al., 1971), crosses i(etween singly auxotrophic mutants or 

between auxotroph and wild type ytelded a number of prototrophic back 

mutants from ineffective auxotrophs which remained ineffective. 

Finally~ a successful transfer of the R-factor, responsible' for a mult-
'. 

iple drug resistance to chloramphenicol, neomycin and penicillin G, was 

reported from!. japonicum to A. tumefaciens (Cole and El kan , '1973). 
\ 
, 

Although a number of reports describing transfer of sex factors from 

e 
Pseudomonas and Enterobacteriaceae to Rhizobium have appeared in litera-

ture (Datta et al.,'1971;.Datta and Hedges, 1972; Yühler et al., 1972), 

including that reporting the first complementation test I,Ised in 

Rhizobhm "Datta ~and Hedges, 1972), all of them faHed to demonstrate 

chromosome transfer in rhizobia. Consi<!er~ble progress in this area, 

however. was reported by Dunican and Tierney (1974) who showed that the 

F-l ike R pl asmid (Rl-drd) acts as a sex factor in R. trifol ii and 

promotes the con}Ugative transfer of genes controlling nitrogen fix.tion 

into Klebsiella aerogenes. 

During' the past few years there have been nunerous reports suggeat-

ing an extrachromosomal ,inheritance of factors involved in symbiotic 

'properties of Rhizobium. Convi,ncing evidence for plasmid inheritance in 

R. trifolii cornes from the report by Dunican and co-workers_ (Cannon et 

al.,1971). Viomycin resistance, known to be closely associated with 

'" 1088 of effectivenes.s (Schwinghamer, 1964; Hendry and Jordan, 1969; 81ao 
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see above) was. used 8S a marker for detecting 10ss of effectiveness 
, :. 

following treatment of effe'ctive, viomyc:in-sensitive bacteria with 

plasmid-eliminating agents. Treatment vith acridine oran~e 'Or ethiti:.n· 

bromide significant1y increased the frequency of viomycin resistance. 

l "',II 

whereas a pr 0 phage- inducing agent and a mutagen did not. Thus it was 

presuned that factors for bath viomycin sensitivity. and symbiotic 

efficiency could be l~cated on p1asmids. possiblyon the same one. 

However, according to Schwinghélller (977), the validity of this 

conclusion depends on the absence of selective enrichment of spo~!inèouS 

mutants by phsmid-curing agents. MCl'st recent etudies indicate the 

presence of 2 (Kondorosi et al., 1980) to 4 (pühler et al., 1980) 

plasmids in R. melilotii, ranging from 3 to 260 Mi in size. ' According 

ta Badenoch-Jones et al. (1980), at least four classes of Rhizobium 

plasmids can be distinguished: claBS l, greater than 200 ltl; claBS II, 

95 .. 125 Md, cIsss III, 40-65'Md; class IV, 3-7 Md. It is beiieved that 

the RhizobilDD plasmids exist in the covalently closed circular (CCC) 
1 

o 

fOnD, representing <about 10-20% 0 f total_ c~llul sr DNA, and tbat they are 

stringently replicsted and non-amplifiable (Badenoch-Jones et al., 

1980). In 1979 Nuti et al. reported that SOUle of the nitrogen fixation 

(nif) genes of!~ pneumoniae, cloned in two recombinant plasmids (pSA30, .. 
1 

cont aining nif KDH and a part of ~ E, and pcM~, tant ai~ing .!!li Q-E and 

part of nif K) 1 hybridized witho plasmid. !,NA fram !. leguminossrum. The 

hybridization 'data c1early indicated that the plasmid DNA contains genes 

encoding both component land component II of nitrogenase t.!!!!. KDR), hut 

no other gene of the nif cluster could be detected ip Rhizobium. 
" -

SimiLarly, the presence of at le$st two structural.!!!!. genes encoding 

-Q nitrogenase (nif DH) on rhizobial plasmides) wss recently reported in 

1 J , 
'$.~lII'j"""_._~""'-----"--' ",,,- -------- ...... , ... - ~ ~ - ~f 1 . ,,-, 
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R. japonicum (Hennecke, 1980). However, Avubel and co-vorkers (Szeto 

et .1 •• 1980) failed to lQ.c::alize Clany of the nif genes on the 90-200 lti 

p1asmids examin~d in R. meliloti. Bath AuSU= (Sz,e~ al •• 1980) and 

Yühler et al. (980) raised the possibility that at least some of the 

nif genes of!. meliloti may be harbbre~ on very large plasm'îds lohicb 
o 

èo-purify With the chromosomal DNA; arut hetlce. it 18 diffiéu1t to define 

their location at this stage. 

A great deal of infarmation regarding the apparent conserved 

cbaracter of nif genes. cleary exceed ing the RhizobilDD genus. vas 

"r\p~ed ~y Ruvkun and Au~ubel (1980) and ~zur et al. (980)/, ,~l of 

th~ strains of different nitrogen-fixing" proci1ryotes. includi~ 

Gram-:-positive and Gram-negative bacteria. cyanobacteria and the 

"" . actinomycete Frankia, showed tbe presence of nif KDH genes (Ruvkun and 

Ausu~el, 1980). Similar resul ts vere observedf in cyoanobacteria (Mazur 
II. 

et aL, 1980). Interestingly, none of the rema~ning 14 structural genes 

of the nif cluster (see chapter 3.1) were detected in a11 the examined -- , 

species (Ruvkun and.Ausubel, 1980>. 

It: is believed that also the nodule-forming ability (tnF) in some 

. spè,c::i'es of Rhizobium, is under a plasmid control. Higashi (1967) 

reported a 1088 of this char acter after an acridine orange treatment. 
~\./ 

'Due to the high concentration of acridi1:1e orange; ho'Wever. the effect of 

. this agent as a mutag~n could not be rul~ out. In R. meliloti strain 

L-1, subbacteriostatic doses of ac::ridine orange inë'rease the frequency 

of Inr mutations vith up to 30% loBS of lnf+ (Pariiskaya. 1973). 
t 

Simi1~ doses of acrifl'avin,e or sodium dode'cyl sulphate (SDS) vere al80 

reported to induce a 10s8 of lnf+ for ,R. trifolii strain T37 vith a very 

-... 
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high trequen,?y (90 to 100 percent) (Zurkowski et al., 1913). On the 

other hand. treatments with acridine orange. SDS or vith sbort-vave UV 

1 light irradiation ~ailed ta abort infectivity in R. 'trifolii, Il. 

meliloti and !. japonicum (Dénarié and Truchet, 1976). It vas recently 

observed that incubations of the rhizobia at elevated tempera~ures 

frequently result in the 108s of nodu~ating ability (Zùrkovski and 

Lorkievicz, 1978; Zurkowski and Lorkievicz, 197~; Kondorosi et al., 

1980). Using!. trifolii. Zurkowski (1980> demonstrated that there ~ 

correlation between the loss of the nodulating ability and the 108s of a 

large (95-125 Md) plasmid. whose size varies depending on the strain 

used. Interestingly, the absence of the plasmid had also an effect on 

cell wall synthesis and cell division (Zurkowski, 1980), although i~ 

could not be conc1uded if these characters are confined to the symbiotic 

process. Very similar results werè reported 'in R. meliloti (Kondorosi 

" 

et' al. J 1980)., Ufling a beat-treatment procedure developed for the ,~ 

", 
elimination of R-plasmids from Rhizobium, about 5-39% of the cells 

becaœe defective in symbiotic functions (Nod- or lnr-, and Fix- or 
1 

Efr-). In some Nod- mutants, a deletion of a 25 kb DRA segment of the 

larger ( > 200 Md) plasmid ws observed. 
1 

Since this DRA fragment aIso 

contained the nif region (Kondorosi et al., 1980>, it vas concluded that 
_.JI# { 

both nod and nif genes are barbored on the larger plasmid of R. -- -
meliloti, and that they are located relatively close to each otner. 

Furtber evidence for the ~'pparent presence ot nodulation genes on 

plaSllids was reported by Scott (980). A lon.rterm storage of R. 

trifolii on agar slants at 4·C resulted in the formation of non-

nodulating (Bod-) UlU'tants vithin cultures. Pla_id anàlysis of thelle ' 

.trains sbowed tbat tbe wild type strain hac! two plasmids of 1II01ecular-
~ 

, -- --- -- --,---------
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weights 120 Md and 160 Md, Whereas the non-riodulating mutants had lost 

the 120 M:i plasmid. The above observation, thus strongly suggeBt~ that 

the genes involved in nodulation (nod) and at least some structural 
. 

genes for nitrogen fixatjon (nif) in Rhizobium are present on large 

plasmids rather than the chromosome.' 
~ 

Plasmid DNA of Rhizobium~. is also believed to harbor genetic 

factors control1ing the production of bacteriocins (Novick. 1969). 

Bacteriocins are considered temperate phages df bacterial origin, 

capable of killing other bacteria within a particular strain-

specificity. Bacteriocin 37 of!. trifo1ii (&hwinghamer et al.. 1973) 

was shawn ta be a DNA-containing nucleoprotein. hexagonal in,outline, 

and resembling ather co1icins from Rhizobium~. (Schwinghamer, 1971; 

Ro.slycky, 1967), perhaps vith the exception of a bacteriocin from R. 

lupinus (Lotz and ~yerJ 1972). which is apparently,devoid of DNA. 

Since the structure and biology of bacteriocins, occurring vide!y in aIl 

spedies of Rhizobium, remain largely unknown, it is difficult to specu-

1ate on their function. To date there have been no reports suggesting 
/ 

the involvement of bàcteriocins prior to or during the Rhizobi~legume 

symbiosis. 

3.3.1 Plant Genes lnvolved in tbe Rhizobiuœ-Legume Symbiosis 

Studies of the genetic role of the host plant in ro~t nodule 

symbiosis have been c-arried out in two majo,r aspects: the ability of . 
nodulation and the effectiveness-of the nitrogen fixation. the Most 

• 

easily reeognized host-specifie interact.ion in legumes is the inability 

to develop nodules (non-nodulation) by tbe plant infected with a 

_çenetieally compatible spe~ies of Rhizobium. Nutman (1949) reported the 

\~ 
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presence of a recessive gene LL in red clover (Trifolium pratense) 

which controIs nodulation of the plant by.!. trifoÙi. possibly at iu 

very early 'Stage. Williams and Lynds (I954b/-reported that a single 
/"/;/' 

rece~sive plant gene ~ ~ controls_ntûf~lation in soybean (Glyciqe 

max). This gene. later t designated .!.b.!il (Caldwell. ~ 966), was 

believed to control the product~on of ~ specifie fac~or localized in th! 

root wich inhibits nodulation (Elkan\, 1961). Supsequent studies of 

Hubbell and Elkan (1967a) demonstrated some physiol~gical changes in the 

non-nodul ating strains of soybean, characteristic of the .!il !.il 

mutation. Comparison of the wild type Rj] &1 and m~tant .!il dl prior 

to and after rhizobial infedtion. aIso revealed si-gnificané differences 

in the amount of protein, reducing sugars and free amino-acids (~ubbel 

and Elkan, 1967b). Whereas the presence of the recessive genes LL in 
o 

red clover (Nutman, 1949) and dl dl in soybeàn (Williams and Lynch. 

J 

1954; Caldwell, 1966) was shown to condition nodulation in the host 

plant regardless of the environmental conditions, a dominant gene!l! 1 

,was reported to condition nodulation of fi-:ld pea (PiSlBD ~.), cultivar 

"Iran". in a temperature-sensitive fashion (Lie, 1971; Holl, 1973). 
t; 

Another plant gene of fie id pea, .!E 2 !..l.! 2, occuring in culth,ar 

"Apbganistao", was ideotified as a recessive gene conditioning aIl 

strains of R. leguminosarum. regardless of the environmental conditioQs 
,-

(Lie, 1971; Holl, 1973). \ 

A gene of red claver, ie ie, conditions ineffective response witb \ 

number of bacterial (R. trifolii) strains, causing abnormal host cell 

divisions and no bacteroid formation (Nutman, 1957; Bergersen-and 

Nutman. 1957). N~tman (196S)ialso reported the presence in red claver 

,of tYO other ~enes, designated .!.! and!!. which condition , . 
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ineffectiveness of nitrogen fixation in 'the small nodules produced. In 
. 

soybean there are at least 3. dOlDinant genes involvéd in effectiven,ess of 

~itrogen fixation:.!b (Caldwell, 1966; Caldwell et aL, 1966),!b 

(Vest, 1970). and ~ (Vest and Caldwell. 1972). Phe«lotypically, the 

r presence of ~he !i genes leads to the formation of small. 'llitite n~dules, 

unable to f'ix nitrogen. In field p~a there are a minimllD of three 

recessive genes influencing the effectiveness of nitrogen fixation: two 

unidentified genes conditioning the nomber of nodules (Gelin and Blixt, 

1964). and a ~ 3.!1!! 3 gene affecting the function of nitrbgenase and 

causin~ a~cumul~f polysaccharides i.n periphery of infected cells ' 

- (Hall, 1973). ~ 
'Since aIl of the plant genes involved in the nodule formation and 

function vere fou, by means of classical Mendelian genetics, our 

knowledge of their lo~ation, regulation and expression is very 

incomplete. From the data available, it appears that the gene ~, 

involved in the effectiveness of nitrogen fixation in 8Oybean, is 

independent of the non-nodulating gene .dl. !il. (Caldwell, unpublished). 

and that the genes Rh and Rh mày be linked (Vest, unpublished). While 

. ~he control of the !i.2 (Caldwell et al., 1966) and !il (Caldwell' and 

Vest, 1977') types of ineffectivenes8 was' shawn ta occur within -~i:he root 

sys~em, Fischer et al. (1972) reported t\lat the efficiency of nitrogen 

fixation involves bath the root and the scion of the plant. A Ileries of 

interesting studies regarding the role of plant genes in the symbiotic ... . 

process ~as'initiated by the observation that the association of plant .. ' 
~ith RhizObIum'" may often lead ta chlorosis (Erdman et al., 1956). 

, , ' 

Johnâon et al. O~58),. and Johnson and Clark (1958) showed that the 

Rhizobiumrinduced chlotosis was observed ~certain 8O~ean genotypes 

... , 

_, _____ ~'_r -',--.t. 
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( were inoculated ~th certain (.ains of R. japonicum. Altbough the root 

nodules fonaed on severely chlorotic plants were of nonaal size, shape 

and distribution, Johnson ,and Clark (1958) demonstrated that control of 

the expression of chlorosis was confined to the roots. Later studie, 

showed that the chlorosis is caused by El toxin (Owens and Wright, 1965) 
~ 

which is indeed synthesized in the nodules. Due to its translocation to 

yqung developing leaves (Johnson and Clar~, 1958), it could he easily 

isolated from chlorotic leaves. The biochemical action of this toxin, 

referred to as rhizobitoxine, was well e1ucidated by Owens et .al. 

(1968). Susceptibility of soybean genotypes to 

vary in different cultivars <Johnson and Means, 
( 

rhizobitox~ appears to 

1960), nevertheless the 
) 

involvement of El single plant gene with modifiers w,s postulated 

(Caldwell and Vest, 1977) in this phenomenon. - ( 

Nodule distribution aIso appears to be controlled genetically by 

the plant. Bhaduri and Sen (966) reported sever al nodulation patterns 

for Phaseolus ~. When P~ aureus var. N.P.2B, which had a localized i 

nodulation pattern, W8S crossed with !._ trilobus of a diffuse'noduI~ion 
pattern, the diffuse pattern was dominant (Bhaduri and Sen, 1968). 

There are a180 a few reports on increasing nodule mass by genotypic 

selection in the hosto Jones and Burrows (1968) observed that certain 

crosses bet~en different cultivars of white clover (Trifo1ium repens) 

and a selected, effective strain of R. trifolii. resu1ted tn the 

formation of especially large root nodules. '!bey aIso observed, 

however, that the increasing size of nodules was accompanied by'a 

decreased efficiency of nitrogen fixation. These results are in 

agreement vith those of Chen and '!bornton (1940) with red claver ,nd 

with the results of Jones (1962) vith white clover. 

" 
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'l'hat the plant genome ia directly involved in both structural and 

functional establishment of the Rhizobiu~leguœe aymbiosis has been 

suggested' in a number of reports, in which different species or 
, . 

cultivars of the plant were shown to form different nodules vith the 

same Rhizobium strain. Al though lDOst of these studies fa,~ to 

indicate or ~dentify the plant gene(s) involved, some information 

49 

related ta the development of the sYl!lbiosi~. was obtained. Studies of , 

the root nodules formed by R. lupini strain D25 on Lupinus luteus and 

Ornithopus sativua (Kidby and Goodchild, 1966) demonstrated that the 

plant genes influence the shape of bacteroids and infection thread, aa 

weIl as they determine the number of bacteroids per membrane envelope. 

" Similar observations were made in root nodules of the same rhizobial 

origin on ~ and Astragalus, where both the morphology of nodules and 

number of bacteroids per membrane envelope appeared ta be under genetie , 

control of the bost (see D~rt, 1977). The conclusion that nodule senes-

cence of Astragalus begins at the nodule base and for ~ (infected 

with the sane Rhizobium strain) it begins throughout the bacteroid zone 

(Dart, 1977), suggests that the involvement of the plant in symbiosia 

aIso occurs at late 1 st ages. 

An increased ploidy of the root cella associat~d with the initia-

tian of nodules (Wipf and Cooper, 1940) has been a controversial 

issue. Although the infected ,plant cells vere shawn to contai~ 

increased levels of DNl (4c, Sc and even 16c) in P. sativum (Mitchell, 

1965) and V •. unguiculata (Kodama, 1970), the actual cell divisions in 

the development of nodules are diploid (Kodama, 1970). lt is believ~ 
that the polyploidy in nodules i8 a consequence of the,infettion ~88 
rather than. a pre-requisite for nodule formation (see Dart, 1977). 

1 ,. ~ 
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Libbenga et al., (1973) and Libbenga and Torrey (1973) proposed that 

1 

cytokinins and auxi1l8 produced by Rhizobium ('l11imann, 1936) and/or by 

the hqst plant (Dullaart, 1970) induce endoreduplication, followed by an 

addit~onal round of'DNA. synthesis and the'subsequent tetraploid cell 

division in the nodules.' Although the natural occurrence of tetraploid 

celh il1 nod ules has been known for long (Wipf and Cooper, 1938, 1940), 

it should be noted that uninvaded cells in 'the outer cortex and 

meristematic zones of nodules are also polyploid (Dart, 1977). 

Dèspite the numerous studies regarding the role of plant genes in 

the development of Rhizobium-legllDe symbiosis, which have been carried 
\ 

Out mostly by means of classical genetics and physiological techniques, 
~ 

our knowledge of specific plant gene products involved in this process 

remains very incomplete. The ooly product of plant origin known to this 

date, whose expression is restricted to root nodules, has been ' 

leghemoglobin (see under Biochemistry of Nitrogen Fixation). This 

thesis reports the presence of several other "nodule-specifie" plant . 
proteins in soybean, referred to as npd~li~s, including nodulin-35 

(Legoeki and Verma, 1979) and about 20 ocher nodulins (Legocki and 

Verma, 1980). Recent advances in molecular biology with recombinant DNA 

techniques in particular, will eertainly eontribute to our understanding 

of the genetie role of the plant in association with Rhhobium. Due to 
; 

the poBSibility of bacteroid secretions ioto the host cell cytoplasm, as 

well as due to the possible disruption of bacteroids upon homogenisation 

procedures, a,mere localization of putative plant products in the host 

cytoplasm ougbt to be sub.$fanÙated by sufficient biosynthetic studies. 

, 
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~cept, of "nodule-specifie" plant prott;ins in the root nodule 

symbi~si8, postulated in this thesis, involves 8t~die8 of ho st proteine 
1 

which .re absettt fl'om Wlinfected raat's of soybean and appear only after, 

rhizobi.l infection. 'lbese protein~ are syntheai zed on the BOS-type 
Î' -. 

< polysomes in the host cytoplasm, ànd their composition ~ appearance 

are differentially affected by mutations in Rhizobium. Identification 

and a preliminary characterization of nodulins presented here J rnay 

contribute to our better understanding of the ~ole of leguminous-plants 

in the symbiotic association with Rhizobium..!!E. , 
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MATERIALS AND METHODS 

BIOLOGICAL MATERLALS 

~, 

Soybean (Glycine max L. var. Prize) seeds (Strayer Seed Farm, Hudson, 

Iowa) • 

Rhizobium japonicum, strains 6lA76 and 6lA24 (Nitrogen 90., Mil~aukee); 

7 ' strains SM3, SM4, and SM5 (from Dr. W. Brill, University ,of Wisconsin). 

Uninfected Roots of S~ybean 

Uninfected root.s of soybean from two developmental stages ,were 

used: 3 day-old hypocotyls and 2l-day mature roots. Seeds were 

germinated in the dark on large brays_ containing vermicuVte at 1S·C for 

three days, and l.~ - 2.0 cm long root tips were harvested using a ~r 
, blade. 

To obtain 'mature uninfected roots,_the: seeds were sterilized in 5% 

soditmÎ hypochlorite (Hypo 12), thoroughly washed in water, and grown on 

vermiculite in a controlled envirfnment as described by Verma et al. 

" 
(1974). Mature uninfected roots,of soybean were also obtained by 

excising primary and second~ry root sections free of -nodules using a 

razor blade. 

# Root Nodules 

Three day-old seedlings of 80ybean were inoculated with Rhizobium 
~ 

, 
japonicum,(~train 6lA76), artd grown on vermiculite in a controlled 

environment (Verma' et al., 1974). Root nodules were barvested usua11y 3 

--
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weeks following infection, or earlier for developmenta1 studies. The 

'effectiveness of the nodules in nitrogen fixation was tested by the 

acetylene reduction assay. (Hardy et al., 1968). 

Storage of Tissue 

Bath uninfected roots and root nodules were stored in~liquid 

qitrogen immediate1y after harvesting. 

Rhizobium Cultures ( 
~ 

) 

Bath effective (61A76) and ineffective (61A24, SM3, SM4 and SM5) 

strains of Rhizobium japonicUID were grown on liquid media as described " 

by. Sutton (1974). The cultures were incubated in the iark with a gentle 

shaKing at 28°C and c~lls, grown ta a late log phase, were,co11ected by 

centrifug.adon at 6,000 x g. Prior to inoculating soybean hypocotyls, 

the cells were 
~ 
(w/v) 1 sucrose. 

suspended in a small volume of 10% (v/v) glycérohor 5% 

,) 
'-,.--- . 

Wheat Germ 

Cell-free in vitro translation was carried out using wellt germ 
(>-

extracts (823). Wheat germ (General Mills Inc., Vallej~,- ~alifornia) r 
was stored -at 4·C in' a sealed container. ~ 

, . 
, 
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HETHODS-

(i) Preparation of Soluble Cytoplasmic Proteins from Nodules 

Tissue was pulverized with liquid nitrogen in a mortar and pestle, 

transferred into buffer A (10 mi/g tissue) containing 50 mM Tris-HCI (pH 

8.7), 20 mM KCI, 10 mM MgCl2 and proteas~ inhibitofs I , and homogenized 

at 4°C. Following removal of cell debris and bacteroids at 20,000 x g, 

the supernstant was recentri fuged at 105,000 x g for 2 hr. For storing, 

the postribosomal supernatant <soluble cytoplasmic proteins) was 

lyophilized or frozen at -20· C. Protein samples were dissolved in 820 

for llmnunoelectrophoresis, or in sample buffets according to Laemmli 

(1970) and 0' Farrell (1975) for polyacrylamide gel electrophoresis. 

(ii) Isolation of Bacteroids 

Three wee~-old fresh nodules (4 g) were ground in a mortar and 

pestle with 5 ml of buffer A for 15 sec and, following addition of 

another 10 ml of the buffer, homogenisation was continued for JO more 

sec. Ceu debris was removed st .750 x g and the supernatant was 
1 

recentrifuged at 6,000 x g to sediment bacteroids (Sutton et al., 

1977). l'he pellet was gently resuspended in 4 ml of deionized water and 

centrifuged through a 20% (w/v) sucrose cushion at 30,000, x g for 10 

min. To obtain cell ular extracts of bacteroids, the membrane envelope 

contaminations were removed by resuspen~ing the pellet in 0.5% (v/v) 

1 l mM p-aminobenzsmidine (dihydrochloride); 
1 mM N-a-p-tosyl-L-lysinej , 
~ mM phenylmethyl- sul fonyl fll10ride j 
1 mM. L-1-tosylamide-2-phenyl-ethylchloromethyl 
Sigma.' • 

ketone (TPCK), all from 

- S4 

". 
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Nonidet P40 (Bethesda Research Laboratories, Roekville, Maryland) (Verma 

et aL, 1978). The baetèrotds were suspended in 0.5 ml of 20 mM 

Barbital Buffer III (pH 8.6) (Bio-Rad. Richmond, California) or in 

water, and sonicated with a microprobe (Sonifier Cell Disrupter, model 

W140D; Ultrasonics) twiee for 30 sec st 4·C. Following removal of eell 

debris by centrifugation. the supernatant was used for analysis. 

(iii) Labeling of Root Nodules, Free-living Rhizobia and Bacteroids 

Fourteen day-old freshly harvested nodules (0.3 g tissue) were 

incubated in 0.5 ml of deionized water eontaining 75 pCi of 

35S- methionine (880 C,i/nunole, hnersham Corp., Illinois) or 100 pei ~ 

3H-leucine (137 çi/llDllole, 4mersham) for 4 hr at 2S·C, under vigorous 

shaking (220 rpm) in a Gyrotory shake'X: (New Brunswick Scientific Co, J 

\ 

New Jersey). Following incubation, the nodules we,re washed with 

deionized water at room telllperature and hom~genized in 50 mM Tris-HCl 

(pH S.7) with a mortar and pestle st 4· C.' Cytoplasmic proteins were, 

prepared as outlined above. 

Free-l iving rhizobia (strain 61A76) were grown in liquid media as 

described ~y Sutton (1974), and -e~ells (5Q ml) in late log phase were 

harvested by centrifugation at 6,000 x g for 10 min. 'ftle b~rW, 

pellet was resuspended in 0.5 ml of deionized water and ine ub:ated wi 

100 pei of 3H-Ieucine or 75 pCi of 35S-methionine for 3-4 h~ as 

described &bove. The cells wre wash,ed thoroughly with H20 st room 

temperature and sonicated in 0.5 ml of 20 mM Barbital Buffer III (pH 

8.6), Following removal of cell debris by centrifug~tion, the 

supernatant was u,ed'for illlll1unologicar8nd electrophoretic assays. 
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Isolation of bactefoids for in vivo labeling was carried out 8S, 

described above and, following centr-ifugation through a sucrose cushion, 

thè cells <0.2 g wet weight;) were resuspended in 0.5 ml ,of H20 and 

incubated with 250 rCi of 35S-methionine. Cells were removed by 

centrifugation and the incubation medium was passed through a millipore 
( , 

fUter (0.8 }m; Gelman Instrument Co.', Michigan), lyophilized, and 

~nalyzed for the presence of secretory products of bacteroids. ~e 

labeled bacterc{ids were processed for cellular proteins"" as described 

above. 

(iv) Rhizobium Cultures Induced for Nitro 

f 

Rhizobium japonicum strain 61A76 was to an early log phase as 

outlined above, and the growth was continued under unaerobic conditions 

(Avissar and Nadler, 1978). In or der to create a low 02 tension': the 

cultures were thoroughly flu~hed with sterile nitrogen and grown at 2S·C 

in sealed flasksc under a slight N2 pressure. Rhizobia were exanined for 

induction of nitrogenase by the acetylen~ reduction 88say (HardY' et al., 

1968). 

(v) Polyacrylamide Gel Electrophoresis Under Denaturing Conditions 

(SDS-PAGE) 

Cytoplasmic pro.teins were examined by means "of discontinuous sodium 
III ) ( .. 1 

dodecyl sulphate (SDS) slab gel electrophoresis [16.5% acrylamide, 0.07% 

(w/v) bisacrylamide (Laemmli, 1970»), ali well as by two-dimen~iona1 

polyacrylamide gel electrophoresis (Q'Farrell, 1975). The pH range of 

the isoelectric focusing dimension was from 5.2 - 7.2. The gradient was 

" . formulate~ with the following. final cçmcen~ra~ions~ of carner Itmphohnes 

" 

'. 
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(Bio-Lytes, Bio-Rad): 0.8%, pJl 5-7, 0.8%, pH 6-8, land 0.4% (w/v), pB 

2-11. Electrophoresis in the second d~nsîon was performed in slab 

0.5 mm t~~ck) gels containing 17.5% acr~,lamid;J .0.07% bisacrylanide and 

0.1% (v/v) SDS. '1'0 improve electrophoretic resolution of maU 

moiecular weight proteins, SDB-PAGE vas al 50 carried out in gel. 

containing a higher concentration, of bisacrylamide~ These gels, 

referred to as ''bigb bi,acryl""ide ~gelsn~re identical/o, the "1o ... 

,bisacrylamide gels·' descri'bed by Laemmli (970), except that the 

concentrations of acrylauide and .bisaçrylanide vere 12.5% and 0.33% 

(v/v). respectivelY4'r, The gels vere stained in 0.3%, (v/v) Copmassie 
"fi 

bd.lI iant hl ue R (Sigma~ vith 50% methanol J 10% acet ic acid and 

destained in 30% m~thanol. 1% (y/v) acetic acid. 

(vi) Gel Fluorographz _ 

Followillg treatment vith dimethyl sulfoxide (He2SO; Fisher 

Scientific)' and 20% (v/v) 2.5-diphenyloxazole (New England Nuclear) in 

Me2SO for 2 hr. the gels _re thoroughl)' _ va!"bed in B20. dried, and. Q 

exposed to prefogged X-ray films (~dak, RP-I-omat) for quantitative 
... ".... 

autoradiofluorography (J.askey and ltil1s. 1975).. 
~ --, '> 

(vii) Bon-Den.turin.s Polyacrylamide Gel !;lectrophoresis OQ)-PAGE) 

1Ion-denaturing PAGE vas carried out: according ta the procedure of 

Davï.. (1964). 'lbe separating gel, containing 7% acrylaoÏde and 0.18% 

{v/v'} bisacryl.ide vas pol~erized cheatifally vith ammonitlll pe~sulphate 

·.ad 'IEMED (Eastman "Kodak Q).), where.s the stacking gel, containing '2. 5~ 

acrylamide and 0.62% (v/.) bi.acryl_ide vas pnotopol)'lDerized using 

r~'bof1avin and TElŒD. lhe rœming buffer vas iaentical to that 
1 
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( descri.bed by Laelllllli C1970>rcept tbat no SDS was used. The 

non-denaturi.ng PAGE was carried out using both sI ab and c:ylindrical 

gels: where approximately 30 mA of constant current was applied per 2 
o 

cm2 surface of the gel. Electrophoresis in non-denaturîng gels was 

usually carried out' at 4·C. Staiuing and destaioing procedures .re 

identical to those descdbed above. 

(~iii) Electrophoresis of Small Holecular Weight Proteins 

In order to resolve polypeptides of amall molecular weights, high 

Tris/grea polyacrylamide gel e1:ectrophoresis was used (G6ldsmith et al., 

1979). To obtaill a good resolution, it la desirable to use specially 

purified acryl amide (BDH Chemicills Ltd •• ele,chophoresis grade) and urea. 
r 

(BDH). u 1he resolving gel confa'ined 9~% acrylamide, 0.6% bisacrylamide, 

0.45% (w/v) SDS. 6.4 M urea and 0.67·' K Tris-Hel (pH 8.9). 'n1.e gel vas 

madé from stock solutions of 3 K Tris-HCI (pH 8.9). 20% (v/v) SDS. 10 M 

urea, and cryatalline acry1amide and bisacrylèlllide. ~l}'lllerization of 
. 

gels vas carried out with 0.0035% (v/v) .of freshly prepared anmonitlll 

persulfate and 0.005% (v/v) TEKED. The stackini,ge~ cootained 3% 

acrylaaaid'e. o. O~% bisacrylamide, 0.5% (w/v) SDS. and 0.125 M Tris-Hel 

(pH 6.8). and 'it was polymerized vith 0.008% (w/v) _ooi .. persulfate 

and (J.04% (v/v) TEMED. Electrophoresis vas carried out using 8t4Ddard , , 

(Bio-bd) glass plates at 5-7·C at 20 mA constant currt!nt in the 

. stacltiag 'gel, and Id 40 mA in the resolving gel. Gels 1IIere fixed in 20% 
~ , 

Cv/v) "t'CA for al: least 1 hr and 8taiued in 0.3% {v/v} Oooma88i~ 

briniant blue R. as aboVé .. , 
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(ix) Preparative Gel Electrophoresis 

Nodulin-35 was purified by means of preparative SDS gel 

electrophoresis. Electrophoresis wafj carriec1 out in a 17.5% acrylamide, 

0.07% (w/v) bisacrylamide cylindrical 0.5 x 10 cm) gel (Savant 

Instruments Inc.) in the buffer system describ'ed by Laemmli 0970>: To 

.J 
ascertain a fIat 8urf~ce of the gel in the elutiol1 chamber J 1% (v/v) 

agarose was polymerized at the bottom of gel. Elution buffer , 

[electrophoresis buffer (Laemmli, 1970) without SDS] was run aerOS8 the 

cham~r at 200 ul/min, and absorbance was monitored àt' 280 nm (ISeO 
1 1 ., ' 

Instrtm~ntation Specialties Co.). Fractions (2 mi each) were collected 

and dial ized overnight, lyophil,i~ed and eJtanined by SDS-PAGE. 

. \ 

(x) Preparation of R-type Antisera 

New Zealand 'White tabbits were ilŒlunized subcutaneously with 5-20 
-\ 

mg of protein extracts in complete Freund'. adjuvant (Difco 

Laboratories, Detr~it> every week for one JIlOoth, and bled 5 days after -, ' 

the fourth injection." fllnospecific -anti~od_ie8 to Dodulin-35 re,uired 

approxiaately 150 pg of pure protei!l per, injection. Beginniog twô wee~s 

after the m,itial injection, the appearance .and t-iter of antibodi~s 'was 

.anitoref'in the serun,by double immunodiffusion tests (Byrne et aL, 

1975). Babbits vere bled fra. ear (up to 40 ml of blood) -and by cardiac 

puncture (up to 150 ml). The blood was allowed to stand at roOlll 

temperature for 30 min' and centrifuged at lov spe.ed t~ isolate ser\ll.', 

Antisera vere stored at -70· C in BaH aliquota or further processed for 

isolation of IgG (see below). 

, 1 

, \ 
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(xi) Isolation of IgG from Antisera 

To isolate the imnunoglobulin fraction from crude 'antiserum. a 

protein, A-Sepharose CL-4B ~olUDln (Sigma, St. louis) was used. A 2 ml 

collDO was ~quilibra-ted with buffer A containing 150 mM NaCl, 10 mM' 

Tris-HCl pH 8. 3, l~ mM Na-EDTA and lOO/ml Kallikrein Inhibitor Units of 

Aprotinin (Sigma) (Lingappa et al., 1978). l'our to five tp.l of a6tiserlDll 

were passed through the coluuin twice and. the gel W8S tl:to~oughly W8shed· 

\ " , 
with buffer A~ Élution of IgG was carried out with buffer B containing 

0.1 M glycine-HCl pH 2.2,,20 mHttAc2 and 50 mM KGI, and the eluate was' 

i1ll}lediately neutralized with Tris-base ta pr,event possible damage to 

IgG. Following dialysi~ again'st phosphate-buffered saline [PBS: 0.8 g 

NaCI, 0.02 g KCI, 0.115 g Na~P04' 0~2 ~'KH2P04' 0.01 g ~CI2'H20 (pH, 

7.2)], the imm~oglob~1in fract~on was concentrated on C2f-cellulose 
. , 

(Sigma), to about. 1.~ mg/lO pl and stored at -70·C in smaH aliquots. 

, 
(xii) Double Immunodiffusion' {Ouchterlonl' s} Test . . 

the test vas carried out for P,I"elÎD!.in~:ry analyses of antisera as 

weIl as to determine reaction of i,dentity (Crowle, 1913a) using various 

sources of antigens. One percent {v/v} agarose (Bio-Rad) gels 

containing 20 1IIH Barbital Buffer III (pH 8.6) (Bio-Rad) vere polymerized 

,qn 8111411 glass plat~s 0.5.x 2.5 cm). Depending upon the number of 

antigens applied, 3-6 wells were made in a circle, eaeh of tbem at about 

7 _ distance from the central appl ication weIl. Up to 5 pl of antigen 
, 

_.ples (10 250 pg protein) were 4Pplied into the sample wells. 

wbereas the ant iserum vas usually pl aced in the center. Immunod iffusioD 
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vas carried out at room temPerature overnigbt (Byrne et al •• 1975) in! a '] 

closed ch_ber at higb humidity, In case of no apparent precipit.ation 
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arcs, the gels ~re processed and stained as described under Rocket 

Immunoelectrophoresis. 

(xiii) Rocket luununoelectrophoresis 

Rocket Îmmunoelectrophoresis was carried ..out in 1% (v/v) agarose 

gels containing 20 mM Barbital Buffer III, pH 8.6, as described by Weeke 

(1973)-. Gels with 10% (v/v) antiserum were polymerizéd on glass plates 

(10 x 5 cm or 7.5 x 2.5 ·cm), where the agarose solution vas cooled, to 

55·C prior to the addition of antiserum. The section of the gel -(1 cm 

vide) containing sample wells was polyurerized without antiserum (Fig. 

" 5). Gels vere placed, in an electrophoresis .chamber, connected to' the 

buffer by paper (Whatman No. 3) wicks. and approximately 4 pl of antigen 

samples 00-120 pg prote in) were placed into application weIl s (see 

Fig. 5 A). Electrophoresis' wu carried out at 4·C for 4-12 hr at 2 V/cm 
, 

unt il the bromophenol bl ue marker reached' the an03 ic end of the gel. ' 

After immunoelectrophoresis, the gels were pres~ed dry with Whatman No. 

3 paper and washed in O. 1 K KaCl at lesst 5 t ÎlDes to remove 

unprecipitated proteins (Weeke, 1973). Gels were stainëd in 0.2% (v/v) 

~nacid blue R (BDH Biochemicals) in 50% methaool, 10% (v/v) ~etic .-cid 
( 

for 15-min, and destained in :'0% methanol, 7% (v/v) acetic acid. 

(xiv) Tandem-Crossed IlIIIlunoelectrophoresis 

.'Gels containing 1% (w/v) agarose and 10% (v/v) antisertP were 

prepared qn amaU glass plates as outlined above. Two sauple wells were 

made in the plain agarose gel -~ depicted in FaÎ.g. 5B. FoUowing . ' 
. , . -, 

appl ication of tl«) antigen samples containing bromophenol 'blue as .. 

6) 

1.1, -
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Schematic illustràtion of rocket imnunoelectrophoresis (!) J 

tandem-crossed immunoelectrophoresis (B). and crossed-line 
" 

immunoelectrophoresis CC). Tandern-erossed and croBsed-line 

illllllunoelectrophoreses 'are -c4rri~ out in two dimensions. Mlere 

antigens are first resolved in a plain agarose gel ... (open" 

arrows), and ~hen e1ectrophoresed }nto the ant ibody-conta~ning 

gel (black arrows). See a180 Results and Discussion • 
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marker J proteins were resolved electrophoret ieally 1.n the first 

dimension to the distance equivalent to that separating the application 

wells. The electrophôresis in the second dimensiorf was carried out 

perpendicular to that int,o the antibody-eontaining gel (Fig. 5 B), until 

the bromoph'enol blue reached the upper end of the gel (Kroll J 1973a). 

Electrophoretic conditions and pr0cessing of gels after electrophoresis 

-
were ident ieal to those described under ~cket Immunoelec trophoresis. 

(xv) Crossed-Line Immunoelectrophoresi. 

The experimental set-up for crossed-line inununoelectrophoresis 

(Krol-l J 1973b) was es.entially the .arne as for rocket immunoelectro-

phoresis, except that a larger, (6 x 7 cm) 'gel W8S used. '!he section of 

the gel polymerized without antiserum wu. divided in two parts (each 1 

cm wide) J where the lower part contained the application well J and the 

upper one the sample st,d, (Fig. 5 C). 'Die sample strip (5 x 0',4 cm) was 

prepared from 1% (w/v) agarose polymerized with or soaked in 

coneentrated extracts of cytoplasmic pr~te~n8 from uninfected roots (8 

mg/ml), but it was placed in thè gel only after electrophoresis of the' 

main (nodule) antigen 1n the first dimension. '!bis electrophoresis wa8 

carried out at 2 V/cm in the cold, as described above, to a distance of , , 

approximately 5 CID. 'lbe sample st,rip was then ,moulded into a 1.5 mm 

'thick contact gel' by pouring agarose around ~he gel strip between the 

barders formed by the lower part of the plain agarose gel and the 

antibody-containing gel (Fig. 5 C). lDIIIunoelectrophoresis was carried 
, li-

out perpendicul ar ~9 the first dimension unt il the dye (bromophenol 

bIue) front reached the top of the gel. ,Electrophoretic conditions, 

r~moval of non-precipitated' proteins. drying and staining procedures, 

were carried out as described 1,IJlder Rocket luanunoelectrophoresis. 

,. 

--------- .. _-
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(xvi) Electroimmunodiffusion*-- -
i t' 

To examine monospeeificity of antiserllD against nodulin-35, 

one'-dimertsional eleetroÏmmunodiffusion (Crowle, 1973b) was used. One 

percent (w/v) agarose gels were polymerized on sma~l glass plates as 

described' under Double Immunodiffusion Test. 

Following eleetrophoresis of antigens parallel to the long axis of 

gel. the antiserum W8S pl aeed longitudinally in the application slot (45 

x 2 mm) ànd incub~ted at roO\l\ temperature for ,12 hr. Lateral diffusion' 

of antiseJ;'um and eleetrophoretically resolved antigen( s) r,esul ted in 

formation of precipitation arcs within 12 ~ 18 hre. To vi~ualize 
\ ..., 

possibly aIl precipitation arcs. the gela were processed an~ stained as 

described under Rocket Immunoelectrophoresis. , 

\, 
(xvii) Preparation of "Nodule-Specifie" Antiserum bl' Adsorpt~,on 

, \ 
\ 

"Nodule-specifie" antiserum was prepared by adsorption o~ the 

nodule s'erum (raised against total eytoplasmic proteins of nod~les) 

the cytoplasmic proteins from uninfeetec!. r~ots. The reaetion \48 

anti-

with 

carried out in 200 pl aliquots of t~e ànti-nodule serum by addi ion of 

increasing Eounts of thé root cytoplasmic p't,OteinB (.80 pg/pU n the r 
.ntiserllD/antigen range of 50:1, 25:1, 15:1, 7:1 and 3:1 (v/v) total 

antigen added • 6.2 mg). Addition of the root proteine was done every 

24 hr for 5 days. Eaeh time, f~l1owing incubation at 28·C for 30\ min, 

the ~ti-nodur'e serun was kept at 4·C overnight., centrifuged to remove 

immunoprec ipitates, and treated with the consecutive al iquot of the root 

* This technique ia alao referr-ed to as immunoelectrophoresis (Crowle, 
1973b) • 

1 

\ 
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proteins. After five ,treatments, adsorpt ion appeared to be, complete and 

no further precipitation wa~ observed' The t:eaulting "nodule-specifie" 

antiserum was stored at -70·C in small aliquots (see also Resulu and 

Discussion) • 

(xviii) Isolation of Polysomes and In Vitro Translation 

Total Cfree ~nd membrane-bound pol'ysomes). from uninfected roota and 
. , 

root nodules were isolated according to procedure by Verma et al., 
, . 

1974). Tissue ,wu pulverized with liquid nitrogen in a mortar and 

pestle. Homogenisation was earried out in buffer A containing 150 mM 

Tris-acetate (pH 8.5), 20 mM KCI, 5 mM MgAc.:2., 200 mM sucrose 

(ribonuclease-free, Sigma), 5 mM B-mercaptoethanol and 0.4% (v/v) 

Nonidet P40 at 2'C. Following removal of ceU debris at 20,000 x g, the 

polysomes were centrifuged thro~gh a '2 ml sucro~e cushion 0.5 H 

sucrose, 50'mM Tris-acetate pH 8.5, '20 mM KCI, 5 mM l-tAc2) for 2 hr at 

105,000 x g. 'lbe polysomal pellet W4S resuspended in 20 mM KCl and 1 mM 

MgAc2' polysomes could be stored in li'lui~ nitrogen either in the same 

buffer containing 20% (v/v) glycerol or as a pellet. 

PolysolDes were translated in a wheat germ ceU-free system prepared 

65 

, according to Marcu and Dudock (1974). Prior to translation, POlY~8 r-1\--' "'~ y­
were treated with micrococcal nuclease <Iso units/ml} at" 20·C for 10 min 

(Pelham and Jackson, 1976) to remove ~ndogenous mRNA act ivity (Verma and 

" BaIl, 1977). ~.!.!!!:2. transl,ation was carried out in 100 pl aliquots 

containing 1-2 A260 units of polysom~s, 15)l1 of micrococcal 

nuclease-treated weat germ 823, 1 mM ATP, 8 mM creatinine phosphate, 4 

)l& of creatinine ph?sphokinase, 25 fM GTP, 2 mM dithiothreitol, 90 mM 

potassium 'Acetate, 2.5 mM ~Ac2' 2 pg of ~eat germ tRNA, 40 pM 
• , , , 
" 
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spermidine tetrahydrochloride (neu~alized), 10 )lei of 3H-leucine 

(Amersham Corp.) or 15 )lei of 35s-methioninè (Amersham) (Verma et al., 

1980). Following incubation at 25 0 C for 90 min., the mixtures were 
/ro;; 

ultracentrifuged (I05,000 x g for 45 min) to remove nascent polypeptide-

ribosome complexes, and the released product was used for analyses. 

{xix} Immunbprecipitations 

Total nodule polysbmes (including free and membrane-bound) were 

prepared as deacribed previously (Verma et al., 1974), and t'ranslated in 

vitro (Verma et al., 1979) in a weat germ cell-free system (see 

Preparation of Polysomes and In Vitro Traoslation). The released in 

vitro translation products, as well as in vivo labeled cytoplasmic, 

proteins, were precipitated with cold 5% (w/v) TCA, dissoived in 1% 

(w/v) SDS, and diluted 10-fold witb buffer B (150 mM NaCI, 10 mM 

Tria-HCI (pH 8.3), 10 mM Na-EDTA, 1% (v/v) Triton X-lOO and lOO/ml 

Kallikrein Inhibitor Units of Aprotinin (Sigma)], as described by 

Lingappa et al. (978). The samples we~~ pre-adsorbed with a non immune 

rabbit sertm for 3 hr at 25°C and 3 br at 4 ·C, and treated with 

staphylococci-bound protein A [0.6g cell s per 10 ml, The Enzyme Center 

Inc., Boston, prepared as described by Kessler (l975)](Lingappa et al., 
, 

1978). FollQwing the removal of nonspecific antibody-antigen complexes, . " 

thè samples' were incubated with 'the illlllune sera (3 pl for in v,itro and 7 

pl for in vivo làbeled material) for '12 hr at 25·C and 12 hr at 4·C. 
, . 

Anfibody-antigen complexes were sedimented with staphylococci-bound 

protein A (20 pl suspension of cells per pl. of ant iserun) for 3 br at 

2S·C. l'be suspension was centrifugecf'i at 12,000 x g for 3 min and ,the, 

pellet was washed ,extensively (3-5 times) in buffer B. 'lbe products te) .. 
". 

" q 
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be analyzed by two-dimensional PAGE were releaeed by t,reatment of the 

pellet with 9.5 Mures, 2%, (v/v) Nonidet P40. 2% (w/v) Ampholines, 5% 

(v/v) 8-mercaptoe;thanol (O'Farrell, 1975) for 15 min st 3So,C, wnereas 

those subjected to one-dimensional SDS-PAGE were dissolved directly into 

the sample buffer and boiled for 2 min. the staphylococci cells were 

removed by centrifugation at 12,000 x g for 3 min and the s'upernatant 

was used for anal yeu. -

J 
(xx) Isolation of by Immunoprecipitation of Polysomes 

Total Uree and membrane-bound) polysomes were isolated from Ig of 

8 day-old nodules as described under Isolation of polysomes and In Vitro 

Translation. except that Na-heparine (100 pg/ml) and cycIoheximide (10 

pg/ml) were added in homogenisation buffer. The polysome pellet was 

, 'resuspended in 1 ml of solution containing 20 mM KCI and 1 mM MgAc2' and 

centrifuged at .10,000 x g for 10 min to remove aggregated polysomes. 

Approximately 20 A260 optical unite of polysomes were subsequently . 
inc ubated for 45 min on ice with 1. 3 mg of monospec i~ic, IgG. After 

incubation with antibody, the mixt'ure was slowly pass d through a 1 ml 

"protein A-Sepharose CL-4B column, prepared as outUned under Isolat ion 

of IgG from Antisera, at 2°C. The col umn was washed th roughly with 

buffer A and mRNAs were eluted with 10 ml of buffer B co taining 10 mM 

'-
Hepes,(~H 7.6) and 25 mM EDTA. The eluate wu made 0.4M 

through 01 igo (dT)-cellulose (Collaborative Research) and he obtained 

poly A(+) mRNA was examined by in vitro translation; Protei 

'A-Sepharose CI-4B was regeneratedo in buffer ç containing 0.1 

glycine-Hel (pH 2.2), 20 niM MgA.c2' 50 mM KCl~ and stored in buf er A for 

furthet use. 

'. 
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(xxi) Multiple rmmunoreplica Technique 

Following electrophoresis as descr ibed under Pol yacrylamide Ge 1 , 

Electrophoresis Under Denaturing Condit ions, the gels Were washed in the 

electrode buffer containing 25 mM Tris-base, 192 mM glycine and 20% 

(v/v) methanol for 20 min, and the pro teins were transferred to 

nitrocellulose paper (Schleicher and Schuell, Ine.) according to the 

method of Towbin et al. (1979). A series of partial eleetrophoretic 

transfers from one gel containing approximately 200 pg ,protein were 

carried out at 300 mA for 1 hr each, Two to three replicas containing 

sufficient amounts of' protein to react with antibodies or to stain were 

rout inely obtained from oone gel. After the transfer, nitroce llulose 

paper (replictt) was equilibrated with buffer A [saline (0.9% (w/v) 

10 mM Tris-HCI pH 7.4) containing 3% (w/vf BSA (Sigma)] (To~in et 

.. 
NaCI, 

al., 

1979) for 1 hr at room temperature and incubated with antiserum (20 pl 
1 

per ml of the above buffer) overnight st 30·e. The reaction vessel was 

gently shaken on a gyratory shaker. Following a thorough washing of th&' 

nitrocellulose paper with saline (at ,lea!,t ? changes of buffer) the 

paper was treated with 125I-protein A in buffer A [1. 5 x 106 C]XII per ln! t 

prepared by a IIIOd ified version of the chloramine T method (Granger and 

il 
Làzarides, 1979), see also Iodination of P,roteins] for 1 hr at room 

t~perature. The nitroce 1 1';110 se paper was washed to remove unbound 

125I-Iabelled 'protein' A with saI ine, blotted dry on paper towels, and 

exposed to' unprefogged X-ray films (Kodak RP-X-OIDat or Dupont Cronex). 

In order to' react the same replica ~ith a second antibody, 

IgG-~125I-protein A] complex was removed from the nitrocellulose paper 

withl buffer' B (0.1 K glycine - HCI pH 2.2, 20 mM MgAc2. 50 mM KeI) for 

1 

1. 5 lir at room temperature. 
(f O 

a 
The reg'enerated paper was neutral ized by a 

i 

J 
, 
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.brief"wsh in salihe 'and, f~llowi~g in;ubation in buffer A, reac,ted with .. / 

th.e second antiserllD as described above, or stored at 4·C in a sealed 

bag for future use. Staining and destaining of pol-yacrylamide gels and 

nKroce~"t~ose paper was car'ried out according to standard procedures 

described ~ love • ~ 

(xxii) Preparation of Nodules for Ùgh-t--Microscopy 

Rpot nod~s develop.,ed fy Rhizobium strains 6lA76, 6lA24 and SM5 

were prepared for light myoscopy according to standard procedures 

(Druryand wallington:-î967). The tisltue was fixed in formalin-ethanol-

acetic llfid (FAA) overnight, subjected to the dehydration series of 
V' 

ethanol and. following ineubation in 50% and 100% (v/v) xylene, molded 

in paraffin wax. Fifteen JE sections were prepared by means of a rotary 

microtome (American Optical 820), Émd tissue was stained in Pelafeld' s 
'---...,..';, 

hematoxyl in (Drur~ and Wallington. 1967). A sêries of sections were 

mounted in xylene on a microscope sI ide. and examined by 1 ight 

microscopy at lOOx magnificationj-) 

(xxiii) 'peptide Mapping' of Purified Polypeptides 

and 

In order to compare identit~ nodul,.in-35 from various effective 

ineffective root nodules. the purified polypeptide W8S digE;sted with 

Ci-chyrpotrypsin (SiglJ'a) during electrophoresis in the stacking gel 
. "'1 

(Clevéland et al., 1977) •. The gel was prepared as outlined in 

polyacrylamide Gel Electrophoresis Under Denaturing Conditions, except 

tl)at a longer (4 cm) stacking gel ws po lymerized . Bands from SDS gels 

stained with Coomassie blue R vere placed in the sample wells of a 

second SDS gel, and overlayed with protease (4 pg Cl-chymotrypsin). The 

) 
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individual b~nds l'Je sO~ked for 30 min in 10 ml of buffer A containing 

0.125' M Tris-HC1 (pH 6.8). 0.1% (w/v) SDS. 1 mM EDTA, ~nd placed over 

~the second gel in th~ same buffer containing 20% (v/v) glyc:erol. . Prior 

to el,ectrophoresis, 10 ul of buffer A containing 10% (v/v) glycerol and 

• t 

4 pg of protease was over layed into eaph slot. Proteo!ytic digest ion 

was allowed to tak.e place in the stacking gel by turning off the current 

for a total' of 90 min (2 times 45 min with a short interval) • The ~ 
was stained with Coomassie blue as described above. 

(xxiv) Iodination of Proteins 

Soluble protein A (Pharmac ia) was iQdinated by the chloramine T 

method of Greenwood et al. (1963) J except that the reaction was , 
terminated by adding an excess of tyrosine (Granger and Lazarid~s. 

1979). 100 pl ,of 0.5 H potassiun phosphate (pH 7.5) were added to 1 mCi 

of Na 1251 [New England Nuc1earj in 2 pl of NaOH (pH 8.8)]; 20 pl of 

protein A (S mg/ml) and 20 pl of chloramine T (Sigma; 2.5 mg/ml) were 

added next. After 2 min, 150 rI .of tyr.o!in..e (0.4 mg/ml; Pfanstiehl 
~ 

Labor ator ies. !ne.. Waukeg an) were added.. lbe mixt ure was passed 

through a 3 ml bed of Sephadex G-2s and the void fraction was diluted to 

100 ml with saline [0.9% (w/v) NaCI, 10 mM Tris-HC1 pH 7.4] containing 

3% {w/v} BSA. following the measurement of radioactivity associated 

with protein A, the solut ion was stored in a sealed container at 4 ·C. 

(xxv) Bio-Gel P-200 Filtration 

In order to isolate pro~eins of molecular ~ights below 20,000, a 

Bio-Gel P-200 fil tration was carried out under denaturing conditions (8 

M urea). A lon~ (118 xl. 2 cm) column was packed at room temperature 
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w~th 'Bio-Gel P-200 (50-100 mesh, Bio-Rad Laboratoriés) with a minimmt 

hydrOo6tatic pressure 'applied. The gel was equilibrated wi-th 8 M \Area 

(Sigma) and de-gassed prior to packing. The colum.n was washed with SM 

urea overnight. Protein satnple (14 mg) was dissolved in 1 ml of 8.5 M 

urea and ~_"issolved material was removed by' centri fugation prier to 

applying it to the collFn. Fractions (4 ml each) were °collected, 

dialyzed against water at 4°C, lyo~ilized and dissolved in SDS sample 

buffer (Laemmli, 1970) or urea lysis buffer (O'Farrel, 1915) for 

electrophoretic analyses. 

(xxvi) Protein Fractionation by Sevag' s Method 

Sevag' s method has been originally described (SeV"ag, 1934; Staub, 

1965) as a procedure for the graduaI r'emoval of proteins and isolation 

of gl ycoproteins and saccharides' from protein extracts. Sol uble 

cytoplasmic proteins from root nodules were treated with 0.2 volume of 

chloroform and 0.04 volune of n-butanol, and the mixture was shaken at 

" 270 ~pm for 10 min (Gyrotory shaker; New Brunswick Scientific Co., New 

Jersey) at room temperature. Following centri fugation st 6,000 x g, the 

aqueous phase was collected and re-extracted 3 more times with , 

chloroform-butan~l as above. Precipitated proteins, sedimenting at the 
j. 

chloroform-aqueous interface, were aIso retained for el.ectrophoretic 

analyses after each extraction. Following 4 extractions, the aqueous 

phase was saturated with amnoni~um sulphate and the préc i~itated 

hydrophilic proteins were dis'solved in a smalI volume of H20. The 

protein suspension was subsequently precipitated with TCA, and pellet 
"'-

washed at least 2 times with absolute ethanol. Following the removal of 

ethanol in a vacuum' centrifuge, the protein was 'stored 88 a dry powder 

at 4 ·C. 
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(xxvii) Chromatography on DEAE-Cellulose 
, - . 

DEAE-cellulose (DE52, Whatman) was treated with 0.5 N HCI for 30 

min, washed with water, and treated with ,0.5 N NaOH for another 30 min. 

Following de-gassing, the cellulose was plaeed in a small eolumn and 

thoroughly equilibrated with 5 mM K-acetate buffer (pH 5.2). 

APprOXimatel~ 12 mg of nodule croPlasmic proteins were applied to a 

4 cm eollDDn 1.n the same buffer,1 and the collUUn was washed witb 5 mM 

2K-acetate (pH 5.2) to elute unbound material. Following application o-f 

a 5 mM - 50 mM gradient of the same buffer, the column was eluted 

... 
stepwise with 100 mM, 200 mM, and 400 mM K-acetate (pH 5.2). Fractions 

(about 1.2 ml each) collected during the chromatography wer'e dialyzed, , 
lyophilized, and, fO}\owing measurements of protein contents, analyzed 

e lectrophoret ically { 

\", 
~'s!'~ 

1 
{xxviii} Hydrophobie Chromatography on Phenyl-Sepharose 

Phenyl-Sepharose CL-4B (Pharmacia) was washed in a 10 mM sodium 

phosphate (pH 7.6) buffer, de-gassed. and placed in a small (1 x 5 cm) 

col lIDn. 11le col umn was equil ibrated with the same buffer containing 1 M 

ammoni um sul phate. Protein sample, obtained, as described under 

Preparation of Soluble Cytoplasmic Proteins from Nodules, was made 1 H 

with anmonilUU sul phate and centrifuged at 12,000 x g for 10 min prior to 

applying to the ~olumn. Upon appl ication of samples, unbound material , . 
was collected for analyses. CollDDn was eluted stepwise with decreasing 

~ 

ionic strengths of the saJt (0.5 Mt 0.1 M and no ammonium sulphate in 10 

mM sodium phosphate buffer) t until zero absorbance at A280 (ISeO 

Instrumentation Specialties Co.) of the eluate. Elution of proteins 

t ightly bound to Phenyl-Sepharose was carried out in 10 M urea 

'. 
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( 
----(--de-ionized with a Mixed Bed Resin AG501-X8). Collected fractions (0.5 

ml each) were thoroughly dialyzed against~lO mM Tris-HCl (pH 8.7), 

lyophil i zed, and analyzed elec trophoreticllly. 

J 

(xxix) Silver Stain for Proteins 

A simplified procedure for staining proteins with silver (Oakley et 

aq., 1980) was found advantageous to the original technique reporteg by 
-~ 

Switzer, III et al. (1979) and Merril et al '1\ (1979). To minimize 

background, the polyacrylamide gels were routinely pre-fixed in 50% 

methanol, 10% (v/v) acetic acid for 30 min or longer, and washed 1n 5% 

methanol, 7% (v/v) aeetic acid overnight (Oakley et al., 1980). The 

......, gels were soaked in 10% (v/v) unbuffered gluteraldehyde (biologieal 

grade; E.M. Sciences) and washed in glass-distilled water for 12-16 hr . 
.... 

Staining of proteins was carried out in the silver solution prepared as 

described by Oakley et al. (1980) for 8-9 minutes. [To prepare 100 ml 

of the silver stain, 1.4 ml of fresh NH40H were added to 21 ml of 0.36% 

(w/v) NaOH. With vigorous agitation, 4_ml of 19.4% (w/v) AgN03 were 

added, and glass-distilled water was added to 100 ml]. The gel§ were 

vigorously shaken to prevent silver precipit.ation during staining. 

Immediately after staining, gels were washed with water for 2 min and 

proteins visualized in a freshly prepared solution containing 0.005% 

(w/v) citric acid and 0~019% (v/v) formaldehyde (Fisher Scientifie). 

Reac;ion was stoppe,i by removing the reducer and washing gel s in water. 

Overstained gels cao be destained in Kodak,rapid fixer. It is important 

that acid-washed glassware and glass-distilled water he uS",ed 
\\ 

this staining procedure. 
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Gels previously stained with Coomassie blue R can al80 be atained 

with silver. Prior to fixing in glutèraldehyde (Bee above) , Coomassie 

blue-stained gels were thôroughly destained to -a clearo background and 

ine ubated overnight in water upon shaking. Foll0'l!~ng treatment with 

gluteraldebyde, the gels were processed and stained with silver as 

described above. 

(xxx) Measurement of Radioactive Proteine (TCA-Precipitation) 

To estimate the œJount of radioactive preeursor( s) incorporated 

\ 
" into protein, samples were precipitated with hot TCA and the 

i radioactivity ~f TCA-insoluble material was measured on glass fiber 

\filters in a scintillant. The radioactive sample (usually 10 pl 

alÏquot) was first treated with equal volume of 20% (w!v) TCA. 

eontaining 0.1 M of unlabelled smino-aeid. and diiuted to 
," 

about 4 ml with eold 5% TCA. Following incubation for 5 min on ice. the 

sample was boiled for 10 min, kept on iee for about 10 min, and fil tered 

through a CF! A gl ass fiber fil ter (What~an~. The fil ter was washed with 

st lesst 15 ml of cold 5% TCA, dried under a heat "lsmp, and placed in 5 

ml of ta 1 uene sc int i 11 ant for count ing • 

(xxxi) Protein Estimation 

Prote in contents were meaeured according to the me~hod of Lowry et 

al. (1951). Quantitation was -based upon standard curvee prepared with 

the use of bovine sert. albllDin. 

'. 
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RESULTS AND DISCUSSION 

1. ANALYSIS OF SOLUBLE CYTOPLASMIC PROTBINS FROM ROOT 
, 1 

NODULES 

/ 
\ 

1 
To preliminarily examine total cytoplaslIlic proteins from soybean 

roots and Rhizobium prior to and alter infect ion,' protein extracts were 

,prepared as described in Methods and, analyzed by one-dimensional SDS-

PAGE (Fig. 6). Direct comp~rison of sol ub1t pro teins from lUlinfected 

and infected roots (lanes a, and b, respectively) showed that the 

maj~rity of polypeptides are common' to bath tissues. However, in 

addition to leghemoglobin, a polypeptide hft'ing a molecular weight of 

approximately 35,000 was found in root nodules (Ianes b and d), and it 

was not detectable in uninfected roots (lane .), bacteroids (lane c), or 

free-living Rhizobium Clane k); nor yas it detectable in Rhizobium 

induced for nitrogenase Oane 1). These data suggested tha~ the 35,000 

molecular weight polypeptide could represent a firat "nodule-specific" - - , 

protein other than leghemoglobin of host origine 'l1lis protein is 

referred to as nodulin-35 (Legocki and Verma, 1979>. 

II. CHARACTERlZATION OF NODULIN-35 

o 
(i) Purification 

Fractionation of protein extracts from nodules with alllllionium 

sulphate indicated that precipitation of nodulin-35 is virtually 

complete at 30% saturation and hence it facilitated purification of this 

polypeptide. Figure 7 shows that the 35,000 1Il0iecular weight protein 

'. ( 
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Fig 6. SDS gel electrophoresis of cytoplasmic proteins extracted from 
----~._---

. ' 

• ".",",!"" ;~_:;-'î' .• 

cytoplasmic pr~teins from (a) uninfected roots; (b) nodules induced 

by an effective strain of Rhizobium japonicum (strain 61A76, wild type); 

. (c) wild-type ,bacteroid8; (d to h) ammonium sulph~te-precipitated 
~ 

• 'fraction 007. saturation) of cytoplasmic proteins from nodules induced 

by Rhizobium ~trains 61A76, SH3, S114, S115, and 61A24, respectively; 

(i) wild-type bactero.ids; (j) bacte1:'oids from Rhi,zobium strain SM4; 

(k) ~ree-living wild-type Rhizobium; (1) Rhizobium induced for nitro­

genase; and (m) molecular weight markers: N35. nodulin-35; and Lb, 

leghemoglobin. Electrophoresis was carried out on discontinuolfS SDS 

f~ 

slab gels (low bisacrylamide), as described in Polyacrylamide Gel 
# 

Electrophoresis Under benaturing Conditions. 

J 
Fig. 7. Isolation of nodulin-35 by annnonium sulphate fractionation. Total 

\ 

soluble cytoplasmic proteins from 'uninfected roots (a) and root nodu-

les (b) of Boybean; nodule cytoplasmic ~oteins fractionated with 

ammonium sulphate at 0-30% (c); 0-10% '{dr; 10-20% (e), and 20-30% sa-

turation (f). Arrow indicates po~ition of nodulin-35. 
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can he highly enriched by anmonium sul phate fraç,tionation from 10% to 

30% saturation (lanes d to' f). A similar fraetionation of cytoplasmic 

proteins from uninfected roots did not resul t in 80y enrichment of 

proteine s) in the 35,000 molecular weight region (data not shown). 
;: 

Electrophorètic analyses" of cytoplasl'&ic proteins precipitated with 

ammonium sulphate at concentrations higher than 30% indicated only" trace 

amounts of nodulin-35 (data not shawn). 

Nodulin-35 was pu~ified to homogeneity by means of preparative PAGE 

in the presence of, SOS. Electrophoresis of the 30% ammonium sul phate':: 

precipitated fractioniwas carried out in a discontinuous buffer system 

(Laenunli, 1970) as deBcrib~d in Methods, and el uted proteins were 

monitored st A280 (Fig. 8). Collected fractions (about 90) were 

dialyzed, lyophilizedi and analyzed by SDS-PAGE to localize nodulin-:-35. 
\-

Figure 9 represents one of the analytical electrophoregrams showing 

fractions containing nodulin-35. nte peak fractions (Fig. 8, arrow) 

were combined and used for raising R-type monospecific antibodies (see 

below) • 

Since nodulin-35 precipitates at low concentrations of annnonium 

sulphate, it appears that it is a relatively hydrophobie proteine This 

characteristic was further documented by means of another method for 

protein fractionation, referred to 88 Sevag' s method (Sevag, 1934). 

This technique is based upon repeated treatments of protein extracts 

witb a chloroform-butanol mixture, leading to a graduaI removal of 

hydrophobie proteins from solution (see Metbods for defails). 

NoduIin-35 W&S found anong the most hydrophobie proteins and 

precipitated upon initial extractions with the chloroform-butanol 

mixture. 
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Fig. 8. Purification of nodu.1in-35 by preparative electrophoresis. A 0-30% 

aIlffnonium sulphate-precipitated fraction of .nodule cytopiasmic pro-
, "., 

teins wàs subjected tG a preparative electrophoresis. (Methods'>, and 

elution 'of proteins was Jonitored photometrically at 280 nm. Fractions 

corresponding to no4ulin-3S wert! co11eçted (arrow), and examined 

• electrophoretically (see a1so r'ig. 9). 

1 .-

Fig. 9. An electrophoregr~m .of selected protein fractions after preparative 

gel electrophoresis. Arrows indicate position of nodulin-35 (NaS) 
'1 

in the ~BJIlple prior to _(fraction 0) and after (fractions 40 to 50) 

the electrophoresis. 
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( 
Glycoprotein staining (Zacharius 'et al., 1969) indicated that 

Q 

nodulin-35 is a non-glycosylated polypeptide. 

(ii) Monospedfi'c Antibodies to Nodulin-35 

To raise antiserùn against nodulin-35, New Zealand White rabbits 
, ... 

were injected weekly with approximately 150 }lg of purified protein in 

" 
complete heund's adjuvant, as described in Methods. Electro-

immunodiffusi~tests of pure nodulin-35 as weIl as of total cytoplasmic 

pro~ from nodules, resulted in single i~unoprecipitation arcs, 

sUggesti~ monospecific nature of this antiserum. A 30% ammonium 

sulphate-precipitated fraction prepared from both effective and in-

efJective nodules, slong with non-nodulated roots (used as a control), 

was reacted with the antiserun to nodulin-35. Figure 10, representing 

Oucbterlony' s double ÏDJmunodiffusion test. shows a c01lDDon precipitation 

line bet.JIeen cytoplasmic proteins obtained from nodules developed by 

different strains of Rhizobium (wells b to e). lIhereas nodulin-35 is not 

detectable in uninfected roots (weIl f). Furtbe~ore. extracts from 

free-living Rhizobium Uncluding cultures induced for nitrogenase) and 

from bacteroids do not cross-react vith the antiserum, suggesting host 

origin of nodulin-35. 

(iii) 'Abundance of Nodulin-35 in Root Nodules 

To measure the relative aBount of nodulin-35 in root nodule 

cytoplasm, approximately 100)l& of total cytoplasmic proteins were 

resolved electrophoretically, stained with Coomassie blue, and scanned 

with a speCl(.rophotometer in parallel vith the purified polypeptide. 

Assumlng that all protein bands stained quantitatively, nodulin-35 

represents about 4% of the total cytoplasmic fraction in root nodules. 

In spite of its abundance in the tissue, the rate of biosynthesis of 

~ . 
nodulin-35 appears to he l,?-w. Electrophoret~c analysis of cytoplasmic 
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Fig. 10. Ouchterlony llmnunodiffusion test of (a) antiserum to nOdulinT,35 with 

the 30% ammo~ium sulphat~-precipitated fraction of cytoplasmic pro­

teins from root n~~le; formed by Rhizobium strains (b) 6JA7~. (c) 
c'· 

SM4, (d) SMS, (e) 61A24, and (f) from non-nodulated roots. Reaction 

was performed on, Hyland agarose immunodiffusian plates at room tempe-

rature (Methods). 

Fig. J J. ,Peptide maps of nodulin-35 isolated from effective and ineffective 

root nodules. The· pure protein w~s digested with a-chymotrypsin 

during SDS slab gel electrophoresis (Cleveland et a1.(1977); Bee also 
, 

lfutbods). (a) a-chymot-rypsin, (b) undigested nodulÏn-35, (c to g) 

digestion products of nodulin-35 from nodules induced hy Rhizobium 

strains 61A76, SM3, SM4, S115, and 6JA24, respectively. 
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proteins from young (7 day-old) and mature (14 to 16 day) nodules 

indicated similar amounts of nodulin-35 at these stages of de .... elopment, 

suggesting that this protein May be synthesized at very early stages of 

the symbiosis. This was further substantiated by the following two 

observations: in ~ label ing of both young and mature nodules with 

3H-Ieuc ine and/or 35S-methionine results in a very poor labeling o.f 

,nodulin-35; rate of synthesis of nodulin-35, as measured by 

inununoprecipitation of in vitro translation products of 80S-type host 

polysomes is low, even in very young nodules. It is thus possible that 

this "nodule-specifie" protein is synthesized soon after infection of 

root by Rhizobium. 

(iv) Appearance of Nodulin-35 in Effective and Ineffèctive Nodules 

IQ order to determine whether this protein is present in nodules 

that do not fix nitrogen, c ytoplasmic proteins were prepared fram 

ineffective root nodules developed by several mutant strains of R. 

japonicum (strains SM3, ~4, SM5, and 61A24) and analyzed on SDS-

polyacrylamide gels (Fig. 6, lanes e to h). The presence of a common 

protein band at molecular weight 35,000 -in -all nodules demonstrated that 

f' 
the appearance of nodulin-35 is not related to the effectiveness of the 

nodules in nitrogen fixation. The identity of this 35,000 molecular 

weight prote in was further determined in nodules induced by different 

st rai ns 0 f R. j aponictml by an al yzi Dg peptide maps of nod ulin-35 on SDS 

gels (Methods). AlI profiles of proteolytic digestion of this protein 

are similar (Fig. 11), suggesting tbat it is the S8IDe protein and its 

epresence in different nodules is not simply a result of electrophoretic 

co-migration or cross-reactivity with antibody. The apparent structural 

identity of the 35,000 molecular weight protein in nodules developed by 

various strains of Rhizobium aIso !fuggested plant rather than bacterial 
". 

,t 



( (v) Origin of Nodulin-35 

t) 
ThJlt nodul in-35 is synthesized by the host plant was shown by 

i1lllllunoprecipitation of the translation product of -the nodule 80S-type 

polygomes and its inhibition of synthesis with cycloheximide (Fig. 12). 

The polysomes used have previously been shown to he free of bacteroid 

ribosome contaminations (Verma and Bal, 1976), providing a suitable 

syste'in to study the biosynthesis of hast proteins. In vitro translation 

of polysomes was carried out in a microcoçcal nuelease-treated wheat 

germ translation system 

3H-I euc ine. Lane a in 

• 

4 
described in Methods, in the presence of 

12 represents total translation product, 

lanes b and the translation product with 

antibody against nodulin-35. Translation in the presence of 

cycloheximide Cl pg/mO (lane c> resulted in 89% inhibition of total 

'TCA-precipitable counts. After tran~lation. the ribosomes were removed 

by ul tracentrifugation (105,000 li: g for 2 hr) and the supernatant' 

containing released polypeptides was prepared for electrophotesis as 

outlined in Methods. Immunoprecipitation ,of TCA-precipitated product 

was carried out as described by Lingappa et al. (1978). using 
9 

staphylococci-bound protein A to precipitate antigen-antibody complexes 

(Method s). Since no inmunoreactive mater~al was obtained with the 
~ , 

translation product of control root polysames and since extraets from 

free-liviOg Rhizobiun and bacteroids did not cross-react vith the 

antiserum, nodul in-35 appeared to be a "nofule-specifie" protein of hast 

origin. 
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Pige 12. SDS s1ab gel e!ectrophoresis of in ~ translation products from 

soybean polysomes (autoradiofluorogram). (a) total translation pro-' 

duct of BOS-type nodule ,polysomes; (b and c) immunoprecipitation of 

the trans'latiQn product with antibodies against nodulin ... 35, and (c) 

translation in presence of 1 pg of cycloheximide per milliliter, 
; 

which gave 89% inhibition of total TCA-precipitable counts. Arrow 

indicates the position of nodulin-35 run as a marker in parallel. 

: 

~. 13. Analysis of soluble cytoplasmic proteins from uninfected roots (a) and 

root nodules (b) of soybean by SDS-PAGE (A) and rocket immunoelectro~ 

phoresis (B) using anti-nodule serum (Hethods). SDS-PAGE was carried 

out with 100)Jg of root and nodule proteins, while 30}lg .from each 

were used for rocket immunoe·lectrophoresis. The gels viere 'processed 

and stained as described in M~thods. N-35, nodulin-35; Lb, leghemoglo-

bin. 
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III. IDENTIFICATION OF-- OTHER "NODULE-SPECIFIC" HOST PROTEINS (NODULINS) 

(i) Justification of an Immunological Approach 

Despite a rapid development of techniques for identification of 

proteins in the reC~rit years. a' direc~ comparison and quantitation of . " , 

rare polypeptides eneounters many problems. Within the limited number 

of physical and chemical parameters of proteins (molecular size, 

sol ubil ity, isoelectric point. etc.), their detectability. local ization 

o~ identity, may be difficult to asaess by conventionsl methods. 
" 

Sinee immunological reaetions are highly specifie, and sinee no 

"nodule-specifie" proteins other than leghemoglobin and nodulin-35 eould 

be deteeted bylassieal methods (see above), an attempt was made to 

develop and use a "nodule-specifie" antibody probe. 

R-t antisera against soluble cytoplasmic proteins from 

uninfect root nodules, referred to as anti-root and anti-

nodule sera respectively, were prepared -as described in Methods. 
o 

determination of the titer for each antiserum (10 pl of the 

anti-root erum precipitated 28)1g of its antigen, Wlile 10)l1 of the 
1 

anti-nodule\serum precipitated 36 ~ 

antisera we~\ thoroughly tested by a 

techniques (se~ bel~w). 

of the root nodule anti~en), the 

variety of Umnunoelectrophoretie 

(ii) Evidence fdr the Presence of "Nodule-Specific" Proteins Other than 

Nodulin-35 

Analysis of thè soluble cytoplasmic proteins from uninfected roots 

and 3 week-old effec~ve (Rhizobit.m j aponieUIII strain 6lA76-indueed) 
l ' 
\ 

nodules of 80ybean by \AGE. shoJO'd that the majority of the 
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polypeptides are common to bath tissues (Fig. l3A). This was also 

evidenced by an extensive cross-reactivity of prote~ns from uninfected 

roots with the 'anti-nodule serum (Fig. 13B). In addition to the 

precipitation arcs formed by the root proteins (Fig. 13B,a), several 

other arcs were observed in the reaction of the anti-nodule serum with 

its homologous antigen (Fig. l3B,b). The similadty in the appearance 

of the precipitation arcs in rocket ÏmmunoelectrophoresÏ8 could not, 

however, demonstrate that they are formed by identical antigens. 

Tandem-crossed immunoelectrophoresis (Kroll, 1973a) is an . 

especially appl icable technique for visualÏzation of both connnon and 

tissue-specifie proteins. This method is a combinat ion of electro-

phoretic separ~ion in a plain agarose .gel of tw samples containing 

antigens, followed by electrophoresis perpendicular to that in an anti-

body-containing gel (Methods). The related precipitin peaks formed trom 

respective samp1es fuse into double precipitation arcs in the final 

pattern, indicating their COmmon antigenicity. In addition, proteins 

that do not have their antigenic counterparts present in the other 

s8mple form single precipitation peaks ';ith their respective antisera. 
,1 

Since the area enc10sed by _an individual precipitation arc is propor-

t ional to the antigenl ant ibody ratio, it is possible not on1y to 

quantitate proteins common to the two samples, but a1so to specifically 

identify the number and relative amounts of the unique antigens. Such 

analysis of the root and nodule proteins using çhe ant~-nodu1e serum 
~ 

showed several (at Ieast nine) proteins present in root nodules which do 

not have their counterparts in the uninfected root tissuè, as evidenced 

by the ,lack of comnon precipitation arcs (Fig. 14). Tandem-crossed 

immunoelectrophoresis has al so indicated that there may be some 
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o /~ 
Fig. 14. Tandem-crossed immunoelectrophoresis of soluble cytoplasmic proteins 

from uninfected roots (R) and root nodules (N) of soybean again~t the 
, .... 

anti-nodule serum. (B) is an enlargement of (A); (C) outlines the pre-

cipitation arcs which do not have their counterparts in r",ots and ~hus 
, 

are unique,to nodules. The antigens (30 pg p~otein each), contain~ng 

bromophenoi blue as a marker, were electrophoresed horizontally in an 
, 

agatose gel containingno antibody ta a di~tance of about 1 cm. This 

~s followed by electrophoresis in the antibody-containing gel, per­

pendicular to the first dime~sion. Arrows in (B) indicate the immuno-

precipitation arcs formed by~root proteins which are greatly reduced 

in nodules. See,also Methods. 

~ 
Fig. ]5. Crossed-line immunoelectrophoresis of soluble cytoplasmic proteins 

from uninfected roots (R) and root nodules (N) of saybean against the ' , 

anti-nodule !;lérum. Following electropho;resis of about 75 pg of the no-

dule antigen in a plain agarose ge~, a sample strip containing pro­

teins from uninfected roots was moulded into the gel, and the two 

antigens were electrophoresed L'nto the antibody-containing ge.! (see 

Methods for details). A common precipitation line of the slow (LbS) j 

- 0 

and fast-maving (LbF) components of leghemoglobin suggests their, com- . 

mon antigenicity. 
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proteins present in $Oybean roots \oitich are greatly reduced upon 

infection with Rhizobilll1 (t~ such proteins are indicated by arrows in 

Fig. 148). This conclusion was further sùbstantiated by bath one and 

two-dimensional elect.rophoretic ànalyses of proteins from uninfected and 

infected roots (see Fig. 13A and Figures 18A and 18B). 

Concentrations of the C01mlon proteins vary in the t;wo tissues, 

1 suppoc~ing th~ observation,,,~e with rocket immunoelectrophoresis (Fig. 

13B). Among the apparent "nodule-specific" antigens, leghemoglobin i<s 

(
'~ predominant 

arc. A variety 

component, as indicated by the size of its precipitation 

of techniques used showed that the electrophore~'ally 

slow and fast moving c;::omponents of leghemoglobin (Ellfolk, 1972) exhibit 

virtually identical antigenicity (Figures 13B and 14A). Results ob-

tained from crossed-line immunoelectrop~reisis (Kroll, 1973b) indicated 

the presence of several "nodule-specific" proteins as weIl as directIy 

,-~l1ustraed the common ântigenicity of leghem~globins (Fig. 15; see also 
1 

Crossed-Line lDInunoelectrophoresis under Methods). In this technique, 

proteins common ta uninfected roots and nodules, migrating from the 

sample strip saturated with the uninfected root proteins iDto the 

antibody-containing gel, form parallel precipitin lines fused with 
'< 

rocket-type arcs (Fig. 15). 'The rocket-type arcs are generated from 

identical antigens (proteins) present in root nodules and resolved 

electrophoretically in the first dimension (see Fig. 5 ), thus leading to 

the formation of common immunoprecipitins ~th the lines: Antigen~ 

present in uninfected root extracts at higher concentration 

nodules form paral1el lines ooly, wereas t.hose specific to 

the rocket-type arcs. 

Al though the existence of several proteins unique to nodules W8S 

apparent» due to the possil?i1ity of bacteroidal contanination in the 
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host cell cytoplasm, it could not be odetennined at th-is stage tohether 

a11 these "nodule-specifie" proteins vere of hOst origine 

(Hi) Develo 

Since the cytoplasmic proteins from r~Ules are 

also present in unin-fectecf roots, the anti-nodule serum contained a 

l~~quantity of antibodies strongly reactive with the cytoplasm of 

u~~ted roots. To selectively remove the antibodies against proteins 

common to the uninfected and infected roots, and, hence obtain a "nodule-

specifie" antiserum, the anti-nodule serum was adsorbed with increasing 

amounts of proteins from the uninfected roots. The adsorption was . 

earried out step-wise from a high (50:1) to low (3:1) antiserum/antigen 

ratio ('v/y) every 24 hr for 5 days, as shown in Fig. 16 (for details see 
, 

Methods). This procedure, carried out entirely in liquid phase, alloved 

both antigens and antibodies to maintain their native conformations and 

thus ascertain a high fidelity_ of the antibody-antigen bind ing. 

Alternative techniques "of ac!sorp'tion involve chemieal coupling of either 

antibodies or antigens to a stationary phase (e.g. Sepharose or Bio-Gel 

polyacrylamidej Bernfeld and Wan, 1963) and may lead to a non.specific 

binding to the matl'ix and/or to a decreased reactivity of antibodies 

vith antigens due to their mOdqation upon coupling. Since a 

selective removal of the common antibodies could not be carried out by 

means of protein A, which is known to react with aIl IgG' s in a 

general ized fsshioo (Forsgren "and Sjoquist, 1966; Kronvall and Fromme~, 

1970; Goding, 1978), it was important to use an equimolar excess of 

antibodies and thus allow formation of the secondary antibody-antigen 

complexes ,during the adsorption (Crowle, 1973c>. Such complexes are 

f precipitable and vere removed by centrifugation (Mèthods). On the 

'88 

contrary,:._ even a slight equimolar ,excess of antigens could prevent the '<'~ , 
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Fig. 16. A seheme illustrating preparation of the "nodule-specifie" antiserum 

by adsorption. Following a series of treatments of the anti-nodule 

serum with eoneentrated extracts of protein from uninfeeted roots (see 

_. 
Met~ods), the resulting antiserum remain~reactive ~ith " nodule­

specifie" proteins, while its reaetivity w,\!=h proteins common to 

roots and nodules is negligible (see also Table, 3). 

',< 1 

Fig.' 17. SDS-PAGE (fluorogram) of in vitro translation products of nodule to-
- i~ 

ta! polysomes (a), immunopreeipitated with the "nodule-specifie" 

antiserum Cb) and the anti-root serum (c). White approximately 

lxl05 epm' of 35S-methionine-labeled translaciQn produets were ana-

Iyzed in lane (a), the immunoprecipitation was carried out using 

2 .5x 106 cpm of material and resulting products were analyzed in 

Ianes (b) and (c). Due to an excess of theantibodies in the rcac-

tion mixture, aIl corresponding antigens should be precipitated. As 

a reBult, eaeh of the iunnunoprecipitated bands would be enriched 

approximately 25 fold in relation to those in the total translation 

\ 

product. Moleeul~r weight (HW) markers werc vlsualized by staining. () 
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transition from the primary (soluble) to the secondary (insoluble) 

antibody-antigen complex <Crowle, 1,973c), leading to an incomplete 
c 

adsorption, Wiere they could not be removed by centrifugation. Sinee 

the polyspecific anti-nodule serum contained a number of different 

antibod ies at varying çoncent~ation8, it was desirable to use the broad 

range of the antiseruml antigen ratio during the adsorption. 

Examination of the "nodule-specifie" antiserum by rocket immuno-

eleetrophoresis showed a signifieant reactivity of this senn with the 

cytoplasmic proteins froln-nodules and a negl igible cross-reaetivity with 

the proteine fram uninfeeted roots. The degree of cross-reaetiviCy was 

estimated by using equ:al amounts of the root and nodule extracts (30 or 

120 pg of" protein fram each). In addition, no detectable 

eross-reaetivity of the "nodule-specifie" antiserum W8S observed with 

cellular extracts of baeteroids. The possibility that some baeteroidal 

proteins May be seereted into the host cell cytoplasm was examined by in 

vivo labeling of bacteroids and analysis of the secreted produets, 

following immunoprecipitation with the "nodule-specifie" antiserum (see 

below) • 

Uv) Cross-Reactivity of the "Nodule-Specifie" Antiserum 0 

To me8sure the percent age of protein represented by 

"nodule-specifie" pro teins in mature nodules, in vitro translation 

produets of root nodule pol.ysomes were reaeted with the 
... 

"nodule-specifie" snt iserum. Table 3 shows chat 66% of the 3H-leucine-
~ 

labeled in vitro translation prC?duct is i6munoreactive, white only 12% 

of the 35S- methionine-Iabeled product reaets with this antiserum. A 

negligible eross-reaetivity of the antisertn wu observed with the in 

vitro labeled proteins from unin;feeted roots, as well as with in vivo 

labeled pro"teins of free-living Rhizobium and bacteroids. Thus, taking 
'. 
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TABLE 3 

k ;. CROSS-REACTIVITY OF THE "NODULE-SPECIFIC" ANTISERUM --
Source of Radioactivity (cpm) % Protein 
antigen* Radioisotope Immunoprecipitated precipitated 

Total 

TP(WT) 3H- Leu 149,000 98,896 66.4 .. 
35

S
_
Met 

<=J.= 
TP(WT) " 115,000 13,907 12. '1 

TP(SMS) 35 S-Met 123,769 13,615 11.0 

TP(61A24) 
35

S
_
Met 126,400 11 , 123 8.8 

TP(R) 35S_Met 120,000 3,238 2.1 

B 3H- Leu 100,000 530 0.5 
Bd(c) lu-Leu 100,000 503 0:5 

Bd(c) 
35S_Met 116,796 798 0.7 

Bd(s) 35S-Met 138,664 1,680 1.2 

*TP(WT), TP(SMS), TP(61A24): in vitro tran~lation products of the 80S-type polysomes from root nodu­
les developed by wild-type (6IA76), SM3 and 61A24 strains of Rhizobium, respectively; TP(R), in 
vitro translation products of the 80S-type polys~es from uninfected roots; B, in vivo labeler-to­
tal cellular proteins of free-living Rhizobium (wild type); Bd(c), in vivo laber;d~al cellular 
proteins of wild-type bacteroids; Bd(s), in vivo labeled total secrëtory]proteins of wild-type bac-
teroids. --
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into account the cross-reactivity of the "nodule-specifie" antiserum . 
with extracts from uninfected roots as well as both cellular and 

lecretor y products of bacteroids t approximatel y 7-11% of the 

rS-methionine-labeled protein synthesized in nodules may he considered 

"nodule-specifie" (see Table 3). Since soybean leghemoglobins are cree 

of methionine residues (Ellfolk and Sievers, 1971; Nicolà, 1975; Hurrell 

and Leach, 1977) t provided that other nodule proteins possess an average 

methionine content t the observed difference between the 

immunoprecipitation of leucine and methionine-labeled products should be 

due to leghemoglobin. About 40% of 3H-Ieucine-Iabeled in vitro 

tr.!nslation product is immunoreactive with antibodies against purified 

leghemoglobin (Verma,et aL, 1981). The synthesis of nodulins appears 

ta decrease in ineffective (unable to fix nitrogen) nodules induced by 

the SM5 and 6lA24 strains of Rhizobium (see bel'ow). 

(v) Identification of Nodulins 
\ 

Identification of nodulins in the in vivo labeled tissue is 

difficult due to their low abundance and a low specifie activity of the 

labeled products, especially in mature nodules. , In vitro translation of 

the 80S-type nodule polysomes in the presence of 35S-methionine, 

followed by iumunoprecipitation with the "nodule-specific" antiserum, 

.y.lowed the visualization of nodulins. The polysomes used have 

1 previously been shown to be free of 70S-type polyribosomes of 

bacteroidal or organellar origin (Verma and Bal, 1976). Analysis of the 

total translation products and immunoprecipitates on discontinuous 

SDS-PAGE is shown in Figure 17. Antibo<1ies against proteins from 

'uninfected roots (anti-root serum) immunoprecip'itated a wide, spectnn of 

polypeptides from the translation product of nodule polysomes (Fig. 17, 

lane cL A parai lei experiment with the "nodule-specifie" antibodies 
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yielded DIOst of those peptides 10hich were not precipitated by the 

anq -root sertE (Fig. 17, lane b). A discriminatï'on between nodule . 
peptides by the two antisera aIso demonstrated the val idity of 

"nodule-,specifie" antibodies. Due to the differential antigenicity of 

" proteins giving rise to polyspecific antisera (Crowle, 1973d), the 

efficiency of illll\unopreeipitation of some polypeptides does not reflect 

their relative EIIIounts in "'the total translation product (see also legend 

to Fig. 17). 

To further establish the. identity and an approximate number of 

nodul ins in soybean, the total 35-g-methionine-l abeled in 

vitro translation produet of root and nodule polysomes was analyzed on 

-dimensional polyacrylamide gels. Figures l8A and 18B show that 

a number of polypeptides present specifieally in nodules. On 

tlle other hand, several peptides abundant in the root are greatly 

reduced or disappear in nodules'(Fig. 18, black arrowheads). Analysis 

of "immunoprecipitates formed by the "nodule-specifie" antisenm with the 

translation products of nodule .polysomès (Fig. l8D) demonstrated' that a 

majorityof the peptides unique to noduÏes-can be selected with this 

antiserum. In addition to the clearly visible nodulins, designated by 

" 
numbers, there are several other peptides ln these (effective) noctules. 

which become more prominent in the ineffective (unable to fii 

nitrogen) nodu~es (see below). The "nodule-specifie" antibodies reacted 

with only one peptide from the control root (Fig. lSC). This peptide 

does not appear to be synthesized in noduÏes at this stage of 

development (see Figures l8A and l8B, arrow), and represeJlts one of the 

polypeptides whose synthesis is greatly redueed following infection of 

the root with bacteria. HoweVer, it must have been present in the 

nodule tissue to aHow the production of its antibody, which was not 

----". 
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Fig. 18. Two-dimensional PAGE (fluorogram) of 35S-methionine-l'abeled in ~ 

translation products of total polysomes from uninfected roots (A) anq 

nodules (B) of soybean. After pre-adsorption with a non-immune serum 
" .' 

(see Methods), equal amounts (2.5xI06 cpm) of the translation products 

were reacted with the "nodule-specifie" antiserum and the resulting 

immunoprecipitates were washed thoroughly with a buffer eontaining 

non-ionie detergent (Lingappa et al., 1978; see also Methods). Follo-

wing dissociation fro,m staphylococci as o\1tlined in Methods, the anti-

gens were analyzed on two-dimensional gels. (C) Immunoprecipitation of 

proteins from uninfected roots, (~) immunoprecipitation of proteins 

from root nodules. Isoelectric focusing carried out in a narrower pH 

range results in a better resolution of polypeptides numbers 18, 19 

'and 20 (E, two fold nagnification). Black arrowheads indicate several 

root polypeptides which disappear in nodules; whitearrowheads show 

the pre'sence of other "nodul~-specifie" proteins which are not iinmu-
, 

noprecipitated by this antiserum. Amang the nodlllins (n) there are 

two peptides (shown in paranthesis) which appear to be in eommon with . 
the uninfected root CA), but are not immunoprecipitated from the latter 

'; 

(C). Arrow indicates a polypeptide eommon to uninfected roots and no-

dules which, hawever, i8 not synthesized at this stage af roat nodule 

development (see text). 
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completely removed during preparation of the "nodule-specifie" anti-

" serum. 

Isolation of polysomes from Wlinfeçted roots homogenized in the 

absence and presence of a large amount of bacteroids (prepared from 

equal quantities of nodule tissue), followed by analysis of the in vitro 

translation product by two-dimensional gel electrophoresis, resulted in 

an identical profile (data not shown). This suggests that the presence 

of bacteroids do es not have any effect on the, isolation of pl ant 
~ , 

polysomes or their translatability in vitro. 

To rule out the possibility that sOlDe of the apparent nOdulins, -are 

related to the developmental changes in the root and no~ symbiosis with 

Rhizobium, in vitro translation propucts of the nodule polysomes wereL-, 

immunoprecipitated with the "nodule-specifie" antibodies ,in the presence 

of a vast excess (5 mg) of cytopl asmic proteins from uninfeèted mature 

roots. Two-dimensional analysis of this immunoprecipitate resulted in a 

profile (data not shawn) identical to that in Figure l8D, suggesting 

that the appearance 'of nodulins is restricted to the development of the 

root nodule symbiosis. 

The above observations indicate the presence of at least 18-20 -

,"nodule-specifie" host polypeptides other than leghemoglobin (nodulins), 

the molecular weight: of lohich range from 12,000 - 20,000 (~ig. 180). 

These proteins shoulê:i be encoded by mRNAs of 8-l0S size. Previously 

observed heterogeneity in the 9S mRNAs of no~ules (Baulcombe and Verma, 

1978), resulting in a biphasie kinetics of hybridization of its eDNA, 

could in part be due ta the presence of mRNAs cod.ing for nodulins. 

Since antibodies raised against purified leghemoglobin (Verma and Bal, 

1'976; Verma et al, 1979) do not precipitate nodulins (not shown), 
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and nnce a11 leghemoglobins are free of .œthionine (Ell fol k and 

> 
Sievers, 1971; Nicola, 1975; Hurrell and Leach, 1977), these two groups 

of "nodule-specifie" proteins May be unrelated. 

(v i) Synthesis of NoduIins in Ineffective Nodures 

Thrye existence of "nodule-specifie" proteins in effective root 
J 

nodules suggests either that they are involved in the development of 
, 
nodules and, like nodulin-35 (LegocId and Verma, 1979), M>uld be present 

in both effective and ineffective nodules, or that they are involved in 

proces~es related ta nitrogen fixation. In vitro translation of hast 

polysOIDes from effective and ineffective root noaules in the presence of 

35S-methionine ind icated that the averall rate of protein synthesis i8 
...... \ 

similar in the two types of nodules (Verma et aL,' 1981). A reduced 

o 0 

level of ~thesi~ o~ nodulins vas observed, hOllever, part~,cularl>: in 
\;:> 
l' ... ~ 

the 61A14-iDduced tissue (Table 3). This is accanpanied by the 

disappearance of SOlDe nodulins,,{numbers 8, 10, 13-16;' Figures 1ge and 

l,9D; compare Fig. lBD) il} bath SK5 and 6lA24-induced nodules. (b the 

other hand. several other "nodule-specifie" polypeptides of very lov 

abundance in the effective nodules become vell detectable in the 

ineffective' nodules (Fig' l 19, arrows) 1. 
1 

The observed differences among nodulios in effective and ineffective 

nodules suggest tbat mutations in Rhizobium influence the expreuion of 

specific host genes, either 'directly or through a- change in the 

physiology of the host tissue. Rhizobium does DOt appear to fully 

differentiate into bacteroids in 61A24-induced nodules (Werner et al., 

1980), and <>the presence of these undifferentiated bacteria may infl uenee 

the expre8~on of hast genes during the root nodule development (Verma 

~t lal •• 1981) in a lIlanner different from that of the effective (61A76) 

strain. It thus appears that SOlDe of the "~odule-~pecific" proteins may 
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Fig. J9. TWo-dimensional PAGE (fluorogram) of 35S~methionine-lab~l~d in vitro 

translation-products from ineffective nodules formed by Rhizobium 

ja'ponicum strains SMS (A) and 61A24 (B), and immunopreeipitates 
) 

formed by the "nodule-specifie" antiserum (C)' and (D) from (A) and 

(B), respectively. Numbers designate nodulins;.circles ,indicate po­

sitions of nodulins number B, 10 and 13-16, whieh are present in 

wild-type nodules (see Fig. IBD) and disappear from the ineffeetive 
\ 

nodules. Although immunoprecipit,able with t1;te "nodule-specifie" 

antiserum, the two peptides shown in paranthesis are not considered 

as noduÎins (see legend to Fig. 18). 
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be inv'olved in the development of the nodules, lilile others are involved 

in their effectiveness. 

IV. PROTE IN SYNTRESIS AND ACCUMHLATION IN TIŒ HOST CYTOPLASM DURING 

DEVELOPMENT OF THE NODULES 

(i) Morphology of Effective and Ineffeçtive Nodules 

There are a number of mutant strains of Rhizobium japonicum in 

which the ability to form root nodules is maintained, however no 

nitrogen fi~ation takes place (Maier and Brill, 1978). Nodules formed 

by mutant strain SM5 and ineffective wild-type strain 61A24 were of 

particular interest to this ·study, as both are ineffective (do not fix 

nitrogen) and their mbrphology and structure significantly differ. Root 

nodules induced by!. japonicum SM5 are relatively large and brown 
... 

inside, wereas those ind uced by ~. j aponicum 6lA24 are small and green 

inside (Maier and BriU, 1976). To directly compare the cellular 

structur..e of the SM5 and 61A24-induced nodules with that of the 

- -
effective (strain 61A76-induced) nodules, 15 pn sections were prepared 

from the three tissues and examined by light microscopy. Figure 20 

1 Since the IInodule-specific" antiserum was raised against proteins that 
, 

accumulated in the cytoplasm of ~ature ~odules during tbe entire period 

of their developmeot, lilereas the analysis of nodulins W8S carried out 
') 

at a particular stage of nodules (3 weeks), ide~tification of the 

"nodule-specific" pro teins may be restricted to the time of their 

biosyothesis. Thi. may affect the apparent abundance of nodulins in the 

~unoprecipitate8. 
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Fig. 20. Cross-sections of soybean root nodules formed by an effective (6IA76; 

panel A) and ineffective (S115 and 61~4; panels Band C, re'spectively) 

strains of Rhizobium japonicum. Fifteen )lm sections of nodule~ were 

stained in Delafeld's hematoxylin (Methods) and examined by light 

mièroscopy at IOOx magnification. 

Fig. 21. Kinetics of protein bi~synthesis in uninfected roots (circles) ~nd 

root nodules of Boybean formed by strains 61A76 (effective; squares) 

and 6JA24 (ineffective;. triangles) of Rhizobium japonicum. Tissue 

(0.3 g each) was labeled in ~ with 250 }JCi of 35S- methionine as 

outlined in Methods and, following isolation of soluble cytop~asmic 

proteins, total TCA-precipitable counts were determined. 
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s~aws that ~ile the SM5 and 61A16-induced nodules appear ta have , . 
similar structures a~d percentages of infected cells (45.4% and 45.9%, 

respectively), the 61A24-induced tissue is -different in its orga~ization 

and number of infected cells (approximately 16.2%). To establ ish an 

aecurate nwnber of host cells infeeted with Rhizobium, eaeh nodule was 

sec,tioned at its largest diameter and 4-6 measurements were carried out, 

each based on anal ysis of 80-140 eells across the section. Figure 20 

shows that cells infeeted with bacteroids are at least 2 times larger 

than those uninfected, and that their nuclei are enlarged and well 

visible. The intracellular structure of R. japonicum 61A24-indueed 

nodlJles appears to be somewhat disorganized in an uneven distril?ution of ' 
o , 

the infee4ed cells as well as in their size and shape. Stud ies of 

protein synthesis in!. j aponicum 61A24 indicat>ed that it is alao very 

different from that in strains SM5 and 61A76 (see below). 

(ii) Prote in Synthesis in Root Before and After Infection 

To measure the effect of rhizobial infection on the rate of protein 

synthesis in the host eell, uninfeeted "roots and root nodules were in 

vivo labeled with 3"5S-methionine at various stages of developme·nt. Ta 

obtain a high specifie activity of labeled products, 0."3 g of tissue wu 

incubated with 250 pCi of 35S-methionine for 2.5 hr. Isolat ion of the 

sol uble cytoplasmic proteins was carried out as described in Methods, 

except that the bacteroid fraction was so isolated for anal yses at 

each developmental stage. The anolint of otein synthesized was 

measured by TCA precipitation of small a'liquo"s from each sample. 

Figure 21 shows that a high rate of proteiÎl synthesis accurs in 
\. 

young uninfected roots, however it decreases rapidly in development. 
, 

'nie level of protein synthesÎ8 in root nodules appears to be much lower 

-1", 
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than that in Wlinfected roots particularl y in a very young (6 day-old) 

nodule tissue. It is also apparent that synthesis of the cytoplasmic 

proteins in very young nodules, ~ether effective (!. japonicum 

61A76-induced) or ineffective (6IA24-induced), occurs at about the S8me 

level in the later stages of development (Fig. 21). Since the use of 

methionine as a radioactive precursor el iminated detection of 

leghemoglobin in this study (Ellfolk and Sievers, 1971; Nicola, 1975; 

Hurrell and Uach, 1977), it can be concluded that the marked (up to 

35%) differences between the level of protein synthesis in the 

developnent of nodules are p~imarily due to leghemobl'ogin (see also 

Verma et al., 1981). This was further substantiated by! e~e~r6ph'Qretic 
. / "'\..' 

analyses of the cytoplasm{c proteins fram several devefopmental stages 

(7,9,12 and 14 day-ota nodules) which did not ind ieate any abundant 

polypeptides development&lly regulated other than leghemoglobins (see 

below). It is possible that the expression of "nodule-specifie" 

proteins is accompanied by rapid developmental changes in the root 

cytoplasm prior to the appearance of nod_ul:. structure. It is 

interesting to note that the level of protein synthesls in the root 
t , 

cytoplasm is significantly reduced 800n after initiation of infection 

(Fig. 21). Whether thi8 i8 due to the presence of bacteroids and the 

alterations of the intracellular structure of the host ce 11 , or \i1ether 

there' i8 a- specific suppression mechanism affecting the synthesis of 

plant proteins following rhizobial infection, remains Wlknown. 

(iii) Correlation Between Biosynthesis of Leghemo,lobin, Nodulin-35 and 
J\ 

Other Nodul ins 

In effective 80y=8O nodules, ~ghemoglobin represents up to' 35% of 

the total sol uble protein (Verma and Bal, 1976). In order to measure 

the amount of leghemoglobin in',both effective' (strain 61A76-induced or 
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wild-type) and ineffectivl (SM5 and 61A24-induced) noj:iules, total 

c ytopl asmic protein from nodules (see Methods) was reacted with an 

anti-leghemoglobin serum (Verma and Bal, 1976; Verma et al., 1~79) by 

~eans of rocket immunoelectrophoresis (Weeke. 1973). Quantitation was 

based upon the reactivity of ant i-Ieghemoglobin serum with a known 

amount of purified leghemaglobin in the same gel, and direct 

measurements of the area enclosed hy precipition arcs. Figure 22A shows 

that there is -a significant: amount of leghemoglobin in SM5-induced 

no~ules, representing approximately 40% of, thA in wild-type, ~ereas 
the 61A24-induced tissue contains a very low level of leghemoglobin 

(about 4% of that from wild-type; data from R. Haugland in Verma et al •• 

1981) • 

Ta determine if the rate of leghemoglobin accumulation paralle1s its 

biosynthesis, total (free and membrane-bound) polysomes were isolated 

fr,pm the effective and ineffective nodules at various stages of ..... 
development and translated in vitro in the wheat germ ceU-free system , 

(see Methods). Each of the 3H-Ieucine-Iabeled translation products W8S 

reacted with the anti-leghemoglobin serum and radioactivity of the 

resulting immunoprecipitates ",'!las determined fol1owing TCA 

precipitation. Figure 22B illustrates the synthesis of apoleghemoglobin 

in 61A76, SM5 and 61A24-induced nodules. Comparison of the accumulation 

(Fig. 22A) and synthesis (Fig. 22B) of leghemoglobin throughout the 

development indicates that there is a good cortelation between the two 

events in both effective and ineffective nodules. The comparabie levela 

of leghemoglobin content (34% of tdtal eytopl asmie protein) and its 

synthesis (32% of total translation produet) in mature nodules' suggest 

that the biosynthesis and accumulation of this protein occur in a highly 

eoordinate hshion. While the mutations in R. j aponicum have an obvious 
'. 
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Fig. 22. Accumulation (A) and synthesis (S) of leghemoglobin during the deve-

lopment of root nodules formed by Rhizobium strains 61A76 (effective; 

circles), SM5 (ineffective; squares), and 61A24 (ineffective; trian-

gles). Accumulated l~ghemoglobin was measured by quantitative ·rocket 

immunoelectrophoresis, whereas its synthesis was estimated from immu-

noprecipitations of in vitro translation products with the leghemo-

g~ob in antibodies (see text). Lb, leghemoglobin. 
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effect on the level of expression of leghemoglobin genes (Fig. 22; see 

4 • 

al so Verma et al., 1981), they dc;t not' appellr to al ter the observed 

1 

correlation between the rate o-f.:,synthesis and accumulation of o . ~ 

leghemoglobin in the host cytoplasm. 

'r In contrast to leghemoglobin. the synthesis and accumul ation of 

nodulin-35 do not seem to occur coordinately during the development of 

root nodules. Moreover, the presence of no'dul iO:-35 1n the host 
1 

-

/ cytoplasm is not affected by mutations in!. j aponicUD strains SM3, SK4, 
l' 

SMS, and 61A24 (see Fig. 6). Whereas the level of oodulin-35 remains 

unchanged in very young and mature nodules, 1ts synthesis.!.!!. vivo could 

only be detected in l,very young (7 day-old) nodul,e tissue. On the 

other hand, inmunoprecipitation of 35S-methionine-labeled in vitro 

translation product of total poly A( +) RNA tram 80S-type polysames (8 

day nodules) yith purified IgG to nodulin-35 indicated that the 
, 

synthesis of this protein represents onl y about 0.61;, - 1.4% of! the total 

translation product. Assuming that there .is a direct relationship 

betveen the anount of mR.NAs and their spec;fic products in the cell-free 

translation system, and that no mRNA 1s translated ~ferentially. the 

mRHA encoding nodulin-35 may- alao represent about 0.6 - 1.4% of the 

total poly A(+) RRA in the ho~t cytoplasm at this stage of development. 

~-

(see Appendix II for isolation of nodulin-35 mRNA). Since nodulin-35-

represents approximately 4% of the tot-al cytoplasmic protein in both 

young and mature nodules (see Identific~tion of Nodulin-35), it appear,s 

that: its synthesis ta1tes place in very early stages of the development. 

Developmental studies of effective (Rhizobium 61A76-induced).and 

ineffective (Rhizobium 61A24-induced) nodules indicSted that most of the 

lov molecular weight nodulins are already present in very young (7, 

day-old) tissue and, similarly ta nodulin-35, their': synthesis in ~ 
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does not increase significantly later in development. In contrast to 

nOdulin-35, however. these proteins do not accumulate in the tissue at a 

higl;l rate, and their visualization by staining is difficul~. Thu8, 

e1ectrophoreti~' an'alyses of 35S-methionine-labeled soluble cytoplasmic 

proteins from nodules at 7, 9, 12 and 14 days following infection, 

failed to s!tow any Appreciable 'developmental çftanges in the synthesi~ 

and accum~lation of proteins. with the exception of leghemoglobin (data 

not shawn). Comparison of cytoplasmic proteins synthesized 

(f1uorogr~phy) and; accumulated (stain) duri~g the development of the 

61A76, SM5, and 61A24-induced nodules indicated almost identical 

profiles on two-dimensional gels, suggesting a ~ery similar protein 

composition of the host cell cyl!:oplasm, regardless of the Rhizobium 

sUbstantiated~-b'yJ,/ 4 most strain used. This observation was further 1~ , 
,,\ 

identical profiles of in vitro translation products of polysomes from 

both effective (6IA76-induced) and ineffective (SM5 'and 61A24-inducect) 

nodules (Fig. 18B and Figures 19A and 19B). Due to the low abundance of 

"nodule-specific" proteins other than leghemoglobin, their different 

appearance in ineffective nodules could-only he deteeted by means of the 

"nodule-specifie" antiserum and eleetrophoretie analysis of 

iumunoprecipitated products (Figures 18 aud 19). 

\. 

v. PROTEIN SYNTHESIS AND ACCUMULATIOf IN RHIZOBIUM JAPONICUM BEPORE AND 

DURING SYMBIOSIS 

-Î<' 

(i) Antibodies Against Proteins from Nitrogenase-Induced Rhizobia 

To obtain an antibody probe against rhizobial proteins which are 

free of any host contaminations. but at tbe saille time Ytich strongly 
.;j 

resemble bacteroids, free-living rllÎzobia were induced for nitrogenase 
" 

in vitro (Avissar and RadIer, 1978) and tbeir tota,1 ~protein extracts 
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were used as antigens. RhizobiuÛl japonicum stuins 61A76 {effective} 

and 6lA24 (ineffective) were grown in liquid media to an early log phase 

and the growth waB continued under anaerobic cond'itions (Methods). 

Following detection of nitrogenase activity in the cultures by the 

acetylene reducti()n assay, the cells l.Iere lysed in the presence of SDS 

and r.Used for raising R-type antisera (Methods). The denaturing 

conditions used (SDS, boiling) are believed to enhance -the availability 

of aIl polypeptides to the iumunogenic system of the animal (Schild and 

Pereira, 1965; Crowle, 1973), thus resulting in a more complete 

population of antibodies in -polyspecific antisera. ' 

Al though the use of bacteroid extracts as a source of antigen may 

he considered advantageous to the nitrogenase-induced cul tures of 

Rhizobium, the isolation of bacteroids involves disruption of the host 

cell membranes and the bacteroidal pellet could contain at least trace 

amounts of the 'Plant material, e.g. mitochondrial contaminations. , 

Moreover, since the number, appearance and ultrastr~cture of bacteroids 

and the infected cells are very different in nodules formed by the 61A76 

and 61A24 strains of R. japonicllD (Werner et al. 1980; see aIso 

Morphology of Effective and Ineffective Nodules), the bacteroids trom 

the two tissues may contain different contaminations which, 

consequently, could lead to an inaccurate çomparison of proteins from 

the two bacteroid strains. 

(ii) Comparison Between Free-living R. japonicum Strains 61A76 and 61A24 

Ta directIy compare proteins from the effective (strain 61A76) and 
) 

ineffective (strain 61A24) rhizobia in their free-living state, total 

protein extracts were prepared as described in Metbods and analyzed by 

two-dimensional S_DS-PAGE. Figures 23A and 23B show that: there is SOlDe 
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Pig. 23. Two-dimensional PAGE / multiple immunoreplica technique of total cy-

toplasmic' proteins from free-living Rhizobium japonicum strains 61A76 

(B6IA76) and 6lA24 (B6IA24). A nitrocellulose replica of B61A76 was 

reacted with antibodies to total 'prote in extracts from Rhizobium 

6JA24 . 6JA24 (Ab ) and, followlng the removal of IgG ,and J25r-protein A . 
at, pH 2.2, it wa8 reacted with its homologous antibodiès (Ab6 JA76). 

Black arrowheads indicate some of the peptides comon to' the two 

strains of Rhizobium; open arrows in panel (B) indicate' some of the 

polyp~ptides unique to strain 6JA76; open arrowheads in panel (A) 

indicate the presence of polypeptides unique to strain 61A24. See 

Methods and Appendix for a detail~d description of the multiple 

immunoreplica technique. 
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homology between the protein JX>pul st ions in the tva strainll (arro\i)ead s) 

but the ineffeetive strain seems to lack a number of polypeptides 

(arrows). Sinee there are also sev'eral proteins unique to the 
, . 

ineffective strain of !. japoniclDI (Fig. 23A, open triangles), the two 

strains ot' rhizobia appear to significantly differ in their. total 

protein populations. This obsetvation was further 8ubstantiated by a 

poor cross-reactivity of protein extracts from the 61A76 strain with 

antiserum to the Rhizobium strain 61A24 (Fig. 23C; see Appendix l for, 

detailed procedure). since the homologous reactions between proteins 

and their respective antisera in Rhizobium 61A76 (Fig. 23D) and 

Rhizobium 61A24 (not shown) resul ted in deteetion of about 4-5 t imes 

more polypeptides than those which are believed to be COImlon (or 

immunologically cross-lsreact.ive) to the two strains of rhizobia, it is 

apparent that free-living Rhizobium 61A76 and 61A24 are very different 

in their total protein populations. Despite the similar results 

obtained using he~'oîogous antisera to Rhizobium 61A76 and 6lA24 (i.e. 

antisera against 61A24 and 6lA76, respectively), it should be noted tbat 

not a11 polypeptides eontain their antibodies and thus tbis study cannot 

be quantitative. Moreover, since tbe ,antigenicity ratber than 

concentration of a particular protein is critical to its antibody titre, 

. 
reaetivity of a polyspecific antiserum witb a complex population of 

proteins usua11y d~es not foll~w 'tteir abundance. Whether or not the 

substantial differenees in total protein composit ion bet ween tbe 

effective (6iA76) and ineffective (61A24) strains of!. japonicum 

account 'for tbe incompatibility of the latter, leading to the formation 

of ineffective nodules on soybean roots, remains subject to furtber 

inve8tigation8~ The mu~ant strain SH5 of R. jsponicum, Wiich ia 

'. 
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believed to contain a lesioo in the gene specifying nitrogenase 

component II (Maier and BrUI, 1976), shares almost an identical 

population of proteins with the effective straio 61A76, as examined by 

two-dimensionèl PAGE of 35S-methionine-labeled products (data not 

shown). These observations, along with the studies of protein synthesis 

and accumulation, indicate a large homology between R. japonicum 61A76 

and SM5~, and' sorne basic differences in the strain 61A24. This 

conclusion, appears to be supported by a recent study of Haugland and 

Ve~ma P981) , WlO showed ooly limited (about 25%) DNA sequence homology 

between the 61A76 and 6lA24 strains 0 f R. j aponicum. Since the 

proc,esses of infection and nodulation are not affected by 80y of these 

rhizobia, but the morphology and number of bacteroids are very 

different, particularly in Rhizobium 61A24 (see M:>rphology of Effective 

and Ineffective Nodules), it is possible that the observed differences 

in protein composition of the 61A24 strain are responsible for its 

incompatability in forming e'ffective nodules. This strain does have 

complete nitrogenase genes and it resembles the effective strain 110 

(see Haugland and Verma, 1981). 
-/-

(:tU) Comparison Between Bacteroids of R. jaeonicum Strains 6lA76 and 

61A24 

A comparison of the total intracellular protein trom 2 week-old 

bacteroids of Rhizobium 61A76 and 61A24 was carried out by two-

dimensional SDS-PAGE, using homologous and heterologous antisera against 

protein extracts from the two bacterial strains. Figures 24A and -24B 

show that in addition to some pol ypeptides common to Rhizobium 61A76 and 

61A2,4 bacteroids (arrowheads), tliere are a large number of proteins 

unique to the strain 61A76 (arrows) and strain 61A24 '(open tr~angles). 

It is tl:tu8 believed that the intracellular prote in composition of ~the 
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1\ig. 24. !Wo-dimensional PAGE 1 multiple immunoreplica technique of total cy­
\, 
,~ toplasmic proteins from bacteroids of Rhizobium japonicum strains 

• 
61A76 (Bd6JA76) and 61A24 (Bd6JA24). A nitrocellulose repliea of 

o 

Bd61A76 was 'reacted with antibodies to total p50tein extracts from 

Rhizobium 6JA24 (Ab61A~4) and, following the removal of IgG and 
, , 

J25I_protein A at pH 2.2, it was)reacted with its homologous anti-

bodies (Ab6JA76). Black arrowheads indicate some of the polypepti-

des common to the two strains of Rhizobium; arro~s in panel (8) • 
if •• IL, 

indi~ate some of the polypept~des un1que to stra1n 61A76; op~n arrow-

heads in panel (A) indi~ate the presence !lf polypeptides unique to 

strain 61A24. 
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two strains of rhizobia is very different jn both the free-living state 

(Fig. 23) and bacteroids. Moreover, there appears to be li dramat ic 

change in protein composition upon the transformation from the 

free-living to bacteroid state. in both effective (61A76) and ineffective 

(61A24) strains of R. japonicum. 'lllis conclusion is justified by the 

fact that, al though aIl protein extracts were prepared according to the 

same procedure (Methods) and subsequently examined on gels "*tich were 

run in parallel, the postulated differences were observed by both 

protein stailling and reactivity with antibodies. Similarly to the 

results obtained using free-living rhizobia, the cross-reactivity of 

antisera with the heterologous strain (e.g. proteins from strain 6lA76 

reacted with antiserum to 61A24, Fig. 24C) was about 4 times lower than 

the homologous reaction (proteins from strain 6lA76 reacted w.ith its own 

antibody, Fig. 24D). 

(iv) Presence of Bacteroid Secretorx Proteins in Nodules 

In spite of biosynthetic evidence for the host and not bacteria! 

origin of nodulin-35 and the other (20) n.?dt~lins, it W8S desirab1e to 

directly examine the host cell cytopl asm for the presence of any 

bacteroida1 secretory proteins. Two -week-old bacteroids -were isolated 

from the effective (R. japoniclm strain 61A76-induced) nodules as 

described in Methods J and 1abeled in vivo with, 35 S- methionine. 

Following removal of the cells by centrifugation, the incubation medium 

was passed 'through a 0.8)lm mi1lipore filter and" TCA-precipitable counts 

were determined. Table 3 shows that the "nodule-specifie" antiserum 

immunoprecipitated approximately 1.2% of the secretory and 0.7% of ~he 

intracelluIar material associated with the bacteroid fraction. Al though 

the observed cross-reactivity seemed neglig ible, the resul ting 

immunoprecipitate~ were examined e1ectrophoretically. First, 
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it was essential to determine wnether the ex tracell ul ar material found 

in the incubation medium was due to a genuine secretion and not merely a 

result of cell lysis. Analysis of the bacteroid cellular proteins as 

weIl as the extracellular material (Figures 25A and 25B) showed that the 

two popul at ions of pro teins are different, ind icat ing that no 

appreciable ceU lysis occurred during incubation. If the observe<t 

secretion takes pl ace in the intact nod ules, these proteins may be 

transferred into the host cell cyt~plasm. Al ternatively, they May 

remain within the membrane envelopes enclosing bacteroids and may be_ 

released during the preparation of s~luble proteins (Verma et al., 

1978). In either case, the "nodule-specifie" antiserum should contain 

ant ibodies against these proteins., Examination of the 

-
immunoprec ipitates formed by this antiserlDll wi th the extracell ular 

products of bacteroids showed tlo1O secrètory polypeptides that- appear to 

be secreted into the host cell cytoplasm (Fig. 25D). These pept,ides are 

not detected inside the bacteroids, which suggests that they do not 

accumulate in the cells (Fig. 25C). 1he molecular weight of the 

secretory proteins is approximately 11 ,000, and their size as well as 

isoelectric points are different from those of nodul ins and 

leghemoglobins. A negligible cross-reactivity of the "nodule-specifie" 

antiserum with cellular extracts of bacteroids (Fig: 25C; see also Table" 

3) suggested that the procedure used for isolation of the host 

cytoplasmic proteins from nodules did not result in a si~nificant 

breakage of bacteroids. 'l1le possibility remaine that isolated 

bacteroids do not synthesize pro teins identical ta those made inside the 

nodules, and thus they would' not be detected in this study. Since the 

developoient of symbiosis between the rhizobia and host plant may be 

-. 
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Fig. 25. Analysis ~f cellular (A) and secretory (B) 35S-methionine-labeled 

1 ~o products of wild~ype bacteroids by, two-di~ensional PAGE 

(t;~rogram). Approximately 2xJ06 epm of the cellular and seeretory 

produets were pre-adsorbed with a non-immUne serum and reacted with .. 
the IInodule-specifie" antiserum, as deseribed in Methods. The res~l-

ting immunoprecipitates are 'shown in (C) and (D), respeetively. A 
• 
positive cross-reaetivity of the ~'nodule-specific" antiserum with at 

least two secretory peptides of bacteroids suggests their presence 

in the cytoplasm of infected cells (see text), whereas these proteins 

are not accumulated inside bacteroids (par,anthesis in panels A and C) • 

. nte flnodule-specific" proteins we;e run in a gel parallel to that 

~ontaining the secretory polypeptides, and the resulting profiles are 

superimposed for di~ect comparison (positions of nOdulins numbers 

to 17.are indicat:ed1by circles in pane' Di see Fig. 18D). 
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strongly affected by the genetic compatibility of the microsymbiont 

{Maier and Brill, 1976; see also Introduction and Literature Review}, a 

similar study on bacteroidal secretions in ineffective strains of 
, J 

Rhizobium, ,including R. japonicum SM3, SM4. SM5 and 6lA24, could 

elucidate the important question of commUAl~ation bet~en the micro and 

macrosymbionts of root nodu\es. 

VI. ATTEMPTS TO ISOLATE "NODULE-SPECIFIC" PROTEINS OTHER THAN 

LEGHEMOGLOB IN 

lDmunological identification of nodulins presented in this study 

has indicated that. ex:cept for nodulin-35, all of these polypeptides are 

of small molecular weight. Procedures for isolation or enrichment of 

these pro teins , there fore, ~re primaril y based upon their low (less 

than 20,000) molecular weight. While the use of 35S-methionine-labeled 

products easily elüninated leghemoglobin during identification of 

nodulins (see Identification of Nodulins), leghemoglobin represents 

about 30% by weight of cytoplasmic protein in nodule cytoplasm. 
/ 

Considering the low molecular weight of this protein, it was èssential 

to reaove leghemoglobin prior to screening for tbe "nodule-specific" 
lit" 

polypeptides. 

A nuntber of procedurès vere used in an attempt to isolate or enricb 

the low'molecular weight nodulins, including ammonium sulphate-

fractionation, chromatograpby on DEAE-cellulose, and hydrophobie 

chromatograpby on Phenyl-Sepharose. These techniques, described in 

Appendix III, did not lead to a satisfactory enrichment of 

"nodule-specific" proteins and/or sufficient removal of leghemoglobin, 

nevertheles8 their use suggested that at least SOlDe "nodule-specific" 
~ 

-proteine àre of hydrophilic nature. 
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Applicatio~ of Sevag's method, in conjunction with amnonium 

sulphate-fractionation and Bio-Gel P-200 filtration, has led tp a high 
, , 

enrithment of at least three "nodule- specifie" protei!1s of plant origin, 

of wh~ch two were shown to be actively synthesized in mature nodules. 

Sevag' s method gradually removes pro teins according to their 
Il 

hydrophobicity (Sevag, 1934; Staub, 1965). Repeated extractions of 

proteins· with chloroform and n-butanol (0.2 ~nd 0.04 volume of the 

protein solution, respectively) precipitate hydrophobie proteins, 

whereas the other cytoplasmic companents, inc1uding hydrophilic 

polypeptides and polysaccharides, remain in the aqueous phase. Although 
r-

the concentration of chloroform does not change during consecutiv~~ 

extractions (following each extraction the chloroform phase is removed 

by cenq:ifugation), the anount of butanol increases in the aqueous 

phas~, thus causiog a graduaI removal of proteins. To evaluate 

this procedure in more detail, the same conditions of extraction wére.1 

maintained in a series of experiments, and protein samples vere 

routinely saved st all stages of extraction for electrophoretic 

a~aIYSes. Figure 26 illustrates some purification steps of Sevag' s 

method, lead ing to' a considerable enrichment of hydro ph il ic proteine 

from nodules. COnsecutive extraction of the nodule cytoplasmic proteins 

(l-ane b) vith the chioroform-butanoi mixture, resulted in the removal of 

hydrophobie proteins, inc-Iuding nodulin-35 and leghemogiobin (lanes c to " 

e). After 4 extraction, the aqueous phase (lane f), representing 

hydrophilie froteins, appears to be free of noduIin-35 and contains much 

lover quantities of Ieghemogiobin. On the other hand, several 

polypeptides ,are strongly enriched in this fraction, particuiarly in tbe 

small moiecular weight region. Subsequent fractionation of the 

hydrophilic proteins vith aumoniUII 8ulphate at 0-60% and 60-100% AS ' 
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Fig. 26. Isolation of smali molecular weight hydrophilic proteids from no-

dules by Sevag's method 1 AS-fractionation 1 Bio-Gel filtration: 

SDS-PAGE of selected fractions. (a) Purified Ieghemoglobin as a 

marker; (b) total cytoplasmic proteins prior to fractionation; 

( ) -{ . l ,. . h c to e three consecut1ve pe lets afte~ Sev~g s extract10n W1t 

chioroform-butanol; (f) hydrophilic'proteins after four Sevag's 

extractions; (g) 0-60% AS-precipitated fraction of (f); (h) 60-100% 

AS-precipitàted fraction of (f); (i to 0) Bio-Gel filtrati~n of 

(h) in the presence of 8 M urea. The gel was stained with Coomasie 

blue ,C see also next figure). 
../ 

Fig. 27. Two-dimensionai PAGE of cytoplasmic proteins from nodules prior to ~ 
~ r 

( 

(A) and after (Br the purification procedure presented in Fig. 26 , 

showing the ~nrichment of hydrophilic proteins of low molecular 

weights. Proteins in (B) are identical to those shown in Ianes (n) 

and (0) of Fig. 26 , except that they were stained with silver. 

\ o 
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(lanes g and h, respectively). led to a further enrichment of small 

proteins. and to an 
1 

almost complete removal of leghemoglobin from thia 

fraction (see also Fig. 27B). 11te protein fraction enriched in low 

molecular weight proteins was subjected to a Bio-Gel P-200 filtration in 

the presence of 8 M urea (Fig. 26, lanes i to o~ see al so Methods). 

Analysis of the small molecular weight proteins resulting from the 

Bio-Gel P-200 filtration Oane 0) by two-dimensional PAGE, shown in 

Fig. 27B, illustrates the high degree of enrichment of polypeptides in a 

11 ,000 - 20.000 molecular' weight region obtained by this procedure. It 

should be noted at the same t.ime, that the conventional staining of 

proteins with Coomassie blue (Fig. 26, lanes n and 0) is no longer 

satisfactory for an assessment of protein purity (Fig. 27B displf;S the 

same proteins stained with sHvet). 

To further evaluate the purification procedure illustrated in Fig. 

26, relative contents of the 8mall 03,000 - 20,000 molecular weight) 

proteins, as weIl as those of nodul in-35 and leghemoglobin used as 

internaI markers, were determined at each stage of purification. This 

was accomplished by a quantitative scanning of the original gels (ORTEC 

Scan, 0.1 OD set-up. 12.5 cm/min). and by calculating the percent age of 

a particular protein present in the total sanple subjected to 

electrophoresis. Results obtained indicated that the total fraction of 

cytoplasmic proteins from root nodùles (Fig. 26, lane b) consists of 

only about 6.3% of polypeptides ranging from 13.000 to 20.000 MW, 

36.9% of leghemoglobin, and 4.1% of nodulin-35. After four 

Sevag' s extractions, the level of small molecular weight proteins in the 
" ,. 

sampl~ increased to 17.0%. Whereas the contenta of leghemoglobin and 

nodulin-35 were reduced to 11.2,% _and 1.2%, tespectively (Fig. 26, lane 
, 

f). FollowiIl8' fractionation with ammonitm sulphate, the 60-100% AS 
q 
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fraction was found to eontain ab'out 26.4% of ~he small molecular weight 
'" 

proteins, 3.9%"'ttghemoglobin, and 1.0% nodulin-35 (Fig. 26, lane h). 

Finally, the sample :representing the malI molecular weight proteins 

obtained from a Bio-Gel P-200 filtration (Fig. 26, lanes n and 0) was 

composed of approximately 85.1% of the 13,000 ;'- 20,000 'Mw polypeptides, 

and it contained only 3.3% leghemoglobin and 0.5% nodulin-35. \ 
-'--' 

Estimation of protein st esch purification stage ind icated that, 

following Sevag's extractions, the 60-100% AS fraction of the 

hydrophilic proteins represents appr,oximately 5.3% of th~ total 

cytoplasmic protein subjected to this purification procedure. 
~ 

, 
Considering the fact that the 60-100% AS fraction contains about 26.4% 

of the small molecular proteins other than leghemoglobin, the overall 

yield of these polypeptides is 1.4% in the original sample used for this 

procedure. Since the level of the small molecular weight proteins in an 

untrested cytoplasm was estimated at 6.3%, the observed difference must 

account for a partial loss of these proteins throughout the procedure, 

J. 
--"partic1arly in the pelletP fractions of the Sevag's method (Fig. 2ft 

lanes c ,d, and e). Despite its relatively- low efficiency, this 

purification procedure prQved a successful method for isolation of amall 
t r'I 

,/ 

molecular weight proteins other than leghemoglobin, including at least 
/ -

three "nodule-specifie" proteins (see below). First, thÏB technique 

resulted in a nearly l4-fold enrichment of the 13,000 - 20,000 MW 

polypeptides in the sample. Secondly, it resulted in the removal of 

about 91% of leghemoglobin, thus facilitating studies of the 

"nodule-specific" protein other than the abundant leghemoglobins. 
1 

Finally, since the whole procedure, except' for the Bio-Gel filtration,11 . ~. 

can be completed within a two-hour time, it may represent a convenient 

method for isolation of small molecular weight proteins fOnb the root 
, 

~odule cytoplasm on a preparat ive scale. 
'. 
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To examine 'the low mplecular weight proteins for the presence of 

nodulins, the purified sanple, shown in lan-es n and 0 of Fig. 26, was 

resolved electrophoretically by one-dimensional ~DS-PAGE, and 

transferred fo nitroeel~lose for. i1Dllunologieai analyses (Methods). the 
- '~.J 

nitrocellulose paper was reacted with three different antibodies, 

according to the multiple immunoreplica technique (for a detailed 

description of the technique see Appendix I). Figure 28 shows 

reactivity of the purified proteins with antisera against soluble 

cyto.plasmic proteins from root nodules Oane 4), uninfected roots Oane 

b), and!. japoniclUD strain 6lA76 (Iane c). Whereas antbodies to .. 
uninfected roots signal the presence of several polypeptides higher than 

20,000 MW in the sample (14ne b). their reactivity with the low 

molecular weight proteins is very low. Although the conventional 

staining with Coomassie blue of the punfied sample did not sho') the 

traee anounts of larger polypeptides (Fig. 26, lanes n and 0), their 

presence was detected by staining with si1ver (Fig. 27B). en the other 

hand, antibodies to root nodule eytoplasm, lilich have a titer comparable 

to ant ibodies against uninfected root cytopl asm (Method 8), strongly 

reacted with severa! proteins (Fig ~ 28, jaD;e a). 

To determine if these apparent "nodule-specific" proteins are 

indeed of host and not bacterial o~igin, the :ll:,.e nitrocellullose repliea 

was reacted with antiJ,odies to str1lÏn 6lA76 of.!. japonicum. }.s ,shown 

in Fig. 28, lane c, a single polypeptide reacted, however it does not ~ 

cetrespond to 80y of the apparent nodulins. It thus appeared that at 

least some of the "nodule-specific" proteins, originally 'ident ified by 

immunoprecipitation of in vitro translation products, c80 be 

from the cyto'plasm 'of root nodules o~ a pr~arative scale. 

\ '. -
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Fig.28. Sereening of the low molecular weight polypeptides, isolated as 

1 shown in Fig. 26 ~ for the presence of "nodule-specifie" polypep-

tides by means of multiple immunorepliea technique. Protéine iden-

tical ,to those shown in Ianes (n) and Co) of Fig. 26 were trans-

ferred to nitroçellul~se a~ted 

toplasmié proteins from no~les (a), 

with antibodies against cy-

uninfected roots (b), and 

R.japonicum strain 61A76 Cc). Whereas the presence of polypepti-

des larger than 20,000 MW in this pre~aration was confirmed only 

by staining with silver (see Fig. 27 B), they were easily visuali-
1 

zed by the use of antibodies (lane b). 
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Figure 29 represents a n'iul tiple immunoreplica of the cytopl asrnie '. 

proteins from nodules, following their purification by Sevag's method 

and Bio-Gel P-200 filtration (0-20,000 MW ~ut of the same fraction). 

Panel' A in Fig. 29 shows an eleetrophoregnrD. of these proteins stained ( 

with ~i1ver, to vislalize possibly all polypeptides present in this 

fractian.\':- A nitrocellulose replica of these proteins was first reacted 

with antibodies against the cytoplasrn of uninfected roots (panel B). , 

then with antibodies against the nodule cytoplasm (panel C). To examine 

if aIl of th'ese proteins are of pl ant and not bacterial\ origin, the same 

repli ca was also reacted with antibodies against the nifrogenase-induced 

.!h japonicum strain 61.\76 (panel D). As indicated by a}ro~eads in 

panels A and C of Fig. 29, at least 3 relatively abundant polypeptides 

were identified as "nodule-specifie" i!l this purified fraction of 
,< .. 

proteins. These polypeptides, molecular weight of which is àpp'roximately 

12,000, are absent from uninfected roots (Fig. 29B) and Rhizobium (Fig. 

29D), and thus are considered "nodule-specifie" plant products. In 

addition tO the polypeptides indicated by. ax:rotobeals, there are ~ 

approximately 8 other proteins whieh also appear to be "nodule­

specifie", howeve~ those 'Were found to be leghemoglobins (panel E). 

Despite the lack of reactivity of the three "nodule-specifie 
, 

proteins with rhizobial antibodies. (Fig. 29D) it remained possible that 
.. 

these polypeptides are secreted from baeteroids into the host cell 

cytoplasm. To obtain a convincing evidence for the host and not 

bacterial origin of these proteins, their isolation was al80 carried out 

using nodules, ~ich were in ~ labeled with 35S- methionine in the 

presence of 100 pg of cyc1ohex'Îmid~ per mil.1iliter of incubation 

med ium. The 'synthesis of nodule cytopl asmic proteins was inhibited by 

( 
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Fig. 29. 

i 
l' 

l' 

ser:enitig of the l~ molecular weight polypeptides, is~lated a'jJ 

sh in Fig. 26, for the presence of IInodule-specific" polypep-

tides by means of multiple immunore~lica technique: two-

dimensional PAGE. Following purification procedure, the low 

molecular weight proteins were resolved by two-dimens~onal PAGE, 

transferred to nitrocellulose, and reacted with antibodies 

against cytoplasmic proteins from uninfeeted roots CB), root 

nodules (C), !. japonieum strain, 6 t~6 (D), and Boybean legher 

moglobins (E). Proteins in the gel were stained with silver (A) 

follow1ng the transfer to nitrocellulose. Panel F (fluorogram) 

shows immunopreeipitate of 35S-methionine-Iabeled eytoplasmic 

proteins from 2 week-old nodules with the "nodule-specifie" ,. 
antiserum. Two of the three apparent IInodule-specifie" poly-pep-

1 

tides, indieated by arrowheads, vêre found to be synthesized 

at this developmental stage. Open arrows indicate some of thé 

8 leghemoglobin polypeptides (see text). 
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about 97.3%, '-lbere DOne of the three "nodule-specifie" proteins wre 

found to be synthesized in the presence of cycloheximide (data not 

shown). On the other hand, immunoprecipitatioD of in vivo labeled 

c ytoplasmie proteil18 frOID nodules vith the "Dodule-8~cific" antiserum 

indicated 'that at least two of th~ three "nodule-specific" proteins are 

synthesized at this stage (2 veeks after infection) of nodule 

development (Fig. 29F) • 
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., This study demonstrated that, in addition to leghemoglobin, there are a-

number of other "nodule-specifie" plant proteins (nodulins) whieh are indu-

ced following infection of the legume plant (soybean) with Rhizobium. While 

nodulin-35, a 35,000 MW prote in present in b6th effective and ineffective 

nodules, is accumulated in a significant (47. by weight) amount in the nodule 

cytoplasm, othér nodulins represent a very small fraction of total cyto-

plasmic prote in. Developmental studies on nodulin-35 suggest that this 

"nodule-specific" protein is synthesized very early in, the nodule structure, 

and that the level of this prot~in does not change significantly between 

days 7 and 21 of nodule development. Since its synthesi~ and accumulation 

are not affected by mutations 'in Rhizobium strains 'examined, it is possible 

'" that nodulin-35 is involved in the formation rather th~n in symbiotic 

function of root nodules. That this protein may in fact be involved in the 

process(es) of nodulation and not in the actual nitrogen {ixation, vas also 

suggested by a very low level of its synthesis in older tissue, as evidenced 

by immunoprecipi~ation of in vitro translation produèts of polysomes and 

mRNA from mature root nodules. 

The lov molecular weight "nodule-specifie" proteins appear to be very 

different from nodulin-35 and their funetion may be related to the process 

of symbiotie nitrogen fixation rather than nodulation'. Aithough their synthe-

sis is deteetable in very yqung (7 day-old) nodules"it is also maintained 

in later developmental stages. In eontrast to nodulin-35, the rate of synthe-

sis of these proteins appears to be mueh higher than the rate of their accu-

mulation in the host cytoplasm. Their expression seems to be str~ngly in­

flueneed by genetic changes in Rhizobium. As measured by immunoprecipitation 
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of 35S-m~thionine-labeled in vitro translation products, the synthesi~ of 

nodulins "in ineffective nodules formed by strains SMS and 6 fA24 "of !. japo­

nicum is reduced by about 9~" 'and 27%, respectively. Since the synthesis 

of reghemoglobin in the SMS and 61A24 strains of !.japonicum was found to 

be reduced by about 60% and 96%, respectively, relative to the effecÙve 

(strain 6IA76-induced) nodules, there seems ta be no apparent correlation 

between the synthesis of nodulins and leghemoglobin in these nodules. A 

single gene lesion in !.japonicum SM5, resulting in the lack of nitrogenase 

component II, was found to have a significant differential effect on the 
, ,. 

expression of bo'th leghemoglobin and nodulins, suggesting a plaeotropie 
1 

effect of Rhizobium genes on the host genome during the symbiotie process. 

Mutations in Rhizobium also appear to have a selective qualitative effeet 

on the express il of nOduli~s, as about 6 of the "nodule-specifie" proteins 
;' 

are not detec7able in the SM5-induced nodules. 
// 

Whereap'nodulin-35 is a hydrophobie protein, at least soœe of the low 
/ 

molec~l{r weight nod'ulins appear to be hydrophilic polypeptides. A variety ,"-.<1 

of techniques used 1n an attempt to isolate these proteins indieated that 

their physical and chemical properties may significantly differ. 

In spite of the faet that immunop~ecipitations with the "nodule-specifie" 

,antibodies of diÎferent ~ vitro translation products resulted in reprodu-

cible populations of nodulins, it is not known why the majority of these 

proteins are of small molecular weight. A preparative immunopr~cipitation 

of the nascent peptide-polysame complexes encoding nodulin-35, followed by 

isolation of the mRNA and its translation in vitro, have not led to pro­

teolytic degradation of thi~ 35,000 MW polypeptide. "Although no evidenee 

,is available to deny the possibility of a selective, rather than generali-

zed, proteolysis in the wheat germ cell-free system, it seems'unlikely that 
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the "nodule-specifie" proteins of soybean nodules are specifie targets for 

proteolysis in such a heterologous system. 110reover, none of the nodulins 

are detectable in the translation product of uninfected roots and thus these 

proteins are indeed unique to root nodule cytoplasm. Although the genetic 

involvement of the host in the development of root nodules was known for 

some time, this study provided the first evidence for the physical presence 

of "nodule-specifie" gene prqftucts that may be involved in the process of 
, .~ 

~ymbiotic nitrogen fixation. 

Exeept for leghemoglobin, nodulin-35 and other-(-20) nodulins, most of 

plant cytoplasmie proteins are present in both uninfected roots and root 

nodules, as judged by electrophoretic and immunologieal analyses. In contrast, 

transition of Rhizobium from free-living cultures to bacteroids is aecom-

panied by dramatic alterations of their gene expressiqn, leading to substan-

tial changes of their total protein composition. Although a number of pro-

teins were identifieâ as common ta the free-living and bacteroidal stages, 

a large proportion of them eould be localized only in Rhizobium cells before 

or after infection. In addition to marked differenc~s between the free-living 

and associative (baeteroid) states, strains-61~76 (effective) and 61A24 

(ineffective) of !.japonieum significantly differ in their total protein 

composition both before and after infection. The effective strain of !.japo-

nicum was also found to secrete at least two small polypeptides into the 
'ri' 

host cell cytoplasm, however, it is not known Whether these proteins croSs 

the membrane envelope or remain in the space between bacteroids and this 

membrane.,Since it is possible that the obseryed secretions are part of the 
.<JI 

putative communication between the micro and macrosymbionts, studies in this 

area using various ineffective nodules eould improve our understanding of 

the symbiotie association. 

\ 
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. It is believed that the newly developed method, referred to a~ multiple 

(- immunoreplica technique, provided a powerful .... ,tool for iIDiffological screening 

of a number of proteins, using one polyacrylamide gel. The use of multiple 

immunoreplica technique confirmed the low molecular weight of some nOdulins; 

which W8S first .observed using a different experimental approach, ie. inununo-

precipitation of i!!., vitro translation products. 

Application of Sevag's method / ammonium suiphate fractionation / Bi~-

Gel P-200 filtration, in conjunetion with ~he immunological techniques des-
, ! , 

cribed in this study, May lead to isolation of at least some "nodule-speèific" 

p'roteins on a preparative scale. Molecular cloning of the "nodule-specifie" 

sequences, which is now in progress, as weIl as characterization of their 

products (nodulins) in the development' of effective and ineffectite symbioses~ 
~ 

May largely contribute to our understanding and perhaps to practical applica-

tion of biological nitrogen fixation in plants. 

'. 
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APPENDU I~ 

MULTIPLE IMMUNOREPLICA TECHNIQUE 

A variety of immunological techniques developed in recent years 

have led to identification of proteins present in very low quantities in 

the cell. The most cOJllllon method used for detec t ion of part ic ul ar 

polypeptide(s) is immunoprecipitation of radioactive products from 

solutions. Localization of the resulting precipitates, especially those 

of a very low abundance, anong other proteins in a 'two-dimensional 

polyacrylamide gel May be difficult and requires highly reproducible 

profiles. Moreover, due to the length of time of the reaction (usually 

• 
24 hr) and drastic treatment of the sample prior to iunnunoprecipitati9n 

(TCA, boil ing in 1% SDS) (Lingappa et al., 1978; Marcu et al., 1978), 

this procedure May in some cases lead to artifactual changes in protein 
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structure Ce.g. proteolysis or chemical modification) and therefore 't 

v., M~i~~- ,J 
resul t in an al tered migration of the proteins.f.E.em- polyacrylamide gel s. ~;"'~'rt';)ti!fr '~ 

J 

to nitrocellulose paper, followed by detection of specifie polypeptides 
,! 

using 125 r-I abeled antibodies CTowbin et al., 1979). The 

antigen-antibody complexes can also be visualized by iodinated protein A 

(Granger and Lazarides, 1979). 

'Ibis chapter describes a procedure'of' obtaining multiple replicas 

(partial "western-blots") of one polyacrylamide gel on nitz:ocellulose 

paper. and using each r;eplica for screening a number of proteins with 

different antisera applied in sequence. Following detection of specifie 

proteines) with one antiserum. the antibodies cao be removed by a low pH 

treatment and the nitrocellulose replica either May be reaeted with 

other ant isera or stored for several months until further use. Using 

,. 



... 

, . , , 

this technique, it is possible to react- one gel with at least nine 

different antibodies, providing superimposable profiles to localize and 

identify various proteins. 

-, This technique, referred to as m~~ t iple itmnunoreplica technique 

(Legocki and 'Verma, 1981), was developed and tested using cytopl~~mic 

proteins of free-living Rhizobiun and bacteroids. The cells were 

sonicated on ice two times for 30, sec in the presence of pancreatic 

ribonuclease (Sigma; 50 pg/ml), and extracts were treated with 

deoxyribonuclease (Sigma) according to a procedure by Q'Farrell (1975). 

Following precipitation of proteins by saturated ammonilll1 sul fate, 

samples were dissolved directly in the lysis buffer (O'Farrell, 1975) 

and subjected to two-dimensional electrophoresis (Methods). A detailed 

procedure for ~ransferring protei?s from gels to nitrocellulose and 

reacting the replicas with antisera is described in Methods. 

In arder to establish the optimum conditions for a series of 

partial transfers from a polyacrylamide gel to nitrocellulose paper, the 

electrophoretic transfer was carried out for various time lengths using 

" variable amounts of current, and nitrocellulose replicas were stained 

for proteins. Figure 30 shows that a two-dimensional gel containing 

approxilfately 200 pg protein comprising 350-450 major polypeptides can 

be transferred to two or three nitrocellulose papér sheets in quantîties 

sufficient for vîsualizing proteins by staining. Within 1 hr of 

electrophoresis at 309 mA aU peptides detected in the gel are part1y 

transferred to nitrocellulose (Fig. 30). It appears that sorne 

polypeptides transfer slightly faster than others, regardless of their 

molecular weight (Fig. 30, arrows). Since the transfer of proteine is 

"directed toward one side of the gel, it is important to place 

"'..,. .... - ---""- . ~.. -" 
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Fig. 30. A series of partial electrophoretic transfers of proteine from 

li polyacrylamide gel ta nitroce 11 ulose papers. A 

two-dimensional gel containing approximately 200 pg protein 

identical to that in panel A was subjected to a series of 

three electrophoretic transfers at 300 mA for 1 h each, and 

the resulting nitrocellulose replicas were stained for 

proteins (panels B,C and D). An extensive staining of the 

original gel after the transfers shows a substantial amount of 

protein remaining in the gel (panel E). Sorne polypeptides, 

indicated hy arrows, appear to transfer more efficiently than 

others and cannot be detected in the later replicas and, 

original gel following the transfer. Proteins were extracted 

fram free-living Rhizobium japonicum strain 61A76, and 

prepared for electrophoresis as outlined under Materials and 

Methods. 
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ni trocell ulose paper on the same (anodi.C> side of the gel ,during 

consecutive transfers. To avoid mistàkes, thé upper right-hand corners 

of the gel and the nitrocellulose paper were notched prior to the 

transfer. 

Following incubation of a nitrocellulose replica with antibodies·' 

and 125I-protein A, the paper was washed thoroughly in buffer A (pH 

7.4), dried briefly, and exposed to the X-ray film. When this paper was 

pl aced in 100 ml of buffer A and shaken gently for 2 hr, n<\. release of 

" l25I-protein A from the nitrocellulose replica was observed. However, 

when the same paper was placed in a buffer of pH 2.2 (buffer B), a rapid 
,II 

release of radioac tivit y occur~ed (Fig. 31). The results indicate that [ 

after 5 min of such treatment approximately 90% of 125I-protein A bound .. 

to nitrocellulose is released and after 90 min of further washing the 

release of radioactivity appears to be complete. D'lat the removal of 

125I-protein A ['from nitroc'ellulose paper at pH 2.2 is indeed thorough 

< can be directly examined by exposing the paper to an X-ray film (Fig. 

32B). It was essential. however, to determine whether the treatment 

with pH 2.2 causes a complete release of IgG from proteins and I\~t just 

the removal of 125I-protein A associated with it. Following washing at 

'", 

pH 2.2, the nitrocellulose replicas were therefore neutralized to pH 7.4 

and re-exposed to 125I-protein A. No IgG was detec ted (Fig. ne). 

suggesting that the removal of l25I-protein' A at pH 2.2 parallels the 

release of IgG from proteins. Immediately after removal of 125r-protein 

A at pH 2.2, 'the regenerated nitrocellulose paper was neutralized by a 

brief washtng in buffer A at pH 7.4. At this stage the plicas can be 

dried on al Whatman filter paper and stored in Saran Wr p or Seal-a-Meal 

bags at 4-$, or can be incubated with a second antis rUIII (see Methods); 
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JFig.31-. lUneties Qf removal or IgG-Protein A frô~ a nitr<»cellulose 

repliea by tre~tment vith pH 2.2. Rhizobiun proteins- were 

t~sferred electrophoretically from a polyacryl;amide gelz'" to 

nttrocellulose paper and ineubated with a homologous antibody 

and 125I-Protein A, . as de~cribed onder Methods. Following 

... 

exposure ta X-ray film the paper was first i'llcubated at pH ).4 

(open circ1es) for 2 h and then a pH 2.2 (dark circles). 

One-milliliter aliquots were takim and radioac.tivity was 

determined in 10 ml Aquasal. 
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Depending upon the titer of' the antisera and the overall handl ing of the 

nitrocell~lose paper throughout the procedure, each repl iea may be 

treated with at least 3-6 different antisera (Fig. 32). Although the 

iDDllunoreactivity of proteins does not seem to be affected throughout the 

tl'eatment, the generalized background of radioactivity associated with 

nitrocellulose may increase as larger numbers of antisera are used. 'lbe 

original procedure for binding IgG to' proteirs on nitrocellulose paper, 

(Tawin et ')1., 1979) involves a 40·C incubation with BSA and 

antiserum.U find that lowering the tempèrature at 30·C does not affect 

the efficiency of the reaction. Since some of the replic8s' are " 
''1j 

subjected to a series of incubations with different antisera, tHe lawer 

temt>erature may preV'ent possible damage to antigens during the 

treatment. 

Using this proèedure, a number of proteins specifie to either the 

( wÏld-type or the ineffective sfrain of Rhizobium japonicum (strains 

61A76 and 61A24, respectively) were deteéted in a single replica of 
~\ 

proteins, resolved on a two-dimensiona1 gel., The same replica was a1so 

used to identify subunits of ATP-ase (Fig. 32E). 

The mul tiple ':Umnunorepl ica technique presented here generates 

several id,entical copies of the original gel, each of which can be 

reacted with at least three antisera and stored until further use (Fig. 

33). 'After the electroph<>retic transfer from a gel containing 

approximately 200 pg of protein ta three ni':ioce1lulose sheets, a 
1 

virtually complete pattern of proteins is still detectable by staining 
\ ' , . , 

~f the ,original gel (Fig~ 30E). Raving identified and/or localized a 
\ 

particular polypeptide in the immunoreplica, i,t ls possible ta obtain 

microgram amounts of, a specifie protein from the original gel. ,The 

"-~ _ ..... _____ Al. __ ~~ _ __ . ___ ~ ___ . __ ..-.. ________ ~ .... ___ ............ 
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Multiple Umm~noreplica of proteins identified with ê series of 

different ,antibodies. Proteins extracted from bacteroids of 

Rhizobium japonicum strain 61A76 were resolved in a 

two-dimensionl polyacrylamide gel and transferred to 

nitrocellulose paper. The nitrocellulose repliea was first 

incubated with antiserum against total.proteins of Rhizobium 

japonicum strain 61A76 and result:ing ant.igen-antibody 

complexes were visualized by 125 I -Protein A (panel A). After 

a' 90-min wash at pH 2.2, the removal of IgG_125I-Protein A 

from -the repliea i8 complete (panel B). Subsequent exposure , 

. of the repLiea to 125I-~:otein A eo?firmed t~~" abse,fê of IgG' 
"---_--.1' 

from the nitrocellulose paper (panel C). The regenerated 

repliea was incubated, with antiserum against total protein 

from another strain of Rhizobium (strai~, 61A76}. 
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number of the ni t rocell ul ose re'pl ieas ob tained from a gel is in 
1 

proportion to the amount of protein applied on the gel and its rate.(I\of 

electrophoretic elution. 

\1 
The kinetics of dissociation of IgG from proteins inunobilized on 

nitrocellulose paper ~t pH 2.2 indicate that the release of antibodie,s 
1 

~ 
from some polypept ides, May· not alli.ays be complete under the described 

conditions (data not shown). Al though an extend~d (2-4 hf) wash at pH 

• 
2.2 appears to dissociate more strong IgG-protein complexes, a long-time 

exposure of proteins to the low pH is not recommended. Thus. following 

the pH 2.2 treatment, it may be desirable to ineubate the immunoreplic4s 

with 125I-protein A and expose to X-uy films in order to examine for 

the presenc~ of residual IgG which could account for the consecutive 

reaction with a different antibody. 

Analysis of the nitrocell ulose repl ieas derived from a 

polyacrylamide gel indicates that some proteins transfer more 

efficiently than others. Although the obserVed differences apply to 

very few polypeptides (Fig. 30). there seems to ~~ no correlation ( .. , t, 
I:."" ... "l 

between the velocity of electrophoretic transfer and the molecular she 

of proteins under these conditions. Visualizat ion of proteins oD' 

nitrocellulose paper by stainingO indicatè's that the transferred 

polypeptides are localized on th~ surface of the paper and only excess 

protein penetrates the inner matrix of nitrocellulose. Since only the 

protein Molecules present on the surface of the nitrocellulose paper are 

reaetive with antibodies. this procedure does not appear to be 

quantitative. 

Prlor to immunologie al ident ification of proteins trans rerred to 

nitrocellulose paper. it is important to assess the degree of 
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Fig. 33. Schematic illustration of the multiple inununoreplica 
, 1 

t'echnique., Each nitrocellulose repl'ica of the" gel can be 
~ 

reacted with a series of different anti,~era, leading to 

identification and los:alizaÙon of specifie proteins in the 

original gel. 1bree replicas can be obtained to visualize< 
. 

general population of proteins but abundant proteins can he 

transferred to as many as four or five replicas. 
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jlnon-specifi~binding of antiserum to the nitrocellulose replica. This 

\ '\. 
\êl,, __ ~ )' 

is-done bY g :lncubating the- repricawitha-non-irmlune serum;followed-by-
, ' 

the ·treatment with 125 I - pÏ'otein A and exposure to X-ray films. The 

'-
label ing of any non-specifically bound IgG of non-immune serun can be 

prevented by t;reatment of the replica with unlabeled prot'ein A prior to 

the---incubat ion with immune serum and 12SI-protein A (data not shown),' 

The ,fact that all the' antigens can he relocalized with the sarne antibody 

after Il series of incubations with other antibodies, and repeated low pH 

treatments. suggests that there is no apparent loss of ~otein8 or their 

reac tivity during this manipulat ions ~Figure8 l2A and F). 

The mul tiple ÎDununoreplica technique represents a simple 

expet-imental approach to identification to specific profeins resol~ed 

electrophoretically. Since the nitrocellulose replicas can be used 

several times and/or stored unti1 further use, this technique appears to 

be applicable to a va!iety of studies involving protein identification. 

It could a1so be useful in clinical screening of particular proteins as 

well as h>r testing the specificity of an' antiserum • 

• 1 

--' 
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APPENDIX II --, • 
ISOLATION OF NODULIN-3'5 mRNA 

~ ... 
To isolate mRNA specific to n~dulin-35, tot al 80S":type P?l ysomes 

~ 

were prepared from 1 g of 8 day-old nodules, and the polysomes 
, . 
1 containing nascent peptides were reacted with purified IgG to noduiin-35 

(see Isolat·ion of Specifie mRNAs by Immunqprecipitation of Pot ysomes) • 
t 1 • ~ , 

'llte use of ribonuelease/protease::"free IgG, as weIl as Na-heparine, were 

essent ial in this purifie at ion procedure. Following a 45 min incubat ion 

with IgG at 2·C, the polysomes were passed through a protein A-Sepharose 

CL-4B column~ and the specifie polysomes containing nodulin-35 

naseent peptid~s were retained on the co'lumn. The mRNA was eluted frdiD 

the çolumn with 25 mM EOTA by dissociatioh of ribosomes from the protein 
ri 

A-IgG-nascent peptide-polysome eomplex. In vitro translat~ft-< 9f the 'RNA 

isolated from immunoprecipitated polysomes in the presence of 

35S-methionine, followed by eleetrophoretic analY8is of t.he translation 

product~ i~dieated that this RNA fraction represents a highly enriched 

RNA encoding nodulin-35 (Fig. 34A). Anal y8is of ..,the in vitro 
o 

translation product of the total poly A{+) nodule mRNA (Fig. 34A, lane 

a) indicated s: very low leVel of synthesis of nodulin-35. • Indeed, 

" 

'immunopreci.pitation of this product with antibodies to nodulin-35, 

corrected for a ~on-specÎfic reaetivity of the antibodies with the 

endogenous lIftea~ germ translation product, suggested that t~e mRNA 

encoding nodulin-35 represents only about 0.6 - 1.4% of the \totar mRNA 

in 8 day-old nodules. ' Whereas the high enrichment of nodulin-35 mRNA 

isolated by the immunopreeipitation of polysomes is obviou8 (Fig. 34A~ 

lane ~) t a direct eomparison of its 'translation product with those from 

total nodule mRNA (lane '4) and the wheat germ eell-free system (lane c), 

9 
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Fig. 34. SPS gel electrophoresis (fluorogram) of 35S-methionine-labeled in 

~ ~ranslation products of poIy A(+) RNA encnding nodulin-35.' Pa- <' 

nel A: (a) total translation pro~uct of poly A(+) RNA from root no-
1 

dules; (b) translation product of mRNA encoding nodulin·35,"isolated 

by immunoprecipitation of nascent peptide-polysome complexes with 

antibodies ta purified nodulin-35; (c' translation product of the 
. 

undigested endogenous wheat germ mRNA (823 transl~tion background); 

(d) immun~precipitation of (h) ~ith ~ntibodies to nodulin-1S; Ce) ra-

dioactive marker of nodulin-35. Panel B: (f) 823 translation back-

ground; (g ta i) translation iF the presence of increasing amounts 
~ .1 

of purified mRNA encoding nodulin-35. Dots ,in lane Cb) indicate tHe 

presence of at least three translation product$ whose maNA's co-

purifiéd with the miNA for nodulin-35 (see text for details; see also 

Methods'). N-3S~ nodulin-35. 
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i~dicatej the ,presence of et ~east 3 other mRNA species co-isolated 

using this method Oane b, dots). ~inc~ the' illlllun~precipitation of the 

translation product from lane b with the antibodies to nodulin-35 did 

not yielâ any of tnese contaninant mRNA produ~ts Oane d), it '@S 

assumed that they do not share any antig.~rii~ homology' wi.t~ nodulin-35. 

In a similar experiment, where the protei~ A-Sepharose column wu washed 
. 

more extensively following' the application of polysomes, no contaminant 

mRNAs were detected (Fig. 34B) J thus indicating the potential for .. 
isolating spec~fic mRNAs by ~his method. Using increasing anounts of an 

exogenous mRNA, particularly in ,quantities comparabl~ to those of the 

. undigested end'ogenous mRNA of the cell-free system, tbe overaU' 

background of translation increases 'Fig. 34~. Altbough thi. ' 

observation is not relevant to this' study, it should be me~tio'ned that , 

similar results vere obtained using mRNAs fram different sources, e.g. 

those.encadiQg the 7S and liS storage proteins of soybeans (Champa 

Sengup,ta, per8o~al communication). 
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APPENDIX III 

PROCEDURES ATTEMPTED TO ISOLATE "NODULE-SPECIFIC" PROTEINS OTHER THAR , 

LEGHEMOGLOB IN 

(i) Ammonium Sulphate-Fractionation of Root Nodule Cytoplasm 

In ord.er· to determine if low molecular weight pro teins , nodul ins in 

particular, can be enriched by a differential fractionation with , 
\, 

8IIIJIIonium sul phate, about 30 mt of the host cytopl.asmic ~oteins (4.3 

mg/ml) was subjected to a st~p-wise ammonium 8ulphàte fractionation. 10 
measure the protein content, eac~ precipitated sampl~ W8S washed vith· 

its respective solution of ammo'~ ~lphate, dissolved in-l ml H2~' and 

desalted on a Sephadex G-25 column. Following protein determination, 

about 200 pg of each sample were precipitated with TCA and analyzed 

electrophoretically on high Tris/urea polyacrylamid~ gels (Goldsmith et 
, 

al., 1979; see Methods), which provide a good separation of small 

-
molecul ar, weight proteins. ' 

Figure 35 ghows the qua~titative distribution of cytoplasmic 

proteins from nodules, ptecipitated with increasing concentrations o~ 

aumonium sulphate (~). f;lectrophoretic -analyais of these fractions 

(Fig. 36) suggested that the fraction ~epresenting the most hydrophilic 

proteins (80-l00%~; lane 'h) may he enrich~ in low molecular proteins 

up to 20,000 8\ze. lt W8S apparent, however, that ~e small 

'polypeptides arLt80--r~oved 'at lower concentrations of 'AS. ,as weIl as 
/'/ 

that a substantiel anoUJilt of leghemo~~bin is presen't in tbe 80":100% 'ÀS' 
J 

fraction. Although the reactivity of chis, fraction vitb nodule 

àntibodies suggested that at least some nodulins may he hydrophilic 

proteï'ns, the low yield of protein obtained by this procedure 

(approximately 3% of the total' cytoplasmic protein) could abt full y 

justify this technique as an efficient method for isolation of amall 

molecular weight proteins. 
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FiS_ 35. Ammonium sulphate-fractionation of soluble cytoplasmic proteins • 
fro~ root nodules: a diagram. About 10 g of tnree week-old nodules, 

induced by the effective (61A76 or wild type) Istrain of !.japonicum, 

were homogenized in JO ml of the isolation buffer (Methods), and 
"... 

soluble cytoplasmic proteins (4.3 mg per ml) were fractionated with 
.. 

increasing concentrations of ammonium sulphate, dissolved in 1 ml 

o'f H20, and 'tle-salted on a Sephadex' G-25 column. Protein was esti-

mated according to the method ôf Lowry et al., 1951. 

Fig. 36. Ammonium sulphate-fractionation of soluble cytoplasmic proteins 

from root nodulès: SDS-PAGE. protein fractions were obtained and' 

processed a~ outlined in legend to Fig. 35 . and Methods. Prior to 

electrophoresis, approxim~tely 200 pg of each prote in sample were 

precipitated with 10% (w/v) TCA, washed with ether, and dissolved 

in the equilibrium buffer containing 1% (w/v) SDS, 10% (v/v) S-mer-

captoethanol and 0.063 M Tris-HCl pH 6.8 (Goldsmith et al., 1979). 

) Composition of the high Tris/urea gel used here is described under 

Electrophoresis of Small Holecul,r Weight ProteinS (Methods) • 
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(ii) Chromatography on DEAE-Cellulose 

Since the colU111n chromatography using, DEAE-52-cellulose has proven 

a successful method for isolation of the leghemoglobin (Lb) components 

from root nodules (/~ppleby et aL, 1'975; Verma et aL, 1979), an attempt 

r 
to i'Bolate proteins other than Lb using a similar procedure vas made. 

preliminary results obtained fram the chromatography of a total fraction 

of nodule cytoplasmic proteins using a 5-100 'mM K-acetate buffer J pH 

5.2 gradient ind ic~ted that, except fo~ leghemoglobin, the majority of 

proteins did not fractionate under these conditions. Electrophoretic 

analyses of the eluted proteins by one-cfimensional PAGE showed a poor 

resolution of proteins Whenever the total, i.e. unfractionated, 

population of cytoplasmic proteins was applied to tbis chromatography. 

Further ·studies indicated, however, that the resolution of protein may 

be improved when only hydrophil ic proteins from the -nodule cytopla~m ' 

were 'appl ied to the DEAE-cellulose col uinn. A series of chromatographies 

using samples pre-fractionated with ammonium sulphaie (30-100%, 50-100%, 

and 70-100~S)J followed by their analy~is _by one-dimensional PAGE 

(data now showo),'resulted in a good resoltition of proteins fran the 

70-100% AS fraction only. Moreover~ if the 70-100% AS fraction W8S used 

following a 0-50 mM K-acetate gradient appl ied to the column, a amall 

amount of protein was eluted step-wise with 100 mM and 200 mM K-aeetate 

(Fig. 37). Lanes g and h show that the proteins eluted from 

DEAE-cellulose at a high ionie strength (100 mM and 200 mM K-acetate, 

respectively) are enriehed in low molecular weight polypeptides, but 

significant anounts of leghemoglobin are still associated vith these 

fractions. A qUJPtitative analysis of the el uted proteins indicated 
J , 

that the 100 mM 'ewl_ 200 mM fractions combined contain as little as about 
\ , 

5.2% of the prote in ~ent in the 70-100% AS fraction. Since the 
\ 
j 
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70-100% AS fraction represents approximately 17.2% of the total 

cytoplasmic protein in root nodules (Fig. 35'), these strong-DEAE-bind~ng 

"polypeptides represent less tHan 1% of the total nodule cytoplasic 

prote in • Irmnunolog ieal screening for the presence of "nodule-specifie" 

o 
proteins bong the strong-D~A,E-binding' polypeptides, did, not indicate 

any enrichment of "nodule-specifie" proteins in this fraction. AIso, 

the pres,ence of significant anounts of' leghemoglobin after 

DEAE-cellulose chromatography, was not desirable for application of this 

method for purifying thé "nodule-specifie" pro.teins of' low molecular 

weight. 

(iii) Hydrophobie Chromatography on Phenyl-Sepharose 

Preliminary results indieated that Phenyl-Sepharose efficiently 

binds almost all (about 99% by ~ighc) of the soluble cytoplasmic 

prote in. from nodules in 1 M anmonium sulphate, and thus an attempt was 

made to fractionate nodule proteins using this chromatographie 

procedure. The unbound material (about 0.7% of total :protein) was 

analyzed spectrophotometrically and elec~rophorétically, and it was 

found'to contain large quantities of nucleic acids as weIl as some 

proteins of mostly acidie isoelectric points. Blution with decreasing 

concentrations of ammonium sulphate (0.5 M, 0:1 M and 0 MAS) resulted 

in the removal of approxiulately 74% of protein tram the column, 

including leghemoglobin. Followirlg a thorough washingr.4)f the column 

with 10 mM Na-phosphate pH 7.6, the remaining proteins were eluted with 
, 1 

10 M urea at room temperature. A subsequent application of 0.1 N NaOH 

to the column did not yield 80y protefs, 8uggesting that their elution 

with urea was complete. Figure 38 shows electrophoretic anal ysis by , 
~ 

one-dimensional SDS-PAGE of the eluted fractions. ltIlereas the unbound 

---,,----_ .... -
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Fig. 37. Chromatography of soluble cytopiasmic proteins from nodules on a 

DEAE-cellulose (DE-52) columri: analysis of selected fractions by 

SDS-PAGE. Prior to the chromatography, a 70-100% ammoni,um sulphate­

precipitated fraction of cytoplasmic proteins (14 mg prote in) was 

"" isolated and equilibrated to 5 mM K-acetate pH 5.2 by dialysis. 

Chromatography was carried out in a 5 to 50 mM gradient of the same 

\ 

buffer (Ianes a, b, c, d, e, and f represent fractions number 18, 

22, 33, 46,55, and 64, respectively), followed by a step-wise elu­

tion with 100 mM and 200 mM K-acetate (lanes g and h). Elution of"' 

protein was monitored at AZ80 t and fractions were collected and 

proc~ssed as outlined in Methods. 

Fig. 38. Fractionation of soluble cytoplasmic proteins from root nodules on 

a Phenyl-Sepharose column: analysis of selected fractions by SDS-PAGE. 

(a) Total cytoplasmic proteins prior to fractionation; (b) unbound 

mate!'Ïal; (c), (d) and (e) proteins eluted with decreasing concentra-

tions of ammonium sulphate (0.5 Mt 0.1 M and 0 H, respectively); (f), 

(g) and (h) proteins eluted "Tith 0.01 Mt 0.1 M and 0.5 M CaC12 , res- o 

pectively; ~i),. (j), (k) and (1) proteins eluted with increasing con-

centrations of urea (1 M, 3 M, 6 M and \0 Mt respectively). Circles 

in lane 0) indicate sorne polypeptides present ln aIl 10pr urea-eluted 

fractions. N-35, nod.ulin-35. 
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material contains. trace anounts of wide size range polypeptides Oane 

b), application of a decreasing ionic strength of salt to the column 

causes elution of leghemoglobin and some fractionation of other proteins 
. 5-

(lan'ès c, d and e). Following a thorougl! washing of the column with the 

10 mM Na-phosphate buffer, Fhenyl-Sepharose was treated with a strong 

chaotropic salt (CaC12), which is known to dJsrupt hydrophobie 

interactions, and hence could cause elutiorj. of some pro teins from this 

matrix (Von Hippel and Schleich, 1969). 
(, 

Lanes f, g, and h .of Fig. 38 

show pro~~in8 eluted with 10 mM, 100 mM, and 500 mM Cael2' lt is c1ear 

that ap~liê~tion of Ca2+, and possibly other chaotrophic ions~ e.g. Ba2+ 

or Mg2+ (Pharmacia Fine (hemicals, 1976); may lead to a specifie elution 

" 
of some polypeptides (Fig. 38, lane h). To determine if the 10 M 

urea-eluted fraction of pr~teins can be differentially sub-fractionated, 

the col umn was subseq,!ently eluted with 1 M, 3 M, 6 M, and 10 M urea 

(Ianes i,j ,k and l, respectively). A substantial enrichment of the low 

molecular weigh~ polypeptides was observed, particularly in fractions 

eluted with the low urea concentrations (e.g. 1 M; lane il •. 'Dtere 
p 

w 
appears te. he a correlation between the size of enriched polypeptides 

and the concentrat ion of urea used for their el ution. It is aIso 

appa.rent that nodulin-3; strongly binds .to Phenyl-Separose and that it 

is eluted 6nly at high concentrations of urea (lane 1). lts tight 

. , 
association with Phenyl-Separose clearly suggests that nodulin-35 is a 

hydr~pq9bic protein, support,ing previous observadons obtained by the 
1 fL~j - ~ 

ammonium sulphate fractionatio~and Sevag's method (Resllits and 

Disc ussion) • 
o , 

The graduaI removal of smali proteins from a population of 

large polypeptides during the treatment with urea suggests that these 

proteins may form a complex Wiich consists of a large numbe, of 

polypeptides. Sinc'e a number of proteins J particularly of small 

\ 
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"'" 1I01ecular weight8, are present throughollt the ent ire range of 
( 

fractionation vith urea (circles in Fig. 38), it is possible that at 

least some hydrophil ic proteins are' bound to the col umn through 

interactions vith otber, hydrophobic, polypeptides. "!bat nodulin-35, 

for ex_pie. may indeed be associ~ted vitb other proteins and, as a 

result, he part of a larger COmplex, was su.ested byo tbe observation 
" 

that this polypeptide was fOWld anong the slow-migrating large 1OO1ecuiar 
~ . 

weight proteins in non-denaturing electrophoresis. Figure 39 shows a 

twO-di:mensio~al PAGE 1llich vas specif~cally designed to localize 

nodulin-35 in a non-denatufed s8lllple of t,he root nodule cytoplasm. 

Total cytoplasmic proteins from mature nodules vere first resolved in a 

non-iienaturing cylindrical gel, which was subsequently layered over a 

slab SDS-polyacrylamide gel. To localize oodulin-35 and Ieghemoglobin 

in' the gel, the s_pIe was run next to the non-denaturing gel in the 

second dim~nsion. Despi~e a ratber small size of DOdulin-35, thi,s 
r 

protein was f~und anong the slow-migrating large po'ly~ptides. It .-
should be noted, ho..ever, that the rate of electrophoretic migration of 

,proteins under non-denaturing conditions is not only dependent on the 

aolecular weight: but &80 on the shape and charge of JK'otein .,lecules 

"-
~Orn.~ei.n, ~~~2). Althlf' the

o 
non-denaturing electrophoresis was 

carried out at 4·C usiug a low voltage, it is a180possible that SOlDe 

protein ~OIIlpl~es dissociated during the\run (lloyack and Giddings, 1960;' 
o \\ f' '_ 

Mysels' kad Scbolten, 1962). ' , . 
~antitative an.tysis of the Phenyl-Sepharose ~hromatography 

indicated that the proteins eluted vith' urea represent approxÎJllately 

12.0% by veigbt of the total cytoplasmic protein frca nodules'. (h the 
o 

otber ban~, the lov .,l~~ar weigbt polype~tides (belo. 20;000 III) 

, 0 
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Fig. 39. 

.> 

.c1l 
A- two-dimenslonal (non-denaturing 1 denaturing) PAGE of t;otal cyto-

plasmic proteins fram root nodules,. ProtEdns wùe .first electropho­

resed in cylindrical gels under non-denaturing conditions at 4°C 

(Davis, 1964) and, following equilibration with SDS-sample buffer, , 

electrophoresis was 'cou..d.nued in 'the second "dimension using a slab 
< , 

SDS-polyacrylamide gel (Laemmli, 1970). The same protein sample was 

run as a marker in the second dimension only (lane a). Since the 

application weIl for proteins electrophoresed in !ane (a) was formed 

in the stacking gel about ~-4 mm below the position of the cylindri-

cal gel, these proteins ra~ sI ightly ahead of the second dimension 

of non-denatured sample (compare front Hues at the bottom of gel). 

ND-PAGE; non-denaturing polyacrylamide gel electr?phoresis; LbF y Lb~, 

the fast and 8Iow-mo~ components of leghemoglobin, respectively • 
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represent about 36. % of protein in thi. fraction, as determined 

spectrophot'ometrically by gel scanning (ORTEe' Scan). lt thus appears 
o , 

that the smaIl molecular weight proteins, isolated\l by Phenyl-Sepharose 

followed by a Bio-Gel P-200 filtration (see Methodl~) represent 'up to 

4.3% by weight ,of the total soluble cytoplasmic prote in from root 

nodules. 

Protejn samples were taken at each purification stage and examined 

by two-dimensional PAGE (Fig. 40). Each gel was stained with both 
< 

Coomas8Îe blue (Fig. 40, pànels A,B and C) and silver (panel" D,E and 

.-
F), as weIl as examined imnunologically, according to the multiple 

, 
immunorepl ica technique (see Appendix 1 for detaÏled description). The 

unbound material, representing only 0.7% by weight of the total 

cytop1asmic protein, contains 8O~e small polypeptides (Fig. 40A and 

40D). but their reactivity with nodul~ antibodies was very poor (D~ 

sho'f'D). As mentioned above, this fraction was tound to contain large 

quantities of nucleic acids. however, there is no evidence for their 

structural association with proteins found in this fraction. Figures 

-
40B . and 40E represerit proteins eluted vith decreasing Cl M to 0 K) 

concentrations of amnonium sulphate. lt is clear that in addition to 

the abundant legheDloglobins this fraction contains a substandal amount 

of other polypeptides, including 'some sm aIl , proteins other th an' 

leghemoglobin. Considering the fact that leghemoglobin constitutes more 
• 

than half of the protein content in this fraction, and that its 

molecular weight is similar to Chat of at least 4 nodulina, this 

fraction could not he used for isolation of nodulins on a preparative 

scale. Proteins eluted from Phenyl-Sepharose with 0-10 M urea are show 

in Fig. 40C and 40F. l'b is popul at ion of proteins cont ains a large 

number of &maIl molecular weight polypeptides and only a small amount of 
,; 

leghemoglobins. 
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Fig. 40 • Two-dimensional PAGE of soluble cytoplasmic proteins froill nodules 

fractionated by Phenyl-Sepharose. Unbou1\d materia 1 s tained with 
1 \ 

Coomasie -bIue, (A) and silver (D);, proteins eluted with decreasing 

concentrations (1 M to 0 M) of -ammonium 8ulphate stained with COomà-

sie blue .(B) and silver\ CE); proteins eluted with 0 H to JO M urea 

'Btained with Coomasie blue CC) and silver (F). 
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In order to examine for the presence of "nodule-specifie" protein. 

in the Phenyl-~pharose fractions, proteins shown in Fig. 40 were 

transferred 'l nitrocell ulose', papers 

and-nodule ,a (for description of 

the mul tiple immunoreplica technittue 

and reac ted wi th the ant i-root and 

antÏ8erll see Methode). accordi~ to 
, 

(Appendix 1). Whereas the unbound 

material (Fig. 40A and 40D) showed a poor reactivity with antibodie.,· 

proteins eluted with 1 M to 0 M anmonium sul phate (panels B and E) and 

\ 
10 M urea (panels C and F) strongly reacted with both anti-root and 

anti-nodule sera (data IlOt shown). As mentioned above, due to the 

abundance of leghemoglobins in the 1 M 8I\IIIoniun sul phate-el uted 

fraction, immunological screening for "nodule-specific" proteins other 

than leghemoglbbin was di'fficu1t J particularly in the low molecular, 

weight region. A 8ubstantial absence of leghemoglobin from, the 10 M 

urea-eluted fraction 'allowed to detect several (up to 1) smaU molecular 

weight polypeptides '-Ùich appeared to be "nodule-specifjc", and mose 

1 

molecular weights and isoelectric points were different from those of 

leghemoglobins. The rel ative concentration of these polypeptides in the 

10 H urea-eluted fraction, ho wev er , was found to he very low and hence 

their isolation on a preparative scale would be difficult. 
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