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Fo • ." 'Il * 

THe, Rhizob~um-le9~me symbiosis· is an opportunisti8 

. 
0' .. 

<­
.asso~iation 1?etwè~n °two', Symbio;tic p;artners that ·repults in tt}e 

~ . , ,. 
~ , 

formation of the root nbdule. ~he process depehds on the 

J;"'~:xpressioh ~f ~ nu'mber cff plant and bacterial genes that are 
....., t _ h 1) 

• "l considered crif~cal for the establ'ishment and m'aifltainance of 
.1 . . 

0" the Symbio~.t ... c 'state. The merits of a muté),tional approach to 

the analysis'~f symbiosis havS peen recogni~ed for several 

~ye~rs and.transposon Tn5 mutage~esis of Rhizobium has ~ed to 

the identification of several symbiotic genes. This study 

describes the use of 'i?n5 mutagenesis for the isolation of· 

symbiotically defective mutants of Bradyrhizobium japonicum . . . " 

'\ 

-Two c~ass~, auxotrophic a~d cell surfaae-altered .mutants 
• ;;. .-y , 

... • ... l,"" 

;-. 

1 

f 

def~ctive in nodule formation, have b~n =haracterized. In 

japonicum USDA 122, histidine auxotrophs . ~ , 
that are defective .in 

nodulation have been stlidied. The mutagenized • DNA region h'a~ 
" .p 

been clon~d and the wild-type ON~ t:egioh isolated by -, , 
hybridization and complementation. In B • japonicum 61~76, Tn5-

.,r , 

induced cell surface-altere~ mutants have been isolated by 
~ 

seleeting for bacteriophage resistance. ~everal p~~ete~s 

have been used to demonstrate alte~ations incell surfàce 
\ 

components. It has been, shown that the Tn5 insertion ia not 

~he pr~~ma~y ca\~e of· the. mutat~on in two o~ the characterized 

mutants. Complementation tests have led to the isolation of a 
" . 

wild-type DNA-oontain'ing cosmid, pPS2,?A, that C?verc?mes the 
, 

symbiotic defect in ,one. of the mutants: Analysis of'the cell 
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111 
Résumé 

, ' 

La symbiose 1égumi~éuse-RhizobiÛm est une associat':1on èntre 
r' 

deux partenaires ~ymbiotigues qui résul te en· la formation 
( 

dl un nodule racinaire. Ce processus dét:!end de 11 e'xpression ' 

'de gè{es de la ,plante et de gènes bactériens cons1déz.és 

cr i tiques pour 11 établissemènt et le maintien de la r 
/ 

\1 1. l 

symbiose. La mutagénèse chez Rhizobium à '}.~ aidé du 
- 0 

• transposon Tn5 a permis 11 identif ication de plusieu~s gènes 

symbiot igues. Plusieurs mutants défectifs pour la symbiose '. 
~ , 

ont été isolés ch~z Bradyrhizobium japonlcum, grâce à la 

'm,utagénèse ,avec Tn5. Deux l~classes de mutants défectifs pour 
. . ~ 

la formation de nodules racinaires on,!= été ;J.dentifiéa: des' 
-' 

mutants auxotrophes et de~ mutants dont la' surface 

ceJ-lul?ire ~s.t altérée. 'Lea.mutants USOA 122 auxotrophea 
. 

pour IlhistlÀine chez.~ 1aponicÙm, défectifs pour la ..... , . 
, 

nodulat:iQn ont été etudlés'. La partie de ll'ADN mutagên'éisé 

a été, clôné et l'ADN sauvage à 'étél'1isolé par hybridation et 
f1> 

- c6mpl~mentation. Des 'mutants de IL. 1apon.1,cum 61~, dont ~8 

surface cellulaire est alterée par le transposon'i:5; ont . ~ 

: ~ 

été f, isoIès par séle.ction 'à la résist~nce aUK pact r iOPhage~ .. 

Plusieurs paramètres ont é~é uti11s~s pour' démontre~ une 

altération de composantès de la surface cellulaire. Nous 
~ 

avons démontré que 11 insertion 'du transposon Tn5 nI est pas' 
../ .... lJ \ ( 

:-lr 

la cause' principale qe ,la mu'tation dé deux mutants ( 
i ,.' 

caractérisés. Des expériences de complémentatlon ont permis 
~ ./ " " Il 

l'isolement de ll:ADN s~uvage contenu dans le 'COsmlde pPS23A, 
>il ;-

1", 
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/ Preface ~ 

.' 
1 

This thesis has been assembled in accordanc'e w! th the . 
regulations of the Faculty of Graduate Studies and Reéearch of 

i' / 

McGi11 University. It consists of an gbstract, resume, Chapter 

l (~ntroduction 'ancr: literature review)., Chapter II' (Methods fl 

" an~ Mate~ials), Chapter III (Results), Chapter IV)' 

. (:o~scus~'ion), and Cnapter V (References). 
, 1 

The results reported,in section III.l 'of this thesis on 
t! " 

'the 1;.rans:poson mutag~nesis of 'Bradyrhizobium japonicum 611\76 
.. ~ ~ 

w.ere published as part of a. papel;" on "Transposon mutagenesis 
) -

of' .iRhizobium japonicum", bi Rostas KR, Sista. P~, Stanley J 

and Verma-DPS (19~4) in Moleculâr and General Genetics, volume 
~ 1 

197, pages 23p-23? AlI the work involving B. japonicum 61A76 
1" \ ... 

. qescr-ibed in the paper was 'd~ne by the aut~or. -J 

The b~ochemic~l characteri~ation pf histidine ~xotrophs 
of B. <j aponicum USDA ~122 (Section III. 2 in this thesls) was 

,- published as a paper e~titled "Symbiotically-defective 
• (J.. I;l 

'1 

histidine,auxotrophs of Bradyrhizobium japonicum USDA 122", by .. 
~ Sado,Wsky MJ, Rosta~ KR, sista l?R, ~usE!~~ H' and Verma DPS 

(1986) in Archives of Microb,iology, volume-t.144 , -pages 334-33~. 
1 

The work described in sections III. 2 • 1 and III. 2'~ 2 was done in 

collaboràtion with Dr. Sadowsky and Dr. Rostas. The work in 

, sectionl III.2.3 and 111.2.4 was. dpne solely by the author. 

A paper on the isolation and charac~erization o~ ~ j . 
1 

japonicum 61A76 phage-resistant nodulation mutants ls being 
r 

prepared for publ1cation. The electron micrographs whlch , , 
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comprlse~(igureB 14, 15 and 16 of this thesis were the work of 

Dr. M. Neumirth of the EM center of the ~iology Department. 
~ , 

Dr. F. Dazzo of Michigan state University>carried out the 

proton NMR spectroscopy of p.olysaccharides and Dr: R. McQueen 

r~n the gel in Figure 20. AlI the other results were the work_ 

of the author. ~">.. 
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eontributions to Original Knowle4ge , 

, C-, 

vii. 

l have estab1ished a random Tn5 mutagenesis procedure in 
, . 

Bradyrhizobium japonicum 61A76 that has led tj? the isolation 

of several symbiotlc mutan~s. 

By isolâ'ting Tn5-induced mutants, l hav,e shown that 

auxotrophy for histidine can lead to a defect' in nodulation by 
é 

B. japonicum USDA 122. l have cloned the DNA" region that , 
" 

encompasses the mutation in the histidine biosynthet~c 

pathway, and by hYbridization and èomplementation have 

1 isolated the corresponding wild-type DNA. 

l have isolated and characterized two Tn5-induced-~ 
, 

japonicum 61A76 mutants that are resistant to a specifie /---

bact~~oPhage. and have dem~nBtrated g~OBB alteration~ in their 

cell surface. These mutants a;e also defective in proper 

nodule development. B~ eomplementation, l have is~lated a DNA 

region in a cosmid, that overeomes the /b,iotic defect in one 

mutant, and have shown that tpe cosmid also partially restoras 

surface defects. 
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Chapter I: Introduction 
,... 

Nitrogen and water are the most frequently encountered 

limiting factors in agriculture. A crucial problem faced by 

farroers is to provide plantstwith nitrogen, in an easily' 

asslmilable fo~. The common sources of nitrogen reserves in 

's0il resuft from: (1) the addition of organic matter such as 
'>'") " 

'harvest waste, manure, animal cadavers and waste products; (2) 
, 

addition of nitrogen fertilizers An the form of ~1trates, 
( 

, \ 

ammonium salts, urea; (3) nitrogen fixed in the"atmosphere 

\ su~h as Dy electrical sto~s and (4) biological nitrogen 

fixation by free living and symbiotic micro-organisms. The 

Food and Agricultural Organization of the United Nations 
l> \ ~,) 

estimates (Drevon, 1983f that available nitrogen in the forro 
-<) 

of chemical fertilizers contributes 40 million metric tonnes 

per year, non-biolopical nitrogen fixation contribut~s 10 

- million tonnes per year and biological nitrogen fixation àbout 

175 million tonnes per\year. Clearly, bi~\9gical nitrogen 

fixation is the most impor~ant source of fixed nitrogen in 

'nature. 
., 

, 

\ ' 

I.1 Biological nitrogen fixing systems ~ 

. Micro-organisms thàt can tix at~osp'h~ic~itrogen do so~ 

with the help of the enzyme nitrogenase, which converts 

atmospheric nitrogen to ammon~der certain conditions. 

FOO~ and Agricul tural Organizatton ëstima'tes that lso% of 

nitrogen fixed on Earth comes from the 'legume-Rhizobium 

The 

aIl 



, 

/ 

\1 

... • 

'2 

'symbiosis. In areas under legume ~ultivation' (grain legumes 
\ 

auch as peas, beans, and soybe~n, or forage legumes such as 

alfalfa, clover and .sanfoin)-averqge nitrogen fixa~on rates 
:t 

are on the order of 100 kg N/ha/yr, although twice that level 
~ . 

can be achieved by selection of efficient Rhizobium straihs, 

suyâble varieties of ?ost ~lànts and O~~l gr~~th 
conditions. The relative rates'for uncultivated areas (wild 

'-0 

legume-associated fixation, cyanobacteria, and free-living 
t 

bacteria) are on the order of JO kg N/ha/yr on the one hand 
? 

a~~ 200 kg N/ha/yr (fo~est areas where Alnus rubra is 

widespread), an the other (Drevon{' 1983). 

1.2 Nodule formation 

The legume-Rh~zobium S~~iS is an opportunistic rathe~ 
than an obligatory association. During the process of root 

infection, the bacteria undergo rapid developmental changes to 
\. 

'make the transition from a complex soil env~ronment to an 

'intimate home within host cellp, the root nodule. Lik~iS~, 
, '" 

1 
the host response to ~he symbiont is markedly different than 

the respon~es accor.Qed to other soil b'acteria and i t undergoes 

extensive cè1lular, biochemical and molecular changes to · ~ 
/ ) 11' {) 

accommbdate its symbiotic partner. The ·entire process depends ~ 

on the expression Qf a number'of pl~nt as well as bacterial 

genes that are coqsidered critical for the establishment and 
" . , 

maintenance of the syinbiotic state <reVie!"?,I?Y Bauer, 1982, 

Verma arld Long 1 1983;, Long et. al., 1986) .. , \ 
1 

\ 
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1.2.1 Early events 

e The infêction of legume~ by Rhiaobium probably, begins with 
, . 

a response by the bact~rium to nutrients·and signal compounds 

exUded py the root (Bauer, 1982). ,~izobium cells attach very 

'rapidly to the root surface: ~ttachment ris believed to 
î n 

r 0 
occur in a polar fashion, end-on to the root surface (Tsien • 

and Schmidt, 1~77; D~o, 1980~. Chemotactic behaviour by 

Rhizobium towards plant exudate has been shown (Currier.and 

nStorbel, 1974); however, it i~ not,an absolute requirement as 

non~motil~ s~rains h~ve been Shawn ta 'nodul~t~ficientlY 
(Ames and Bergman, 1981). 

Ho~t Pl{nt ~ectins,nave been implicated in the specifie 

recognitipn and binding of'infective Rhizobium to the root 

surface and Bohlool and Schmidt~(1974} ~ere the first to 
1 

provide experimental evidence of'this effect. The lectin 

hypothesis su~ges~s that host plant lectins interact 

seleètively witn compatibl~ ,Rhizobium cell surface 

polysaccharides (Bauer, 1982). Dazzo and his colleagues have 

subsequently publis~ed several studies (reviewed in Dazzo and 
,- . 

Truchet, 1983; Dazzo and Gardiol, 1984) that support the 

. lectin ~odel for the R. trifolii-plover interaction. More 

r~cently Dazzo'et al (1984) have defined a two step attachment 

mechanism for R. trifolii. The first step involves a . 
~ .,... 

nonspecific adherence10f Rhizobi~m to tHe root. The bacteria 
... 

are subsequently ~odified.in'the rhizosphere leading to their 

specific attaqhment in a polar fashion. Lectins play an 

/ c 
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essential role only ln the-second step. Lectins have also been , ~ 

implicated in ,symbioses involvin~ pea (Kato et al., 1981), 

alfalfa (paau et al., 1981) and lotonomis (~aw and strijdom, , , 
~ 

1984). The hypothesis' is strengthened by the observations that 

lectin ~inding capability is transient and can be strongly 
. , 

correlated with nodulation abilities, age of the cult~re; 

number of lectin receptors op' bapterial capsules and number o~'~ 
\ " 

infection threads initiated (Bhuvaneswari'et al, 1~83;ûDazzo 

et al, 1979; Sherwood et al, 1984; Hrabak et al, 1981). 
" " 

How~ver, several reports'have challenged the ~ectin 

hypothesis. In addition to the observation that some Rhizobium 

cells can bind ,to lectins from hosts that they do not nodulate 

(Dazzo and Hubbel, 19;~; Wongr 1980)~eVeral le~~mes are also 

nodulated by more than one species Qf Rhizobium. Moreover, 
7 ' , 

l.ectin pretreatment of Rhizobium doe"s not enhance attachment' 
• 

tQ roots (Pueppke, 1984) and finally, mutant plants have been 

isofated that lack theVseed lectin and yet are nodulated by 
o < 

Rhizobium (Pull et al, 1978; Su et al., 198~). Thus, the idea 
Q 

that ho st plant lectins and bacterial surfaqe polysaccharides 
'- 11 

are the sole determinants of recognition, attachment" and 

specificity is probably too simpiistic. I~ is more likely that 

these events are just a part of a complexesequence pf signal-
~ ~ 

and-response exchanges between the two symbionts and each step 
, \ 

contributes to the overall biological specificity (revlewed in 

Bauer, 1982, Halverson and stacey, 1986). 

The most vi~ible event in th~ i~éction process isfthe 
1 

)~ / 
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induced curling of root hairs ~ahreus,' 1957; Nutman, 1959). 
" . , 

The bacteria.become'entrapped in the curl of the root hair ... . 

which appears important for the initiation of'infection~ The 

host deposits new cell wall material internal to the point ad 

which bacteria are entrapped by the curled rpot.hair (Callaham 
• 

and Torrey,. 1981). The new cell walI material is used ~o form 

a tubular structure called the infection threap. The bacteria 

are carried single file into the infection thread which grows 

Jtowards the base of the root hair cel1 (Fahreus, 1957; ~utman, 

1959). The formation and ex€~nsion of the infection thread 

appears to be associated with increased activity of 
,:' 

degradative enzymes such as cel1ulase and pectinase (Vefl1\a et 
( " 

a1.,-1978) and it ia possible that a cooperative action of 

these enzymes.faci1itates the progression·~f the infection 

thread by loosening the plapt ce11 waÎ1 framew,ork (Verma' et 

al., 1978; Robertsc:>n and Farnden, 1980)'. D~ring the growth of 

the infection thread, root cortical cei1s a~e 'induced to 
~ 1 

divide and differentiate into the nodule meristem (Libbenga 
o 

and Harkes, 1973). The infection thread passes fnrough the 

cel1 wall of the root hair and begins to branch into the 

adjacent new1y divided cortical ce1ls. The bacteria then bud 

off from the tips of the infection threads surrounded by a 

membrane of piant origin ca11ed the peribacteroid membrane 
'. 1 

(pbm) (Bergersen and Briggs, e>1958). The bacteria divide, . ~ 

J en1arge and differentiate wi thin this envelo,pe 'to form 

pleomorphic bacteroids. The cytoplasm of !nfected cella 18 
\ , ' 

, , 
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filled with bacteroids which can vary from 1-16 per me~ran~. 

envelope and eventual1y as many as 24,000-36,000 bacteroids 

per infected ce1l may ~e present (Gresshoff and, Rolfe, 1978).~ 

l'!=-.is not known what induces b~ct~~rd deve10pment "in the 

nodule. The formation of bacteroid, are characterized by 

/ ;requent polymorphism, disappearance of polyhydroxybutyr~te 

granules, ie~s condensed nuçle~ids and alterations in DNA 
Il. 

content, heme content, ribosome number, cel1 wall" comp,osition 

and osmotie sensitivity (Bergersen, 1955; Dart and Méreer, 
\ , 

1963; Mckenzie e~ al., 1973; Newcomb, 1976; Avissar and 

.Nadler, 1978; Shaw and Sutton, 1979; Vance et al., '1980; 
" 

Sutton et ~., 1981). The genes eneoding the nitrogenase 
- v 'j - Il 

/' 

,enzyme are induced in response to secreted plant factors, 

alth~U9h they can also be inducéd/at a lO~ OXyg~~ te~'sion in 

free-living Rhizobium (Kurz and LaRue, 1975; MeComber et al~ 
. 

1975; Pagan et al, 1975; Tjepkma and Evans, 1975). Some other 

genes also induced by plant factors are hydrogenase, specifie 

cy~ochromes"and proteins destined-for the outer membrane 
" 

(Sutton et al:, 1981). 

I.2.2 Host eell modification 
, 

The nuclei in infected host eelxs inc~ease in volume 1 
-

6 

-( several fold and are often polyplo"id due tOr endoredup1ication. 
<& 

This is apparently the result of the Rhizobium-secreted \. 
~ 1 

~orm9nes cytokinin and auxin (Mitchell{ 1965} Libbenga et al., 

-\ 1973-; L!bbenga and Torrey, 1973) •. Often more than orie 
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/' 

prominent nuêleolus can be det'ected an~ the cytopJ.o.sm b8CO~~S ~' 
. 

dense, filled with numerous free ribosomes (Newcomb et al, 

1979). The area of rough endaplasmic reticulum increases and 

Golgi bodies, ER and pbm are often seen fusing with smaller 

v~sicles (Robertson et al., 1978a,b). In the latter stages , 
c ~ 

these cells become greatly enlarged. 
() 

Changes also occur in the uninfected cells of the 
.. 

nodule which are intermingled with infected cel1s (Dart, 19771 

Newcomb, 1981). It has been suggested that the uninfected 
,~ 

cells may speciai~ze in metabolic pathways related ta nitrogen 
---r \ 

fixation (Gunning et al., 1974; Newcomb 'and Tandon, 19811. 

Methods separatlng infeçted cells from uninfected celle (Hanks 

et al., 1983) allow the demonstration that for soybean, many 
1 

of the enzymes 'involved in nitrogen assimilation are e~ther 

localized or enriched in'uninfected cells. Changes also occur 
~ } . . 

to cells in the nodule vascular ~issue. They develop a 

"transfer cell" morphology (Pqte et al., 1979). These cells 

have increased plasma membrane area due to an involution of 

the se~ondary cell wall and are thought to function in the 

movement of photosynthate's and the products of ni trogen 

fixation (Gunning et al., 1974) • 

" 

The size, shape, morphology and distribution of nodules 

is host control1ed (Kirby and Goodchild, 1966;, Dart, 1977). 

Nodules may be·spherical a~n soybea;, cylindrical or club 

shaped as in pea or collar shaped as in al'falfa and lupin. 

Thus, the host and symbiont undergo several stages of 
.) 

.1 \ 

.. 

J 
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differen~iation to form a high1y speci~l~zed structure, the 

root nodule, which is the site of nitrogen fixation. Figure 1 

summarizes the temporal sequence of events that are believed 

to occur during the development of the root nodule. 

1,3 Nodule ,~mc~~on 
7 

oÔ ' 
I!3.1 Biochemistrv)of ni tr,ogen fixation 

8 

The ul timate goal 
<'" 

Qf nod\!le organogenesi$:.. is the complex' ~ 
fi::\") 

'II IÇ..J 

process of the reduction of dinitrogen. Rhizob:tum' 
6 • 

biochemica 1 

synthesizes an ~nzyme compl~x, ':ni trogenase", which is capable 

of regv.çing atm spheric l'1itrogen to ammonia while the ho st 
1 

provi~es energy, carbon compounds and a network of ammonia 
~~ ~ , 

assimilation pathways. The,nitrogenase'ènzyme consists·of 2 

prpteins : the Mo-Fe prot~in' (ginitrogenas_~ or compontfnt >I) ,-, ( " 

and the Fe-pl:',ftein (dinifrogenase reductas'e or componen:7.II). 

o The ,Mo-Fe ~~it~in is"a tetramer (~~b2) Of' two dissimilar 
~ ~~- . 

subunits (mw \0 kd and 60 kd) ?nd contains 2 Mo atoms, ?8-34 
<;J' \') 

non-heme iron atoms and 26-28 acid-labile sulfides. 'The Fe 
, f ' 

protein is a dimer (y; mw 64,000) and contains 4 norl-he~e iron 
• f;; , 

atoms and 4 acid-labile sulfides (Eady and Postgate, 1974; 
\ 

Hardy and Burns, 1968). ~In addition to the component proteins, 
't 

ATP~ a reductant, a reduQible sub~trate, o~g~2 as an activator 
.. ~~ , J ... ~ , 

and an anaerobic environmènt are required for nitrog~nase 
,c , 

activity. The reac~ioJ;:l c~~aly,zed b~ the enzymf::lS a~ fOllO~S: 
N2 + 6H+ + 6e-------------->2NH3 , -

• oQO 

,/ 

o 

"' 

\ 

.. 
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Figure 1: Temporal sequence of events fOllowinq inoculation of 

1 . . 
a legume plant with Rhizobium leading to symbiotic nitrogen 

.' " 
fixa~ion. (Adap~ed from Verma and Long, 1983). 
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The flow of eléctrons tp..ro~gh nitrogenase ls' from reductant 
" . 
(ferrEidoxin or ,flavodoxin in cells) to the Fe protein., The 

electi"on transfer from the Fe pr'otein to the Mo-Fe protein is 
A.. 

coupled ta h~drolysis of M9-ATP. Eventua11y dinl trogen an~ 

protons are reduced a~ the Mo-Fe' protein to, prod~é' ammonia 

(liaaker and Veeger l '1984-)... The energy required for the 

reduction of ~0ne mole of nitrogen by Rhizobiu}1\ bacteroids ls 

estimated at· 2i moles of 'Mg-ATP, assuming a hypothetica1v 

1 ma,ximum ~ecovery of ATP ,.:from the complete oxidati ve 

phosphorylation' of glucose (Pate et al., 1981). The énzyme is 

~ 

1 

not substrate-specific as a variety of triple-bond compounds 
,(1 

, ~ 

can be reduced. The" reduct,ion of acetylene ta ethylene is , .. 

widely used for monitoring the activity of 'nitrogenase (Hardy 
..' 

et al., 1968). Since both components of ni trogenase are 

rapidly inacti\Y'ated by oxygen, various mechanis;Il\s have evolved 

to pl:otect nitrogenase from oxygen damage: These include: an 

anaerobic habitat tls' in Llos"tridium; respiratory protection as 

in Azotobacter; heterocyst formation as in cyanobacteria; 
<Ct • 

restriction of actiyi'ty to pe;riods of minimal oxygen-evolving 

photosynthetic activity as ln Gloecapsa; and leghemog~obin 
\ 

protection in lequme root noduies ~fallon, 198'1). The 
, 

nitrogenase activity i~ legume nodules ls also associated with 

hydrogen production, an inevitable consequence of the 

chemistry of nitrogen fixation (~och ~t al., 1957). The 
; 

wastage of energy in hydrogen evolutiqn can be, as high as 30' 

(reviewed by Eisbrenner and Evans, 1983). Ho~ever, certain 

o , 
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nitrogen .fixing systems possess a hydrogen recycling "uptake 
-

hydrogenaf!e", an enzyme encoded b~ the ~,up t>gene. Evidence is 

available to show that the uptake hydrogenase in root nodules 
Q 

" helps in the respiratory protection of nitrogenase by 

scavenging oxygen, in the recovery of energy and also 
, 

providing electrons for nitrogenase (Eisbrenner and Evans, 

1983). 

I.3.2 Ammonia assimilation 

Ammonia, the first stable pr~ct of nitrogen fixation 

by pitrogenase (Kennedy:, 1966), i5 excreted from the 
' ...... ~ ,> 

bacteroids and assimilated in the host cytoplasm. It is not 

clear whether ammonia is actively transported ~ut of the 
'\ .. , ,... 

~acteroids or is secreted in response to a pH gradieht (La~nè 

et,al., 1980; Gober and Kashke~, 1983; Blumwald et al., 1985). 

The ammonia is assimi1ated qulckly, as an excess is toxie to 

host cells. ~n the plant eell, glutamine is the initial 

prruct of assimilation. Glutamine synthesi,s could potentially 

occur in two ways: either by the enzyme glutamate . , 

dehydrogenase (GOH) or via the glutamine synthetasejg1utamate 
\.. 

synthase (GSjGOGAT) ~athway. Several studies using labelled 
, , 

precursors and ,·inhibi tors, (Ohyama and Kumazawa, ~978; 

1980~,b; Meeks et al, '1978) strongly suggest that the GS/GOGAT 
~ 

" 

'cycle is the predominant or exclusive pathway used in ammonia 
te 

. 
assi1lÙlation (reviewed by Mifl.!n and ,ullimore, 1984). In 

legumes of tropical and sub-tropical origin suçh as soybean, 

. ' 

''1.. 
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Figure 2A Ammonia assimilatory pathways in the nodules of 
~ 

, 'i ~ am~de and ure~de transport ng plants) (Reynolds et al., 1982b) •. ~ 
- ~ la. &. 

"PRPP- 5'-phosphoribosyl pyrophos~t~; PRAT-~'-phosphori~osyl 

"-., -, 

pyrophosphate amidotransfera~e; PRA- phosphoribosylamina; XDH­

xanthine dehydrogenase., 

Figure 2B Model for the ,cellular and subcellu1ar 

organization of the reactions involved in u~eide biRgenesis . 
(Schubert and Boland', 1984),. IMP- inosine monophosphate; XMP-

, . 
xanthine monophosphate. 
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• phaseolus and Vigna, glutamine ia ,incorporated into the 

ureides -allantoin and allantoic acid which are exp~rted from 

the nodule. On the other' hand, temperate legumes such "as 

alfalfa and lupin export nitrogen in the forro of the' amides 

glutamine and. asparagine (Thomas and Schrader, 1981; Reynolds 

et al., .1982a,b). Figure 2A ~ummarizeEf, the pathways of ammcmia 

assimilation'" in root nodules, and Figure 2B o,utlines a model 
ç 

forOthe cellular and subcellular organizatiçm of bio~ynthetic 

reactions involved _ in. the root \nodules of tropical legumes 

synthesizing ureides. 

I.4 Host gene's involved in symbiosis 

The metabolism of the plant is"modified in the legume­

Rhizobium symbiosis by the expression of a distinct set of 

genes which direct the synthesis of nodule-specifie host . 

pr~teins which have been termed nodul ins (Legocki an~ Verma 

19801 van Kammen, 1984; see Verma et al., 1986 for review). 

Nodulins are ipvolved in the developrnent, structure" 

naintenance and overall metabol ism of the root nodule and have 

been characterfzed from soybean (Legocki and Verma, 1980), pea 

(Bisseling et al, 1983) and a~falfà (Lang-Unnasch and Ausubel, 
> f-' 

1985). About. 20 nodulins were dètected by in vitro translation 

of polysomal nodule mRNA in soybean nodules (Legocki and 

Verma, 1979; 1980) and jO-40 moderate1y abundant soybean mRNAs 
\) 0 ./ 

were found to be nodule-specifie (Auger and Vermà, 1981). In ..... -(~ 

addit.ion, the expression of certàin other genes is either 

. --------- - --------------
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stimutated in nodule tissues (Govers et al., 1985), or 

sign!flcantly reduced· (Fuller et al., 1983). cDNA cloning of 

soybean nodule \mRNAs revealed that in addition to the 

superabundant lrghemOglObin, four other mRNA species of 

moderate abundance eonstitute about·8% of the total 

tuanscripts (Fuller et al., 1983). 
'" 

16 

g~ybeah co~tains four major leg~emoglobins,. encoded by 

a family of genes whose expression is under the control of 

Rhizob1um-induced nodule differentlation •. A number of 

peribacteroid membrane nodulins have been identified in 
-

,soybean. Nodulin-24, a pbm n~dulin (Katinakis and Verma, 
, t 

1985), has b~en detec~ed only in the pbm and not i~the p~asma 
... 

membrane of soybean nodules (Fortin et. al., 1985). Threè pbm 

nodulins have been. studied at the primary and secondary 
'1 

structure levels but nd,\ conserved features other, than overall 

high hydropbobici ty have been detected (Fortin et al., 1987). 
, 

Mutants of Bradyrhizobium iaponieum that block nodule ' 

development at several stages, induce progressively more~pbm 
~ 

noàulins as the block is located further in the deveJopmental 
~ . 

program (Fortin et al., 1987; Morrison and Verma, 19 7). The 

bacteria also appear to have an. influence on the stability o~ 
'1 

. pblt\ since certain ineffective (~ix-) strains of B.japonicum 
• e.g. 6lA24, fail t~ induce a stable pbm. This strain elicits a 

- , 
host defense response leading to tne production of glyceollin 

''''. "'" -'. . and 'nodule degeneratiq,n oceurs rapidly (Werner et al., 1984; ." 
, . 

1985). six other nodulins from soybean sharing sequence 

.. 
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,homologies have been described (Mauro et al., 1985; Sengupta­

Gopalan et al., 1986~ Jacobs et al., 19~7; Sandal et al., 
1 

1987). Homology among tne members is restricted to the'c 

terminal and N terminal ends, with variations in the dentral 

region. Their ~ubcellular localizations also vary between the 

'r/' cytosol a~d pbm (Jacobs et al., 1987). One possible clue to 
, . 

. , 

their in vivo function is that the conserved domains of the 
" 

proteins encode metal-binding sites (Sandal et al, 1987). _ - , 

These genes have apparently evolved from a common ancestor . ' 

(Jacobs et al., 1987). 

The nodulins that mediate metabolic functions of the 

nodu}.e have ~een termed "metabolic nodulinEtf" (Verma et al., 

1986). The better known ~embers of this cl.ass of nodulins are: 

nOduli~-;5~ a subunit of uricase II in soybean (Bergman et 

al., ~~83; Nguyen et al., 1985); xanthine dehydrogenase in 

\oYbeàri '(Triplett, 1985); an isoform of glutamine synthetase 

in Phaseolus (Lar~ et al., 1983; Cullimore et al, 1984); 

nOdulin-100, an isoform of sucrose synthetase (Morel and 
, 

Copèland, 1985; Thummler and Verma, 1987). Conflicting results . \ 

have be~n repo~ted for soybean regarding nodu!e-specific forms 

'of glutamine.synthetase (Sengupta-Gopalan ,and Pitas, 1986; 
('J' 

Rirei et a,l., 19?7). 

" "1 
, 

I.5- Bioloqy of 'Rhizobium 

B~cteria' whfch belong to. the:- family Rhizobiaceae 

" compris~ the genera ghizÔbium and Agrobacterium. They ara 9r~m 

. . 
" ' . 
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negative, non-spore fo~ing sho~~ rbds and are loosely 

classified based on thelr growth r~tes into fast-growers and 
... 

slow-growers, with average genèr~tion times of 2-3 hrs. and 6-

a hrs. respectively. The two classes also differ with respect 
, 

to metabolic pro~erties such as acfd or alkali production on 
t 

nutritiona1 media (Vincent, 1974). The fast-growe~s generally 

nodulate tem~erate(orage legumes sllch as alfalfa, clover anq 

sanfoin while the slow-growers nodulate tropical legumes ,such 

as cowpea, soybean, g and Phaseolus. Ba.sed on the,ir hOlpt range, ( 

bacteria are assigned to different cross-inoculation group~ 

(e.g. R.meliloti-alfalfa, R.trifolii-clover, ~.leguminosarurn-
, 

paa, R,iaponicum-soybean). It ia now known'that'a very 

stringent host specificity does not exist and that a~ingle 

Rhizobium species can infect several host plants. However, the 
~ .. 

" l:lmited species specificity 't7.hat is seen reinains àn intriguing 

aspect of the legume-Rhizgbi~ symbiosis. 
r- . 

The fast-growing Rhizobium sllch as R.trifolii, , 
1 

R.lequminosarum, and R.meliloti, have been extensively studied 
(;> 

for a number of reasons. They are readiIy amenable to genetic 

techniques such as transformation, conjqgati0n and 

transduction. Chemicalrmu~~enesi~ procedures have~also " 

l' 

yi~lded a variety of mutants that have allowed a genetic 

'" analysis ot their symbiosis. The combination of transposon Tn5 

insertion mutagenesis and molecular cloning techniques have 

lad to the identification of several genes invo1ved in thet , 
" symbiotic process (Beringer, 198,p; Rolfe and Shine, 1983). 

( 
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The slow-growing b~cteria, now assigned to the genus . 
BradyrhiZbbium to distinguish them from the fast-growers 

, 

(Jordan, 1982), have proved to be recalcitrant to genetic 

mani~ulations (Beringer, 1980). The isolation of biochemical 

19 

and symbiotic mutants has been difficult and unti1 recently 

transposon Tn5 mutagenesis has met with little success (Hom et 

al., 1984; Restas et al., 1984; So et al., 1987). Additional 

complexity in dealing with the genus Bradyrhizobium is 

revealed by the fact that based on DNA homology, serology, 

restriction site variation, phage typing and prote in profiles 

on SDS gels, the ~embers are highly divergent from each other 
0::., 

(Hollis et'al, 1981; Haugland and Verma,~1981; Stanley et al, 
!Ij 

-i985) and can'be subdivided into at least 2 symbiotic types 
/ 

g 

(Stanley et al., 1985). 

I.5.1 Bacterial symbiotic genes 
t 

, , 

Symbietic genes (~) are generally defined to be aIl 

genes necessary to establish an e~fectiv, symbiosis. Th~ 
genes can be divided into 3 broad fun~nal categories: 

the ptructural genes that encode the polypeptides of 

nitrogenase; i1x - alÎ genes that are known to aid in the 

biochemical process of, nitrogen fixation; nod.- aIl genes thât 

are involved in the formation of â nodUle structure . 

. I.5.2 Organization of symbioti~ genes 

In several fast-growing Rhizopium specias, the <-~ 

fs. ~~~-~---~--~ ---~-- --
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called §Ym plasmids (reviewed by Prakash et al, 1980). Severa1 
't: d 

studies have shown that some genes involved in nodulation and 

nitrogen fixation are located on large, transmissible plasmids 

which can be cured by cultivation of bacteria at higher than 

oPtimal~femper~tures '(37°C). In addition to tli.e plasmid-borne .:r 
~ . . 

~ genes, chromosomal1y determïned functions are also 
,.. 0 

involved in the establishment of a nitrog~n fixiqg nod~le. 

'(Rolfe and Shine, 1983). The biol'ogical functions that are 

known to be"associated witb §YID plasm\ds in Rhizobium~are 

listed in Table 1. 
. . 

The nitrogen fixat.ion genes are well characterized in 

, the fre~living b~cteriurn ~lebsiella pneumoniae (reviewed by 

Cannon et al., 1985). $eventeen nif genes have been idéntified 

and mappe~ as a contiguous c[uster between hisG and sh±A. Th~ 

physica1 location of aIl the nif genes have been determined 
~. 

"-
and detailedJrestrict~n'maps of the 23 kilobase region of DNA 

which they span, have been established. Transcriptional 

etudies haveOidentified 7-8 operons and nucleoti~e sequence 
, 

studies have shown that the nif promoters share 

characteri~tics which clearly distinguish, them from otner 

, promoters of Enterobacteria (Better et al., 1983). Using 

.. 

cloned .n.!! genes from K.pneumoniae as hybridizat'ion 1probes, 

. tlùa corresponding genes from' R.meliloti (Ruvkun and Ausubel,r 
G> , 

1980), R.leguminosarum (Homl:;>recheret al., 198,1), R.phaseoli 

(Quinto et al., 1982), R.iaponicum (Hennecke, 1981) and (J 

\, 

.. 

\......-

1 
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Table 1 Biologieal Functions Located on Sym Plasmids in Rhizobium Strains 

Medium bacteri0ycin 'Produ~tion 

(Mbp+) 

Repression of smpll bacteriocin 

d i (Rsp+) ,. pro uct on 

~ 

Nodulation abi+ity 
., 

Root adhesion (R9a~ 

[ 

Hair curl~ng (Hac+) 
, 1 

1 . ( 
Host r'ange specific~ty 

Nodule function"(Fix+) 

Nitrogenase enzyme complex 
-~ . .,. , 

nif_ H (Fe-protein) 

nif D (-subunit of Mo 

, Fe-protein) 
" 

Hydrogenase (Hup+) prod~ction 

, , 

-

Genes ~nfluencing ce Il surface poly-

saccharide-synthesis 

1..-, + 
Pigment pr6duction (Pig,) 

Transfer functions (Tra+) 

Incompati bility 

Chromosome m~~iliZatiQ~ ,ability 
\,.:, ), 

(Cma+)" " 

(Adapted from Shine and Rolfe, 19'3): 
'1 0 

Be'ririger ,et aIt" 1980: Brewin et al." 

1980a 

Dj ordj evic et al.. 1983 

Rolfe et al., 1981; 

Hooykaas et \~'à.l., 1981 
# 

Johnston et al'., 1978; 'Rolfe et al., 1981 
~ .' 

Djordjevic et al"oI983; Forrai et al.~ 

1983 
, ' 

Tr~chet et al., 1983; Rosenbèrg et al., 
". 

Q 1981 

Brewin et a~., 1980b \, , 

" ~ . 
d 

Nuti et,al., 1979; Hombrecher", al,., 
<> ~ 

1981 

aMorr ison et al., 1983 .. 

Brewin et al., 1980c • 

Carlson et al., '1983; Kuempel et al;,-.. 
1983 ,fr 

Beringer e't' al., 198Q; Lamb ~ et al., 

Beringer et ai., 1980 

Beringer et al~, 1980 

Béringer et al., 1980 

"'; .. 

r 

• 
, . 

.. 

'. 

1 

Î 
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R,parasponia _ {Shin~ et al., 19&3 r have -been 'ident-ified. Two 

key observati~ris d letl ~o t~e suggestion that ~ertain aspects of 
. -0 ' 

nif control in Rhizobium are"very similar' to nif control in 

I<.~neurito.niae (AUSUb~1 et al. 1 1985). Eirstiy, nif promoter 

structure is highly conserved (Better et al., 1983) between 

~ various: Rhizobi,um species -apd-1<.pneumoniae !?ugges'ti:mg that the 
~ ," '1\ 

Rhizobium nif gene~ are regulated by pomologues of the 
a ~ 

K.pneumoniae regulatory genes nif A and/or ntrC. S~condly, a 
,/ 

R.meliloti nIf regulatçn;y gene"~hich maps 5 kb upstr~m of the 
, ~. " 

nifHDK operon is approximately 50% homologous to ,both ." 

. ~'On~umo'niae nif A and ntrC in the central 200 amine acid 
,'\.: -- ---,- oc 

ragion that' is also consèryed between the two K.pneumoniae 
'l C 

proteins '(Buikema et al., 1985). Moreover, the identification . )' , ~ 

of more genes~that are K.pneumoniae nif like (nif ABE, ntrC, 
b 

fj,XABC) in Rhizobium has given credence to the suggegtion of 
, , 

similar\ pathways iof ni trogen regulat~on in asymbiotic and 
Co 

symbiotic nitrogen fixing bacteria, (beBruii.~n -et ÇlI~', 1~84). 

( , 
4" \ • 

1.5.3 Nodulation genes 
~ 

,The Jirst nodulatlon genes to be identified were those " 
, 

that epcode the root hair curlin9 (hac) abili ty in. R. melilot! 0 

- ~ , 
(Long et al., 1982). They are present on the .êYID plasmid in 

the fast-growers and fall wi thin a 14 kb region in 
<Il 

R.leguminosarum (O;wnie et al., ~98j), R. tri fol ii l (Schofield 
..... ·~f(i 

et al., 1984) and in two regions separated by abotl't'1:2 kb in 

R.mell:1oti' (~J.;. 1982; Kondorosi et al.>. 1984). Based 

" , 

" 
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'. l.... Q " on their phenotypl.c !>roperties the nod mutants cano be grouped 

into 2 \broad ~ategories: <1> those "that completely lose th~r 
abili ty to induce root hai'!' , curling; these ~utations map to ' 

fi " 

the nOdABC operon and totally block nOdulation; and' (2) those 
fi 

thatdexhibit impaired nodulation ability, the level of which 
,,' 0 

may vary ~n different hosts (Downie and Johnston, 1986). ~o~-

mutants deficient in" root hai-r curling can be c-.uplemented for 

'nodulation on their normal host plant with corresponding genes 

from a 'heterologous Rhizobium species (usually referr-ed to as 

"common nod lt ), suggesting ,th'at these highly conserved root 

hair curling genes' (nodABC) are not involved in host-specific 
(\ ..,. t" 

recognition. Another gene nodD which is transcribed 

divergently from nodABC was until recently believed 'fo be a 
f) (v' 

. 'Part of the common nod cJ:uster, but 'recent evidence suggests 

&.'ot~erwise (see next section). The biochemical roïe of the 
f • 

nodABC products are not known. The nodC product has a 
~"'\' . "' 

hydropbobie carb6xy terminal -end a~d is associated with the 

bacteriaI' outer membrane'" (John et al, 1985). Thé nodABC genes 
" . . 

'ar,e in one t,ranscriptional unit, which in' R.legurninosarum also 
,~:;..:'~ ~" , JJ 

contains two ot~er genes; nodI,J. The predicted amino ~cid 
- p 0 

sequence of nodI protein shows a marked homology to that of a 

group of _bacterial ATP-binding proteine involved in active 
<-

,transport. The nodJ gene enc.odes a very)hydrophobic integral 
, 

,-

membrane protéin that may function in conj unction wi th the 
., 

nodI prote in in the uptake of sorne plant-made met~bolite(s) 

o Cb.._dEVans and Downie, 1986 

" 

ù' 
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Other nodu1ation genes have been imp1icated in host 

recognition on the basis that mutations in these genes are not 

eomplemented by genes fro~ a heterologous species of 

Rhizobium. Two of these genes, nodF ahd nodE (also called h~nA 

and hsnB for host ~pecific nodu1at!on), are homologous among 

ij:.leguminosi\rum,' R.trifolii, and R.meliloti and are presumably 
- ~~ 

allelie variations (Downie and Johnston, 1986). Interestingly, 
, 

i 

1 

a strain of R. trifolii carrying a mutation v wi.thin, the nodE 

\ 

gene was shpwn to acquire the abili~y to nodulate peas, al1eit ~ 

at a very low level (Djordjevie et al., 1985) fou9gesting that 
./ \ 

host range could be negat!vely controlled. The predicted amino 

aci4 sequence (of the nodF gene product resembles that of acyl-
. ~ 

carrier-proteins from bacteria, plants and ~nimals (Shearman 
). ,) 

et' al., 1986), especiaJ.ly around a ~er'ine residue that b)nds' 
t) 

the'phosphopantethine cofactor. Since deletion of nodF in 

R.leguminosarum does not affect its growth, it is clearly not 

essential'to Rhizobium, fatty acid biosynthesis; however, it 

may have ~ role in lipopolysaccharide (LPS) or 
~ 

~ exopolysaccharide (EPS) biosynthesis. Two other host specifie 
} ~ 

nodulation genes, hsnC and hsnD (also called nodG 'and nodH) , 

have been identified in R.melïloti (Horvath et al., 198~). The 

hsnD determines the hostrspecific root haiF curling event 

mutations within the hsnABC genes affect infect'ion 

development. The putative nodG polype~tide shows h 

, ,ribitol dehydrogenase of K.pneumoniae 
o • 

involved in sugar metabolism (Debelle et'al.; 1986). rt i6 
"" 

J 0 

1 

\ 
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possible t~at such host-specifie nodulation genes encode .. 
. ~ ~ 

products involved in the synthesis of a new type of bacterial 

\ 

outer c..oa~ that is recognized by the plant (Downie and 

Johns1;.,on, 1986). 

In B~japonicum, a combination of ran~m transposon Tn5 
CJ c. . 

mutagenesis 'and site directed mutagenesis ha~ identified 
, 

several genes. Regensbtlrger et al (~.986) h~e defined at least 

10 intlependant fix genes in B.japonicum 110. Guerinot and 
-

Chelm (1986) have reported a gene, hernA, thatois involved i.n 
""l\ 

dheme synthesis but is not essential for symbiosis. Nieuwkoop 
, " 

• v • et al (1987) defined a locus encoding host range specificity 
o 

of B.japonicum 110 and Marvel et al (1987) describetl a locus 
g \ 

in B.japonicum Rp501, encoding nodula~ion.functions for non 

legumes. Both.loci were found to be close1y linked to the 

common nod genes 

h~ve de~ribed a 

r~quired for the 

in these strains. Morrison and Verma (1987) 

gene in B.japon~cum 61A76 which appears to be 

release of bacter~ids from infection threads. . ~ 

" I. 5.4 Regulation of nod gene expression 

The regulation of nod gene expression has been analyzed 
. . . 

in different Rhizobium species by placing the Escherichla coli 
" 

:lacZ gene under the control of the nod-gene promoter~ (R~ssen 

et al., 1985; Mulligan and Long, 1985; Innes ,et al., ~985). 

The nodO gene is expressed constitutively but there ls little 

or no expression of other ~od genes unless ~he bacteria are 

exposed to a plant factor that is present in legu~e root 
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exudates; this implies'that in the rhizosphere there is a 

strong induction of nod gene expression. This induction does 

not occur in strains mutated in nodD, suggesting that this 

gene regulates the induction of other nod gene transcriptional 

uni~s. In R.~liloti 3 co,pies of n,oaD .. have been ~ete~ted on 

the sym plasmià, 2 of which' (nodDl and nodD2) are necessary' 

for efficient nodulation of alfalfa (Gottfert et al., 1986; 

Long et al., 198~). Moreover in R.lequminosarum, nodD may be ' 

autoregulatory since it inhibits the expression of a nodD-lacZ 

fusion (Rossen et al.-, i985). A comparison of DNA sequences of ' 
, 

~ from several Rhizobium species suggests a nucleotide 
~ 

sequence homolegy of 50%, with the amine terminal end being 

the most conserved domain (Horvath et al., 1987). This 

conserved domain ~hibits significant homology to the "E.coli 
" . 

regulatory prote in lysR (Applebaum et al.,:1985; Horvath et 

al., 1987). InterestingIy, a nO~D gene from Rhizobium strain 
\ 

MPIK3030 can nat onlY,suppress nadD mutations in R.'meliloti 
~ 

" but can also extend the host range of R.meliloti 

transconjugants to include Macropvilium atropurpureum 
1 

(siratra). Furthermore, the MPIK3030 nadD is able tOr,interaet -

,with plant factors from its !lat ive host siratro as weIl as 

fram alfalfa. These results show that the nodD protein host-
-';f 

'specific~lly mediates the regulation of nad genes and 
1 

_ \. . .J 
therefore can no longer be termed a common nadulation· gene 

:. 

(Horvath et al., 1987). 
,.J 

The plant factors th~tv regulate na~ gen7s i st~la tors 
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or inhibitors) have also been identified using gene fusions to 
- 1 /-

lacZ. The inducing molecules turn on~rrod genes at very low , 
• 

concentrations and they include flavonoids such as luteo1in. 
~ 

,(from alfalfa, Pet ers et al, 1986), 7,4'-dihydroxyflavone , 
(fr~m clover, Redmond et al, 1986), and naringenin (from pea, 

'Firmin et al~ 1986; Zaat et al, 1987).' Moreover, 
; , 

transcriptional activation of nod gene promoters by 7-4' 

dihydroxyflavone was found to be growth phase dèpendant with 

m~ximum stimulation in early, log phase cells. This was found 

to he tru~ for the constitutive nodO gene as weIl. Inhibitory 

compounds pre~ent in white clover root exudates were 

identified as
t
umbelliferone (a coumarin) and formononetin 

.. 
!soflavone). An interesting observation that aIl strong 

stimulatory an~ inhibitory compounds possessed a 7-hydroxy' 

moi~ty suggested that there was one binding site for these 

Pcompounds. When the ~hibitors were tested at a 10-fold molar 

excess over the stimulatory compounds a complete inhibition'of ~ . 
non gene induction was ~served (Ojorrjev~c et al., J987a). An' 

intriguing f~ature of the regulatory molecules is that an 
é 

in~ibitor of nod gênes i one Rhizobium strain can act as a 
. 

stimulator of other genes in another Rhizobium strain. , , 
oiadzein, a repressor of nod genes"in R.leguminosarum (Firmin .. 
et al., 1986) and R.trifolii (Ojordjevic et al., 1987) has 

If 

been reported to be a stimulator in R,japonicum (Sadowsky et 

al~, 1987) of a anot~ set of bacterial genes (OIson et ~l, 

1985), not related to nod. As the response to regulating 

\ "~ - . 
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molecules is very rapid, it is believed that the reg\llators 

either traverse the bacterial cell wall or perhaps there id 
/'" 

sorne involvement of an active membraq'e-bound uptake or 

28 

transmemb1-"ane signalling system. It iVl also possible that the 

-phenolic compounds act at a common ,membrane site and ,that a 

secondary signal is responsible for the induction of nod 

genes, either in combination with the nodD product or perhaps 

by activating the nodD product itself. Stimulatory compounds 

may medilte the conversi~n of nodD product to a positive 

regulator while the inhibitory compounds may compate for and 

occupy the binding site resulting in poor or no activation of 

the nodD pro~ct; Th~ activated nodD product maycstimulate 

transcription from the "nod box", a highl:r conserved 40 
, 

~uc;eotide sequence that has been found upstream of aIl 

inducible ngg operons (Rostas et al., 1986; Schofield and 

Watson, 1986; Shearman et al., 1986). 

True to the nature of symbiosis, Rhizobium also appears to 
Q 

sand signaIs to plant roots. ~he effects include root hair 

deformation, r-oot growth inhibition and the thick and short 
J r 

-root phenotyp~ (Bhuvaneswari and Solheim, 1985: van Brussel et 

al., 1986; canterslcrammers. et ~l., 1986). Genetic loci on the 

~ pla~roid as weLl as on the chromosome are required for the 
( 

synthesis of these small molecular weight compounds. The-exact 

role o~e compounds for the"establishment of an effective Ft'> 

symbiosis and their relationship to indoleacetic acid (IAA) . -

and cytokinins'produced by Rhizobium is unclear (Badenoch-
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Jones et al., 1983; Phillips and Torrey, 1970). A model 

;-9utlining the events of nodulation', is shown in Fig. 3. 'In 

response to nod gene induction the bacteria appear to 
<' ' ."!J 

29 

'X 

synthesize low molecular weight factors that induce root hair 

deforrnation and branchin~ on clover (Bhuvaneswari and Solheim, 

1985) and in case of a smail '~eeded legume, in~ibit overall 
l 

"root growth (van Brussel et al., 1986). These factors may be 

molecule's of pl~nt origin that are modified by the nodABC gen~ . 
products. Such signal molecules may also be involved in the 

maintenance of infection thread development and the induction 

of early nodule meristematic development <9ownie and Johnston, 

1986) • 

1.5.5 Import~ce of cell surf~ce 

The fir~t point of contact between the symbiotic 
o 

partners, is the bacterial surface. Hence, it is reasonable te 

predict that the bacterial mutants ~lteted in surface 

components will somehow be altered in symbiosis. Mutant~ 

resistant to bacterlophage have been shown to have altared 

symbiotic properties (Kleczkowska, 1965). A correlation 

between antibiotic resistançe and symbiosi~ has also bean 

described (Schwinghamer, 1975). In B.~pon1cum, ineffective 

and non-nodulating mutants were shown to lack a surface 

antigen associated with the 0 antigen of the LPS (Maier and 

Brill, 1976; 1978) '. Another report makes the correlation 

between phage resistance and nodulation (Stacey et al, 1982). 

\. 

., 

i-
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Figure 3 : A modal outlining the 
t

el 
"""'\: 

avents of nodulation. 

o 

(Adaptad from Downie and Johnston, ~~6). 
,. 
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Thé role of polysaccharides in nodulation has been 
Jo 

controversial (Banders et al., 1978; Sanders et al., 1981), 

~6wever, convincing evidence is now available with'the 
, 

isolation of Tn5-induced mutants which show th~t, 

exopolysaccharide (EPS) is essential for nitrogen fixation in 

the nodule (Chakravorty et al., 1982). In R.meliloti, 
, , 

, 

mutations in genes involved in EPS synthesis' (~ loci) 

resulted in thè formation of nodules without infection thre~ds 

and few bacteria could }je see'n withiri interoellular spaces 

" rather than within nodule cells (Finan et al., 1985; Leigh et 

al., 1985). Thus, it appears that EPS functions in the , 

initiation of'the infection thread and/or in growth of 
f' 

~bacteria within. In Agrobac~erium tumefacieos, the loci chvA 
.. '. . \ . and chvB are known to be essent1al for a~tachment of bacter1a 

tq plant cells and oncogenic transformation of dicotyledonous 

plants (oougtas et al., 1985). The chvB ~ene has been 

implicated iAthe synthesis of an unique EPS, B-1,2 glucan , 

(Puvanesrajah et al., 1985). An analogous locus (called ndv) 

has been stuctied in R.meliloti and mutations in this locus \ 
, . 

have been shown to'be important for nodule development (Dylan 

et al., 1986). Borthakur et al. (1985) identified a gene, psi 
\ 0 

(for 'polysaccharide inhibition), located close to the nod 

genes on the §Ym pla~rnid of R.phaseoli. This gene product 
, , Il 

which is possibly rnernbrane-associated (Bo~tha~ur and Johnstonj 
\/ (f 

1~87) ·inhibited EPS synthesis and nodulation ability when 
, 

'cloned in R. phaseoli on a multicopy plasmide A second-gene, .... 

", 
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restoration), also l~cated on the §Ym~plasmid, 'overcams"the 
1 

EPS and nodulation de~ects of psi, when it was ~loned on a 

mUlticopy,plasmid. Using lacZ fusion~t has been further 
~ , 

demonstrated~that trahsèription of ~ was ~nhibited by ~c ... 
(Borthakur and Johnston, 1987). 

I.6°A mutational approach to the analysis of symbiosis 

The primary reason fpr is~lating and ch~racteri~~nq a 

mutati~~ is to as~es~ i ts consequ~nce, or, in ge..1etic 

'~erminology, its phenotype. In an ideal mutation experiment, 
,;1 

two organisms are submitte~ to careful"comparison, 6~e being, 

mutated at a known site 'and the other lacking the mutation. 

Any observed difference between the two is then attributed to 
~ 

the mutation; by,characterizing this difference, inferences 

can be made about the function of the'corresponding wild-type 

~gehe. One approach to designi~g such an experiment is to begin . 
wi~h a phenotype of interest (such as a failure to initiate 

symbiosis) and after mut~genesis, search for mutant 'organisms 

, that exhibit this phenotype. The mu~ation can then be 

characterized by genetic mapping, cloning 'and sequencJng the 

~wild:type and mutant genrs. This method, where the phenotype 

determines the selection of the mutation for analysis, has the 
. 

advantage that each new mutation has a high~probability of 

co~tributing to an understanding of ehe phenotype of interast 
~ . 

(Botstein and Shortle,1985). , 

Several studies have used the mutational approach in 

, .. 

" 
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"" - " Rhizobium to help,in understanding symb~osis. Classical 

mutagenesis procedures using a va~iety of physical 

(ultraviolet rays) and chemical' agents (nitrosoguanidinè, 

nitrous acid, etc.) have yielded symbiotically defective 

mutants. In many °instance~ the symbiotic defe~ts were also 

34 

linked to auxotrophy or 

However, the limitation 

altera~~ions in the cell -surfa~e. '\ 

of using such mutagenizing agents wasL 
\. 

the ipability to restrict or eliminate the secondary mutations 

also caused by the agents. A revolutiqnary devèiopment i~ 
, 

. mutagenesis came with the realization that naturally occurring . 
transposable elements could'be used to-~enerate insertion 

. 
. -mutiiti'ons. Unlike chemical or radiation mutagenesis, ... 

transposon mutagenesis usually result~ in single, unique 

physical dlterations in the gene that has been mutated. The 

single most important advantage of trqnsposon-tagging any gene 
1> 

;'f interest.is the posslbility of cloning -the mutated gene by 

~ molecular techniques (Botstein and Shortle, 1985). Transposon 

Tn5 m~tagenesis has proved to be an effecëïve tool in the 
~ 

identif~ca~ion'of symbiotic functions, especial1y in Rhizobium 

species (Buchanan-Wollaston et al., 1980; Meade et al., 1982: . , 

Lamb et al., 1982; Schofield et al., 1983; Kondorosi et al., 

1984) and it has been successfuIly used fpr the physical ,and 
-genetic characterization of symbiotic genes at the mo1ecu1ar 

level • 

/ ' 
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I.7 Rationale for present work 
'. 

Whereas knowledge about §Ym genes has progressed 

rapidly in the genus Rhizobium, relatively little"progresB has 0 

been made in Bradyrhizobium. Alttiough a few highly conserved . 
" , 

fix and nod genes have been cloned using hybridization probes 
" o 

'from other previously charaèterized Rhizobium species (Hahn 

. and Hennecke, 1985; Russel et al., 1985; Fuhrman et aL,: 

-~85)·. thi~ approach. '~s limit~d in th~t it ~nl.Y alla')'" the 
- , 

definition of genes that are common to aIl root nodule - ~ 

- , . 
b~cteria. It is, therefo~e, important to, establish a random , 

t ~ 

mutagenesis procedure, so that a range of mutant§ blockeq at 
" ! 

o 

différent stages of symbiosis can be obtainèd. 

Characteripation of such mutants and the genes involved may 

allow the dissection of the legume-Rhizobium symbioBis. at, the 

molecular level. 

In this~work( transposon Tn5 was used to generate~ 

, 
/; 

j 1 < '6 
several symbioticallY,defective mutants i~ 5.japohicum (Rostas 

'et al., 1984). Two classes of symbiotic mutants hav~~en 

characterized:'mutants with an altered cell surface as seen by 
o 1 

resistance to' a strain-specific bacteriophage; and mutants 

. that are auxotrophic for histidine (Sadowsky é€ al., 1986). 
l 

~The DNA regions encompassing the muta~ions have been cloned 

and th; wild-type regions isolated from a genomic cosmid 

library. The wild-type fragments have been shown to be 
~J ~ 

authentic by genetic complementation of the mutations. -

'J 

.... " 

) 



.. --------------------~-----------~. 

( 

, -~-

9 . 

( 

. -.) . 
·r·· • C 

36 
" 

XI. l Materials 

II.l.l Bacterial strains 1 0 

Bradyrhizobium japonicum 6lA76 was obtained from the 

Nitr~qin Company. B. jap~~icum USDA 122 was "Obtaine~from Dr. " , 

H.J. Evans, Oregon state Un~versity, Corvalis.' The 
. 

bacteriophage specific for B. iaponicum 61A76 was from Dr. G. 
\ 

stacey, University, of Tennessee, Knoxville. Escherichia coli 

WA 803 containing pGS9 was irom Dr" V. N. Iye~, Carleton 

Uni versi ty, ottawa. AlI.! other plasmids were obtained from ,the 
~ v' 

authors cited in the texte 
. , ( 

;I.l.2 Media and growth conditions 

. AlI E. gol i strains were .grown Ül" Luria Ber.;tani (LB) ,broth" 
~ 

(Maniatis et q.l., 1982). slow-growing B. iaponicum strains 

were ...... ··grown aerobiqally at 25 t.o 28 0 C in etther' 20E , medium 
---. 

(Werner et al., 1978'), or 'Yeast extract mannitol (Y~M) medium 

,(Vincént, 1970). Auxotrophic tests were done in the minimal 

medium described by Bishop et al. ,(1976). 

II.l.3 Sources of chemicals and enzymes 
'. " 

) AlI chemicals wer~ of high purity grad'e and were obtain,ed. 

from BOH, Boehringer M~nfiheim, Sigma, oifco lfboratories t or 

Bethesda Rese!lrch Labor~ories (B •• R. L. ). Restriction and. 

modification enzymes were either, from B.R.L. or Boehringer ' 

Mannheim. . . 
. r 

.. 
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II. 2 Methods 

II.2.'1 Bacterial 
<1 

matings 
, 

aacteria1 conjuga~{ons were 0 dc:>ne by the 'triparéntal mating 

sy~tem of vDitta et ~Ü. (1980). The Escherichia coli cultures . '" 
, ~ were gro~n overnight. in LB at 37 0 C containing appropria,te 

antib1k>tics. The strain cOJ'ltaining the he1per plasmid, 

.. 

t • 

I~ , 

pRK2013, was simi1ar1y grow~n LB containing 50ug/ml 

,kanamycin. Recipient cultttes were grown e~ther in 20E medium 
. , 

or YM at 28 0 ,C, to mid-Iogarithmic phase. Cells were harvested 

by centrlfu~ation "in a Sorvall centrifuge at 12',000xg for 10 

minutes at room temperature.o The cell pellets were washed once 

with sterile saline, resuspended in either water oJ fresh­

~edium. Equal volumes of donqr, he:per ,and recipient cu~ures 

were mixed and ferced ento a sterile Millipore membrane filter , 

(-0.45U py--size) The filter membrane was transferred to a "'20E 

or YEM agar plate and incubated at 28 0 C for 3 days. The 

'~ fil ter paper was then aseptically transferred to tubes , 
containing 2 ml sterile water vortexed vigorously and aliquots 

were plated on appropriate selective plates. In control 
t, 

experiments the donor and recipient cultures alene were plated 

on s~lective plates. 
.. 

II. 2 . 2 screening of transconjugants 

Tran$conjugants that grew on selective plates were streak­

purlfied on the same \selective plat.es and then stored in . 

\, 
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" microtiter 'plates in 50% g.1ycero1 at -70~j c'. 

Auxotr~phic tests were done ,as per the method of Holliday 
"' 

(1956). The transconjugants we"re transferred from the , 

microtiter dishes onto Bishops minimal medium wi th 0.1% 

arabinose as carbon source. After incubation at 28 0 C for 1.0 
-..r 

days colonies that did not 9l;ow or grew ve,ry poorly were 

identified and retested on minimal plates containing various 
" ~ 

combinations of organic nitrogen sources as descr,ibed in the " 

auxotrophy scheme. The identified auxotrophs 

e retested with and without the spec.tfic compound to 

phenotype. Reversion to prototroppy was test,ed by 

growing the auxotrophs r liquid cultures wi thout antibiotics 

and p'lating them on Bishops minimal medium withôut 

antibiotics. 

II.2.3 Plant infection tests 
v 

The symbiotic phenotypes of exconjugants were tested by 

t~ split~root assemb1y system of Koss1ak and Bohlool (1984). 

Pre1iminary screening(were done ~n \Glycine soj ~. The seeds 

were su;,,-rface-steri1ized by soaking in 4% calcium hypochlorite 
, ,.~ .'. 

for 20 m~nutes, fol1owed by several cycles of rinsing with 

. sterile water. The seeds were scari:fHed wi th a sterile scalpel 

al1d germinated on water-agar plat~s. Seedlings ~ere 

transferred aseptically to sterile plant-test assembl ies. The 

assemblies were made as ~ ~~ws. Into a large test-tube were 

... placed a few pieces of small rocks, fo11owed by a short length 

o 
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- pf absorbent string. The tube was filled with pre-wetted 

verniculite or a 3: 1 mixtul"e of vermiculi te and perli te. out 

10-15 ml of O. 4x Hoaglands nutrient solution (Hoaglands 

Ar~on, 1938) were, added, the tube was covered with alumi 

foi! and autoclaved. Germinated seedlings were transferred to 

tl:le' tubes, inoc~lated wi th the ··appropriate bacterial culture 
. ~, 

and the seedling covered with a 1 cm layer of paraffin-coated 

sand. The tubes were placed in wooden racks and transferred to 

plant growth chambers. The plants were watered each week wi th 

sterile· Hoaglands nutrient solution anq scored for their 

symbiotic phenotype after 3 weeks. Potential sy~biotic mutants 

were retested in triplicate for 2 cy.cles on G. soj a followed by 

1 cycle on Glycine max cv Prize or cv Lee. The ni trogen- fixing 

activity of root nodules was tested by the acetylene reduction 

assay (Hardy et al, 1968). Root systems of thè entire plant 

were transferred to 75 ml serum bottles and capped with serum 
, 

stoppe~s. 7.5 ml of acetylene were inj ected through the septum 

and the bottles incubated at room temperature. 1 ml samples of 

l~ the gas mixture were withdrawn at 15 minute intervals in 1m1 

disposable syringes and the gas mixture stored by piercing the 

need1e on rubber stoppers. 0.5 ml of the gas mixture were then 

injected into a pye-Unicam gas chromatograph with a Poropak N 

colullln. The oven temperature was set to 75° C, and the 

injector and àetector were set to 150 C. A standard ga~ 

'"" mixture of 10% acetylene and 1000ppm ethylene were run at aIl 

settings of the attenuator to determine standard peak he~ghts. 
' .. 
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The peak heights of samp1es were used to ca1culate the 

acetylene-reducing activi€y of 'each plant. 

II.2.4 Root hair curling studies 

The rbot hair curling assays were perform~d in Fahreus 

~lide chambers (Fahraeus, 1957). sterile seeds of G. soja 

which were pregerminated on water agar plates were placed on 

40 

'J 
~the open end of the, microscope slide chamber and inoculated 

with 0.1 ml of a logarithmic culture of the'mutants tnd wild­
, v 

Ir type. Three replicates of each culture were exam1ned for 
1 

several days at regu1ar intervals, under a Zeiss 

, photomicroscope with bright field illumination. An equiva1ent 

number of uninoculated control plants as we1l, as plants 
~ 

ino,culated with a heterologous bacterium R. meliloti were also 

examined.{ 

, 
II,2.5 Light and 'Electron microscopy 

~odulé tissue from wild-type and nodule-like tissue from 
f 

mutant-inocu1ated plants were cut into 1 mm pieces and fixed 
'\ 1 

in gl~taraldehyde-paraforma1dehyde at 4~C overnight. The fixed . " 
tissue ~as washed thoroughly in O.lM s'odium cacodylate buffer ~ 
(pH 7.2) and treated with 1% pS04 in sodium cacodylate buffer 

for one hour. Following extensive washings with O.lM sodium 

~acodylate buffer, the tissue was dehydrated in an ethano1 

series over ten to twelve hours and embedded in Spurr resin by 
t//!~ t , 

slow infiltration over two days an~olymerization at 6SoC 
t 

overnight. Thick sections were prepared for light microscopy, 
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\, stained witll toluidine blUe and photographed 1i:9 a ~ei •• 

photomicroscope. Thin sections ~ere mounted on a ~iekel grid 

with ~arbon coated Forrnvar films, stained with uranyl ~cetate 
-, 

and phosphotungstic aeid and examined using a Philips-200 EM. 

II.2.6 Isolation of baeteriophage-resistant mutants J ' 
A 0.2 ml aliquot of a 6lA76 specifie phage stock (IOIO~ 

pfujml) was spread on YEM plates. The Tn5-transconjugants from 

microtiter wells were transferred onto phage agar plates' and 

incubated at 28 0 C for 5-7 days. Colonies that appeared 

resistant were retested by streaking the bacteria aeross a 

previously streaked phage suspension. 

, , 

-II.2.7 Phage adsorption 

Adsorp~ion of'ph~ge to the r~istant cells was determined 

as follows: Logarithmie cultures of the te~t strains were 

infected with O.lml of a 105 pfujml phage suspension and 

incubated at 28 C for 3D minutes. The infected bacteria wer~ 

centrifuged in an Eppendorf centrifuge for 10 minutes and 
p 

appropriate dilutions of the supernatant were plated on a lawn 

of sËmsit'ive host cells to estimate free phage partiales. 

Controls of the phage suspension alone, wild-type cells and a 

heterologous host were do ne at the same time. 

II.2.8 Physicalc:~aIYSiS 

Genomie DNA from Bradyrhizobium japonicum cultures was 

-
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isolated as per Haugland and Verma (1981). :yate log phase 
. 

cultures were washed TE (lOmM Tris-Cl pH 8, l.mM EDTA) 
t> 

and resuspended in a half-v lume of TE. Predigested pronase , 
"-

and SDS were ad~ed to a fil(} l concentration of 1mg/ml and 1% 
J 

respectively, and incubated at 37oC. Lysis was usual1y 

observed within one hour. The lysed cella were extracted with 
• . . 

an egual volume of phenol, phenol-chloroform and chloroform 

and the aqueous layer precipi tat~d with 2 volumes of ethanol. 

The DNA was recovered by centrifugation at 12, OOOxg for 10 

minutes at 4oC, the pellet washed with 70% ethanol, dried 

briefly and resuspended in a suitable volume of TE. The DNA 
'-., 

was dialyzed with several changes of TE buffer for small-sca1e 
tt 

preparations ànd purified on CsCI gradients for large-scale 

preparations. 

Restriction enzyme digesti'ém was carried out in the 

appropriat~ buffer recommended by the manufacturer. The 

digested DNA was electrophoresed on 0.7% agarose gels in Tris 

acetate buffer (lxTAE, ~OmM Tris acetate, pH 8, 2mM EDTA) at 

2vjcm, stained in lx TAE containin~ 1ugjml ethidium bromide 

and °visualized on a short wave W transilluminator. 

\ 

r;.2.9 Southern blots and hybridization~ r 

Transfer of electrophoresed DNA to Genescreen (New England 

Nuclear) was done as. described by Southern (197 S). The agarose 
@. 

1
1 was denatured in Q,.5M NaOH, l,SM NaCl for 30 minutes 

fo lowed by neutralization in lM Tris-CI, o. SM NaCl for 30 
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minütes. The DNA was transf~ red \overnight using 2x SSC (O. 3M 

NaCI, 0.03M Na citrate) a transfer buffer and immobi1ized 
dl< 

onto the support by baking at 800C for 2 hours. 

The ONA filters were pre-hybridized in heat-sealable baga 

a~ 65 0 C, in a solution containing 6x SCP (lx SCP is O.lM NaCl, 

j' 0.03 M Na2HP04 and O.OOlM EOTA:') , 0.1% sodium sarkosyI, 100 

ug/ml calf thymus DNA and 5% d,extran 'sulfate. 32P-label1ed 

radioactive probes were prepared by the nick-translation 

procedure of Rigby et al (1977) and about 106 counj:s were 

added ., to each bag. Hybridizations were ca~ried out at .Q.50C 

with continous shaking for 8-12 h~urs. Th~ filters were washed 

for 5 minutes with 2x SSC, 0.1% SOS followèd ~ two 20 minute ,., 

washes at 6S oC with 2x SSC, 0.1% SOS and fina ly for 10 

minutes with 0.2x SSC, 0.1% SOS at rqom tempe ature. The 

filters were air-dried and autoradiographed with Kodak X-Omat 

AR film at -70oC with an t intensifying screen; 

II.2.10 RNA isolatdon and Northern blot analysie 

RNA was isolated by the method of Salerno and Lampen 

(1986). Briefly l '200 ml logari thmic phase cells were collected . 
by clèntrifugation and resuspen,ded in 2.7 ml Of 'lysis buffer 

which contained 10mM Tris-CI pH7. 5, 1mM EDTA: 4mM sodium 
JJ 

pyrophosphate and 50 ug/m\ chloramphenicol. The cells were 

lysed by a freeze thaw cycle after which 0.3 ml of 10 mg/ml 

lysozyme were added and. incubated at 370 C for ten minutes. To 

this solution, a solution of 7M guanidium hydrochloride-l% 
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'. . 
RN1 sarkosyl, lmM EDTA, 10mM Tris-Cl pH 7. 5 was added and the 

pèlleted by centrifuging thFough a cushion of 5.7 M CsCl at 

26,000 rpm for 16 hours at lSoC. The RNA pellet was dissolved 

and extracted once ~ith phènol:chloroform and precipitated 

with 2.2 volumes 

ml TE buffer and 

of cold ethanol. Th7 RNA was diss~ed in 

quantitated spectroPhotome~icallY. For 
f 

g of RNA was glyoxylated and 

0.1 

Northern blot\. analY~1 10 

electrophoresed i~.2% 

pH ~. 0 wi th l;>uffer recircula 

rose gel in l0mM phosphate bu~fer 

ion •. Transfer to Genescreen 

paper, hybridization conditions and- wa,shing of fil ters were 

car~ied out as recommended in the Genescre~n instruction 

manual. 

I,?ll Cloninq of TnS-containing fragments 

~Total genomic DNA was prepared from the Tn5-ipduced 

mutants as desc~ibed before. The DNA ,was restricted wi th the 

enzyme EcoR1, extracted with ~henol-chlorofoFm, precipitâted ~ 

wi th ethanol, and redissol ved in TE. To 1 ug of this DNA was 

added 0.1 ug of EcoRI eut and calf 'intestinal phosphatase 

'treated-pBR322 DNA and .l~gation c~rried ouVat 140 C for 12 f> 
~' ".\ 

hours. One ~f the ligation reaction-was transformed into 
1 n . 

Escherichia coli RR1 cells made competent b~ thetprocedure 

described by Maniatis et al., (1982) and plated on LB plates 
. \ 

containing 50ug/ml of kanamycin and 15ug/ml of.tetracycline. , 
Colonies that appeared on plates were artalysed by the miniprep 

method of Priefer (19~4) for the presence of recombinant 

--------__ .~~~, 
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clones containing the expected insert fragment. 

, 

(.1. 
II.2:12 Construction of genomic libraries 

Total geno~ic DNA isolated from wild-type B.japonicum 

61A76 was treated with varying concentrations'of the 

approptiate restriction enzyme to establish e optimum 

give 20-25 concentration required to }>artia11y 

kb fragments. 200 u~ of genomic DNA 
. 

par~ially digested, 
• under the previously determined 

45 

fractionated either on a 10-20% sucrose gradient or a 1.25-5~ 
~) 

NaC1 gradient by centrifuging in a Beckman SW 41 rotor at 

26,'000rpm for 16 hours or 35,000rpm for 4 hours respectively. 

1 ml fractions were collected from the gradient tubes and 30 

ul~of alternate fractions were electrophoresed on a 0.4% 

agarose gel.'The fractions contafning 20-30 kb sized DNA were~ 
.,,;, 

pooled, diluted with water, precipitated with ethanol, and 

redissolved in 100ul TÉ. The cosmid vector was digested with 

the relevant enzyme and treated with calf intestinal~ 

phosphatase. Different molar ratios of the vector and insert 

DNA were ~igated separately and packaged into lambda phage 
\ 

particles u~ing. the i vitro ~ackaging procedure (Hohn and 
~ , 

Murray, 1981), as desc ibed by Maniatis et al. (1982): An 
< 

aliquot of the.packaged particles was used to infect E.cQli ~ 
, 

HBIOI at 370 C and plated on L~ plates containing 15ug/ml of' 

tete The ligation mix that gave the maximum number of colonies 
, 

was repackaged on a l~rge scale, infected~ into E.coli HB10l 

1 , 

-~~_ .. _---~~- ~~-~-~----------------
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and plated on LB tet plates. Individual colonies were picked 

with sterile tooth-picks into microtiter wells cont~ining 

200ul of HM freezing medium with tetracycline etet). The cells 

were grown fo~ 8-10 hours in the wells and stored at -70°C. 

Minipreparations of cosmids from 10-20 random colonies were 

checked for the presence of inserts and the average insert 

size was found to be 20 kb . 

The genomic library was replicated from the miqrotiter 

wells onto Genescreen filters placed o~ LB agar plates 

containing J.5ug/ml of tet. The colonies were grown for 8 hours 
J ' and lysed on tilq filters by placing the filter in 2-3 ml of 

denaturing solution on a Saranwrap sheet, followed by 
, , 

neutralizing solutiori: The filters were air-dried, baked at 
1 

eooe for 2 hours and hybridized with radioactive probes as 

described before. 

IIr2.13 Isolation of cosmid DNA from nodule bacteria 
~ 

The nodules were surface'sterilized by immersing in a 

mixture of 70% etha~ol and 2.5% hydrogen peroxide for 2-3 

minutes followed by several washes w~h sterile water. The 
~ 

nodules were crushed and ,the bacteria plated on YEM plates 

containing 100 ug/ml each of str, kan an.d" tet. Single colonies 

that appeared were inoculat~d into 5 ml aliquots of YEM liquid 

medium çontaining the sâm~?ncentrations of antibiotics. A 

• <-~ 

loqarithmic phase culture was diluted to an 00600 ~f 0.1 and 

Allowed to grow to an OD600 of 0.2 About 3 ml of cells were 

? '$ > 

,-

.. 
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centrifuged and the cell' ~ellet washed on$e with lM NaCl. The 
1 

cells were, treated for cosmid DNA prépar~tion by the al·kaline 

lysis method of Priefer (1984). An aliquot of the cosmid DNA 

preparation was.transformed into competen~ E. coli (Maniatis 

et al'., 1982) and the transformation mixture plated on LB 

plates containing 10 ug/ml of tete Single colonies were 
\ 

analysed by the alkaline lysis method for the presence of 

cosmid DNA. 

II.2.14 ,Preparation of antiserum 

wild-type B~japonicum cells were g€own to log phase in YM 

liquid medium at 2S oC. The cells were cen~rifuged, washed in 

sterile phosphate buffered saline (PBS) and resuspended in 5 

ml of sterile PBS. 0.5 ml of the suspension were injected 

intraperitorieal'ly into New Zealan'd ,white female rabbits 

(weighing 6-~ lbs.) followed by intramuscular Injection the, 

next day. Booster doses of the antigen were given at wee~ 1 

and 2 and the serum collected from the rabbits after 4 weeks. 

• 
II.2.15 uantltat' 

pro.;tein samples 

1 
\ , 
nucleic acids s 

re quantitated by the method of Bradford 

(1976) 'using the Biorfld protein assay dye reagent. standard 
..... , 

absorbance curves were derived from samples containing 10 to 
1 

~ 

100 ug of BSA (Fraction V, Sigma Chemicals). For each sample 

to be quantitated, at least two different dilutions were 

analyzed. The colour reaction was quantitated at 595 nm using 

; 

, " 

.l' 
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a visible range.spectrophotometer. 

RNA and DNA samp1es were quantitated at 260 nm in a UV 
v 

spéctrop~otometer. using the relationship 1.0 optical density = 
40 and 50 ugjml of RNA and DNA respecti<vely. -

II.2.16 Polyacrylamide gel electrophoresis 

SDS-polyacrylamide gel electrophoresis (PAGE) of protein 
" 

samples was p~rformed ,as described by Laenunli (1970). Routine 

analyses were performed on 12% po1yacrylpmide gels. 

For analysis of oligosaccharides the fol1owing modification 

was done to reduce LPS aggregation (Puvanesarajah et al., , 

1987). 4 M urea was incorporated into the gels and the SDS 

concentration was increased from' 0.1% to 1% in the gels and 

tank buffer. Oligosaccharide bands were visualized by the 
~ 

periodic,acid-modified procedure of Dubray and Bezard (1982). 

~ 

II.2.17 Western blotting of proteins and immunodetection 

Proteins were transferred from polyacrylamide gels to 

nitrocellulose (0.45 u~, Millipore) at ,200 ll~ for 16 hours in 

20 mM Tris pH 8.3, 150 mM glycine and 20% lllethano1. 

FOl1owing transfer, the blot was incubated with 3% BSA in TBS 

(10 mM Tris-Cl pH 7.3, 0.9% NaC1) for 2 to ,3 hours at room 
-

temperature. Antiserum was added to 1% BSA in TBS at dilutions 

of 1:100 to 1:400, and the blot was incubated for 2 hours with 

Agitation. After one hour of washing with several changE7s of 

TBS, the blot was incubated for a similar period ot time wi th 
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1 

approximately 1Q6 cpm/ml of 125I-labelled protein-A in 1% aSA 
in TBS. The blot was washed as above for one hour and expdsed 

( 1 

to X-ray film. 

II.2.18 Isolation of polysaccharides 

Cells were .grown aerobically in Bishops minimal 1iquid 
C> 

_medium (Bishop et al., 1976) containing 4 uM diadzein. After 

five days, the cells were centrifuged and resuspenaed in 

sterile water. Approximately 106 cells/p1ate wer'e spread on .. 

Bishops minimal agar plates containing 4 uM Diadzein.-The 

plates were incubated at-2S o c. The ce~ls were scraped off the 

plates after five d~ys and suspende~ in 20 ml PBS. The 

suspension was vèrtexed and the cells collected by . 
, , 

centrifugation. The supern~~ant was saved as crude EPS. The , , 

cell pellet was resuspended in 0.5M NaCI and stirred for 30 

minutes. The cells were centrifuged at 12,OOOxg for 10 minutes 

at room temperature and the supernatant saved as crude 

ca~sular polysaccharide. To both crude preparations, 3 volumes 

~f 90% ethanol we~e added and stirred overnight at 40 C. The 

POlysà~c~arides.were collected by centrifugation at 12,OOOxg 

for 10 minutes, washed with 95% ethano1 and dissolved in 5 ml 

of water. 'This solution was dialyzed extensively against 

water. The crude extracts were recovered by lyophilization and 

~ sent to Dr., F. Dazzo, Michigan State unive~sity, f~r chemical 

analysis. Crude total polysaccharide eitracts for PAGE 

analysis were prepared by boiling logarithmic phase cells in 

O.05M phosphate buffer, containin~ 1% SOS • ., 

{ 
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II, 2. 19 Plasmid and cosmid DNA isolation 
~ 

E. coli cells containing~combinant plasmids were grown 

overnight in the presence of appropriate antibiotic(s) without 
. . 

chloramphenicol amplifrcation of plasmid",replication. DNA was 

extracted from cells by either the boiling method described by 
o 

Holmes and Quigley (1981) or the alkàline lysis method 

'(Maniatis et a,.L, 1982). DNA was p~5)-fied on CsCI-ethidium 

bromide density grad'ients by the method d,escribed by Garger et 

al. (1983). centrifugation'was performe~at 200,00oxg for 16 
.. , " r 

hours in a BeCkmfP Ti 70.1 rotor. Ethidium bromide was removed 

,as described ôy ~aniatis et al. (1982), the CsCI removed by 

dialysis against TE buffer and the DNA precipitated with 

ethanol. 

l " 

• 
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Cha]2ter III Results 

III.l Tn5 Mutagenesis of B. jclponicum 

The suicide vector commonly used for iJtroduction of Tn5' 

into Rhiz,obium is pJB4JI,<:I which consists of a promiscuous P-l, 

\\ 
type R factor (pPH1JI) carry~ng a copy of bacteriophage Mu and 

, 
~nS (Beringer et al., 1978).. However, the presence of Mu has 

" 

been shown to cause sec?ndary genetic changes (Meade et al., 

1982). Preliminary experiments using this vector- indicated ' 

that it was not suitable for the generation of random Tn5 

insertion mutants in the slow-growing Bradyr~izobium species 

as the frequency of vector cointegrabion in the 'genome was 
'-

high. To avoid extraneous introduction of Mu sequences wi th 

TnS, Selvaraj and Iyer (1983) constructed a new suicide " 

Pla~d, pGS9, composed of a p15A type repllcon and aN-type 
7 

tJ;:"ï§lnsfer system. \This suicide vector' transposed Tn5 into 

Bradyrhtzobium at frequencies 8~fficient to allow the 

isolation of a large number 'of insertion mutants (Rostas et 

al., 1984). ' 

donor and pRK2013 as a helper in the triparental mating system 
-

of oitta et al. (1980). Approximately 4000 B.japonicum 61A76 

transconjugants were isolated on 20E comple~~edium containing 

streptomycin (str) and kanamycin (kan) each ah 200 ug/ml. The 
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background 1e~el of resistance to these individua1 antibiotics 

was 50 ug/m1 and 25 ug/m1 :tespective1y. In .all mating . 

~xperiments, the donor, helper and recipient cells were also 
, ' 

o plated on seleétive media and no colonies were seen even after 

14 days. The frequency of transfer of kan and str resistance 

into B,japonicum §lA76 was 10-6 per recipient cell whereas the 

sp,ontaneo~ mutati\on frequency was lower than 10-9 . 
l' 

III.1.2 Physica~ ana1ysis of putative Tn5 ~utants 

.. 

The presence of Tn5 was confirmed by colony 

hybridization of ~he putative mutants with a Tn5 probe. 

Approximately 1700 colonies were transferred from microtiter 

wells onto nitrocellulose filters placed on selective 20E 

medium and hybridized to a radioactively labelled lambda::Tn5 

probe. More than 95% of the colonies hybridized to the probe • 
• 

o To check for the presence of vector sequences, the Tn5 probe 
< " 

\ was stripped from the filter and the same filter was 

hybridized to radioactively label1ed pACYC184, which 

constitutes part of pGS9. The results indicated that pGS9 

vector sequences were absent from the vast majority of the 

mutants. This was corroborated by microbiological tests 

showing that less than 1% of the mutants had the pGS9-encoded' 

chloramphenicol resistance. 

The specificity of Tn5 insertion was investigated as 

follows. Since Tn5 does not conta in an EcoRI site, EcoRI 

digests of genomic DNA carrying% single Tn5 insertion should 
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show a' unique fragment hybridizing to Tn5. Genomic DNA from 7 

(!f' random1y iso1ated colonies was prepared, digested with ECORI, 

electrophoresed in a 0.8% agarose gel, transferred to 

")' Genescreen paper and hybridized to 32P-labelled lambda:: Tn5. 
c 

Fig 4A shqws an autoradiogram where each mutant has a single 

~ EcoRI fragment containing Tn5. To confirm this obs~rvation, a 

\ d' ......... " i second l.gt:!:st was done Wl. th Xhol. Th s enzyme generates four 
~ 

Tn5J'~fragments two of which are internaI fragments and of the 

p~cted size. The other two fragments of various lengths 

contain two identical 0.5 kb Tn5 segments attached to the 

bacterial flanking sequences at the site of insertion. Fig. 4B 
'\ 

shows the border fragments were of different sizes, suggesting 

a lack of site specificity for insertion of Tn5. 

III.l.3 Isolation of TnS-induced auxotrophs 

The physical analysis of Tn5 mutants showed apparent 

random insertions in the Bradyrhizobium genome. To show that 

these insertions could be correlated with phenotypic changes, 

3550 mutants were screened for auxotrophy. The screening was 

done on Bishops minimal medium as described in the methods 

section. Twenty potential auxotrophs were identified in the 

initial screening. However, further characterization of these 

mutants by the method of Holliday (1956) showed that only 2 

mutants were strict auxotrophs, 1 requiring cysteine and the 

other requiring glycine. The frequency of auxotrophy was 

estimated to be 0.05%. Revertants oÂ the auxotrophs were found 

" 
',\ 
\, 

\ , 
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Figure 4 : Hybridiz~ion analysis of Tn5 transconjugants of 
"-

Bradyrhizobium japon'icum 6lA76 CA) Hybridization of 32 p_ 

labelLed lambda::Tn5 DNA to EcoRI digests of DNA from seven 

random mutants (lanes 1-7). Lane 2 shows a partial digest and 

lane 8 is wild-~ype DNA. (B) The sarne probe was hybridized to 

XhoI digests of the strains shown in lanes 3-8 in (A). 
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on minimal plates at a frequency of 1ess than 10-8 
) 

solation of s bioticall -defective Tn5 mu ants 

Plant tests to identify symbiotically defective mutants 

were carried out on Glycine soia, an ancestral soybean species 

which permitted the testing of a large number of mutants. 

2,500 mutants were tested for their symb~otic phenotypes, out 

of which 6 mutants were identified as detective in nitrogen 

fixation. The pÜ:ints appeared yellow a~d starved for nitrogen. 

subseque~verification of these mutants by the acetylene 

reduction assay on the North Ame'rican soybean cultivar G. max 

cv Prize showed that five mutants (5/95, 6/2, 8/1, 8/41, 8/57) 

were completely ineffective while one (t'ISO) was partially 

effective. Hyb~idization of Southern blots of EcoRI-digested 

genomic DNA'from these mutants to radidactively labelled Tn5 
\ 

(Fig. 5A) and pRInR2 JWhich contains part of nifDH) (Fig. SB) 

showed that-the Tn5 insertion was not in the structural genes 

nifDH of the nitrogenase enzyme complexe 

. III. 2 ~haracterizati'on of symbiotically-defective histidine 

auxotrophs of B.1aponicum USDA 122 
i 

An Independant study of B.japonicum USDA 122 identified 

four histidine auxotrophs, two of which-were defective in 
'\,. 

symbiosis (Sadowsky et aL" 1986). These mutants were 

characterized with respect to their biochemical and symbiotic 

defects as follows: 

, 



Figure 5 : Hybridization analysis of Tn5-induced fix- mutants 

of B. Daponicum 61A76 CA) EeoRI digested genomic DNA from . 
mutants 5-95 (lan~ 1), 6-2 Clane 2),7-50 Clane 3), 8-1 Clane 

4), 8-41 (lane 5), 8-57 Clane 6) and wild-type (lane 7) 

hybridized with 32P-la belled lambda::Tn5 DNA. CB) The same, 
o 

filter was hybridized to 32P-labelled pRmR2. Note aIl lanes 

contain a band which comigrates with a band in the wild-type 

lane 7. 
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III.2.1 Biochemical and symbiotic characterization Qf His 

mutants 

The histidine-requiring mutants, Hisl and His3, were 

found to be unable to induce root nodules on soybean plants 

whereas mutants His2 and His4 were symbiotically competent. 

When two intermediates of ~e histidine biosynthetic pathway 

were added to minimal plates, it was observed that aIl four 

mutants grew in the 

but did not grow in 

Prototrophic reverta 

frequencies of less" 

intermediate L~histidinol 

presence of L-histidinol phosphate. 

could be obtained from aIl mutants at 

when grown on non-selective 

Bishops minimal plates. However, prototrophic revertants could 

not be ~olated when grown in the presence of 200 ug/ml str 

and k~All prototrophic revertants examined were sensitive 

to str and kan as weIl as being symbiotically competent, and 

possibly arose from the excision and loss Qf Tn5. Minimal 

medium supplemented with 0.1% soybean root extract could 
~ - . 

support the growth of aIl four mutants. When the growth of the 

mutants was monitored in the presence of intact soybean r~s, 
cell numbers of mutants Hisl and His3 did not increase from-an 

~~ial ~nocu1um level of 1~5 cells/ml over a nine day periode 

However, when the growth medium was supplemented with 100 

ug/ml of L-histidine, cel1 counts for mutants His1 and His3 

increased to 107-108 cells/ml in four days. While mutants Hisl 

and His3 did not forro nodules on a.soja or G.max, root 

deformations were occasionally seen (Figure 6). In a tew 
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Figure 6 : Root deformations and nodulation with respective 

cross-sections 28 days after inoculation of Glycine max cv Lee 
. 

with (A) and (B) Bradyrhizobium iaponicum USOA l22:Tn5 mutant 
CF 

HiSl, CC) and (0) B. iaponicum USOA 122:Tn5 His4. 
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inst~nces, nodules were formed and were found to contain kans 

prototrophic rev,ertants. In separate experiments, other 

phenotypes were also seen, as detailed below. The mutants His2 

and His4 on the other hand, formed nodules and fixed nitrogen 

at wild-type levels. The bacteria isolated from such nodules 

were either kanr auxotrophs (mutant type) or kans prototrophs 

(revertant type). The biochemical and symbiotic properties of 

the ,His mutants are summarized in Table 2. 

III.2.2 Biochemical complementation of symbiotic defects of 

mutants Hisl and His3 

To determine the effect of added L-histidine on the 

nodulation ability of Hisl and His3, the mutants were 

inoculated onto G. max' cv Lee and the plant growth medium was 

supplemented with 100 ug/ml of L-histidine. Results presented , , 

in Table 3 show that with exogenously aâded histidine, the 
, 

nodulation defects of both mutants were completely overcome. 

When inoculated onto plants (5 p~ants per treatment) without 

added histidine, mutant Hisl formed no nodules (with th~ 

exception of three nodules on one plant),.~ile with added 

histidine the mutant showed wild-type behaviour (Table 3). 

Similarly the 'nodulation pattern of mutant His3 resembled the 

wild-type in the presenpe of added histiqine. The bacteroids 

in the nodules formed by Hisl and His3 mutants on non­

histidine-supplementedp~~nts had several p~enotypes. Nodules 

produced by Hisl contai~ed kanr auxotrophs" whereas the 

1 
r 
1 
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Table 2 Symbiotic and biochemical propertj~~ of USDA 122::Tn5 histidine-requiring mutants 

Mutant 
designation 

His-l 

His-2 

His-3 

His-4 

Nodulationa on Growthb on 

'G. soja G. maK oJS; Bis L~Histi-
medium d~ne 

No Noc No Yes 
t 

'·Yes Yes No Yes 

No "- Noc -No Yes 

Yes Yes No Yes 

cf 

L-Histi­
dino! 

Yes 

Yes 

Yes 

Yes 

L-histi­
dino! 
phosphàte 

No 

No 

No 

No 

Prototrophic revertants 

Symbiotic phenotypes ~F~r~e~9~u~e~n~c~y __________ __ 

min med noduIes min(-kan) min(+kan) 

Nod+ 
~ 

Fix+ < 10-7 < 10-9 

< 10-.1-..,1 < 10-9 

Nocf+ Fix+ < 10-7 < 10-9 
0,\ 

< 10-7. < 10-9 ' . -

" 

0 

\ 

a Plant tests were done using 5-7 plants/mutant (Glycine soja) or (Glycine,~, cultivar Lee and Peking) , , 

b Growth determined after 14 days·on Bishop's minimal' medium (Bis) or supplemented witn 50 Ug/ml of the i~icated 8ub8tance;1 

c When Inoculated on G: max, occasional root deformatlon was observed 
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Table 3 Effec.t exogenously supplied L-histidine on the nodulating abl1lty of Hls-! and Hls-) mutants on G. max c.v. Lee 

Strain Treatment8 -Keanb 
... nodule number wet-wei 

USDA"122 None 33 14 

(Parent) L-histidine - - 27 12 

Hls-1 None / 0.6c S",-

L-hi s tid iI)e 44 5 
}f:? 

1.2d H1s-j None 13 
~ , 

L-his tidi.ne 12 17 

a Histidine added to plan~ growth medium at concentration of 100 ~g/ml 

b Avera'ge of 5 replicates ," 

C One plant had 3 nodules 

d One plant had 0 nodules ,. 

Nodule ls01ate 
e classe 

1I(8) 

II(S) 
.co 

1(3)' 

,1(30) 

I,Il,IIlf(4) 

1(33) 
t 

f' 

--" 

Symblotic 
of nodule 

Not determined 

Nod+, Fix+ 

Nod-

No<l+, Flx+ 

Nod-' 

....., 

~ Phenotype classes: l, kan resistant-auxotrophs; Il, kan sensitiye-prototrophs; and III, kan sensitive-auxotrophs • .. 
Numbers in parentheses refer to number of nodules examined , 

f One.nodule contalned kan reslstant-auxotrophs, bacteria from the other three were kan sensitive and w;re either 

auxotrophic or prototrophic 
" 

'g Two isolates of each class examined 
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bacteroids in His3-elicited nodules could b~ divided into 3 

different classes: class l consisted of kanr auxotrophs, class 

2 consisted of kans prototrophs and class 3 consisted of kans 

auxotrophs • 

III.2.3 Physical analysis of Tn5 insertions in His mutants and 

revertants 

, Southern blots of EqoRI and XhoI ~ digests of genomic 

-:" DNAs 'from the four histidine mutants were:>hybridized to . . 
rad~oactively labelled lambda: :TnS. The results shown in Fig 

SA indicate that each mutant has a single Tn5 insertion. The 

results shown in Fig. aB show that the His2 and His3 mutants 

have border fragments of different sizes indicating 

independent sites of Tn5 insertion, but for Hisl and His4, 

some of the border fragments appear ta he of a similar size ta 
" 

the internaI TnS fragments. Hybridizations with R.maliloti ~ 

(pKSK5) and B.japonicum nifKD and nifH probes indicated that 
\ . 

TnS had not inserted into any of these sequences. 

Hybridization of genomic DNA from two members of each nodule­

"- l.~} isplated phenotype class showed that aIl kans isolates (class 

2 and 3) had lost Tn5, whereas kanr isolates (class 1) had 

retained Tn5 (Fig. SC). 

, 

III. 2.4 Cioning of TnS-containing EcoRI fragments and 

isolation of wild-type sequences 

The" Tn5-containing EcoRI fragments from mutants 



• 

Figure 7 : Hybridization ana1ysis of genomic DNA from the 

histidine-regui:r,-ing mutants Of B. japonicum USDA 122. (A) 

EcoRI-digested and (B) XhoI-digested genomic DNA from !h 
, 

j aponicum USDA 122 mutants Hisl (lane 1), His2 (lane 2), His3 
~ - . 

(lane 3), His4 (lane 4) ~ybridized w~th 32P-1abelled 

lambda: : Tn5 DNA, show ing single independent Tn5 insertions. 

(C) EcoRI digested genomic DNA from independent nodule 

,isolates be10nging to the phenotypic reverta1;1t class l (lanes 

1,2), class 2 (lanes 3,4), c1ass 3 (lanes 5;6), mutant Hisl 

(lane 7) and mutant His3 (lane 8) • 
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Hisl and His3 were cloned in the p1asmid vector pBR322. The 

recombinant plasmids, pHl and' pH3 (for Tns-coQtaining , 

fragments from mutants Hisl and His3 respective1y) were 

hybridized to Southern blots of EcoRI-digested genomic DNA 

from Hisl, His3 and wi1d-type USDA'l22 to check the 

authenticity of the recombinant clones. Fig. SA shows that 

even though both mutants appear to have different sized TnS­

containing EcoRI fragments, they lack the same wi1d-type 6.6 

kb EcoRI fragment suggesting that the insertions were in the 

same fragment. Another intriguing result is that Hisl shows 

two hybridizing bands when the insert from pHI is used as a 

probe. The second band is clear1y not due to a double 

insertion as a single band is seen with a Tn5 probe (Fig. 7A). 

A comparison of the restriction maps of clones pHI and pH3 

con~irmed thàt the TnS insertions were in the sarne fragment, 

with _the insertion sites about 500 bp apart. Therefore, Hisl 

and His3 are presumably mutated in ~ifferent regions of the 

same gene that is required for histidine biosynthesis and 

indirectly, no~u1eLformation. 

The gel-purified insert from pHI was radioactive1y 

labe11ed and used to screep a genomic cosmid library of wild­

type B. japonicum USDA 122-, constructed in the broad host range 

cosmid vector pLAFRI (Friedman et a1.,1982). Two stro~gly , 

hybridi?:ing cosmid clones 6A3 and 7B6 were identlfied. 

Restrictio~~ana1y~is of the two clones showed that both clones 

contained the wi1d-type 6.6 kb EcoRI fragment. The overlapping 

\ 
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Figure SA : Hybridization of Southern blots of EcoRI-digested 

genomiq DNA fram B. iaponicum USDA 

mutant His3 (lane 2) and Wil~7ype .. . 
the insert fram plasmid pHl. , 

122 mutant Hisl (lane 1), 
'. 

(lane 3) hybridized with 

Figure SB. Restriction'map of the DNA region contained in two 

overlapping casmids that hybridize to the radioactively 

\. ,,~1abelled ins~rt from pH3. , 
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clones contained about 34 kb of wild-type B.1aponicum USDA 122 

DNA in this region (Fig. SB). 

To test for complementation of the His mutation wi th the 

wild-type DNA, cosmid clone 6A3 was conjugated into mutant 

His3 using the triparental mating system (Ditta et al., 1980). 

Colonies appearing on tetracycline (tet), kan and str (150 

ug/ml each) were tested for auxotrophy and symbiosis. ,Mutant 

His3 containing clone 6A3 resembled the wild-type with respect 

to auxdtr0phy and symbiosis. The c~ clone 611t3 therefore 

contains the authentic wild-type region of the mutation in 

His3. While complementation of Hisl was not tested, it ia 

presumed that 6A3 would complement that mutant as weIl. 

/ 
1 

III. 3 Isolation and characterization of cell surface mutants 

of Bradyrhizobium japonicum 61A76 

stacey et al. (1982) have reported a correlation between 

bacteriophage resistance and defective symbiosis in 

B.japonicum 61A76. However, the mutation conferring phage 
/ À 

resistance was not characterized in detail.and molecular 

cloning of the genes invol ved was also not attempted. The Tn5-

induced mutants isolated \~1'l the present study were screel)ed 

for bacteriophage resistance, as a prerequisite to the 

identifisPtion and characterization of the genes involved. 

III. 3.1 Isolation of bacteriophage resistant mutants 

4000 TnS-induced mutants of ij.japonicum 61A76 wer~\J 
li 
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( 
transferred from lnÎ\croti ter 

\ 

plates which had pr~vious~y 

wells onto s~lective YM medium 

been spread with lOB pfu of 

-B,japonicum 61A76-specific bacteriophage. The plates were 

incubated for 7 days and 28 vigorously growing colonies were 
, 
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identified. These colonies were streaked from the microtiter, 

wells and retested for bacteriophage resistance by streaking 

across a previously streaked phage susp:nsion. About 20 

colonies were found to -be phage resistant on retesting l giving 

a frequency of 0.5%. The frequèncy of spontaneous mutation to 

phage resistance was 10-4 • 

111.3.2 The phage 'resistance mutation results in an altered 

cell surface _ ..,~ 

As the mutants were initially isblated by screening for 

bacteriophage resistance, it seemed likely that some would be 

al tered in their cell surface structure. It was reasoned that 

such surface alterations could result in the attachmenl of 
{\\, 

fewer phage particles t~. the mutant cells and this possibili ty 

was tested. Bacteriophage adsorption studies were done as 

follows. About 105 pfu/ml of phage particles were allowed te 

infect. log phase cells of. the, individual mutants for ,30 

minutes, after which the cells were cen~rifUged and free phage 

partieles estimated 'in ~ by Platin<)1 on a lawn of 

phage-sensitive wild-type cells. The data indicate that less 

than 20% of the added phage bound to mutant cells whereas >95% 

bound to wild-type cells. 
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Figure 9 : Demonstration 'of alterations in the cell surface of 

B. japonicum 61A76 bacteriophage-resistant mutants. 20 ug of 

total proteins from mutant 23H11 (lane 1), mutant 24F6 (lane 
, 

2) and wild-type (lane 3) were separated by SOS-PAGE, 

transferred to nitrocellulose, and (A) stained with 0.1% amido 

black and (B) immunoblotted with an antiserum raised against 

whole wild-type B. japonicum 61A76 ce11s. 
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Figure 10 : Proton NMR spectroscopy of crude EPS extracted 

frbm B. japonicum 61A76 (A) wild-type, (B) bacteriophage­

resistant mutant '23H11, and (C) bacteriophage-resistant mutant 

24F6. The analysis was performed as described by Hollingsworth 

.et al., (1984).-
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To test for altered cell surface components more directly, 

West~rn blots of total proteins from mutant and wild-type 

cells were probed with an antiserum raised against wild-type 

whole cells. The results shown in Fig. 9 reveal marked 

differences in prote in profiles between the mutant and the 

wild-type. 

Crude preparatiqns of total EPS from the mutants were 

co~pare~ with that of wild-type by IH NMR spectroscopy. The 

results shown in Figure 10 suggest that the mutants are 

deficient in a methylene group modification of 3-

hydroxybutanoic acid, which has been shown to be a component . . 

77 

of the acidic EPS of R. trifolii (Hollingsworth et al., 198~). 

In addition to this defeciency, mutant 24F6 also appeared to 

lack a methyl group modification of 3-hydroxybutanoic acid. 

A comparison of crude extracts from one of the mutants 

lto that of the wild-type indicated that the mutant 23H11 J 

accumulated an oligosaccharide component which the wild-type 

did not (see Figure 20). A comparison of the electrophoretic 

mobility of this component with that reported by puvanesarajah 

et al. (1987) suggests that it is a component of LPS. 

These resul ts taken together c1early suggest that the " 

phage-resistant mutants are aitered in the cell surface in 
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-
Il:I, '3.3 Svmbiotic phenotype of bacteriophage-resistant mut:arits 

The 20 bacteriophage resistant mutants :wer~ i,noc'u1~ted 
, 1 

ente Glycine soja and plants were examined after 3 weeks for 
, ' 

their sy-mbiotic phenotype. Two mutants, 23H11 and 24F6 were 

------ : found to be defective in nodulation. A similar defect in 

'nadulation was seen on the' North American ~oybean cultivar ~ 

~, While the wild-type induceq. no~mal looking, pink nodules, .. 
these mutants induced numerous, ver,:y sm"all, white "bumps" or '. , 

• ~. l' 1 

I! ~ \:, ~'''' ~ 

root defor~tioris,' on' soybean' roots (see Fig. Il). The mutant-. 
- , 

~ -1.noculated plants were yellow and appeared to be starved for, 

nitrogen as compared to the wild-t.ype=-1.noculated plants, and , 

nitrogen fixation capacity as measured by acetylene reduction 
1 

o was \ çompletely absent. The two nodulation-defective mutants 

-were further characterized, The otherJ bacteriophage--reeiètant , , . 
~ "', 

mutants induced norma+-lj>0king nodUles on soybean plants and 

acetylene reducing actiJity was compàrable to the 'wilèi-ty.ps .. 
, 

~tud1es, on root hair curling (Hac) inducibility by the 

m~tants on G. soja showed th~ mutants 23_H11 >~nd 24F6 were . 
1;, 

capable of initiating the Hac response by, soybean root haire, 

suggesting tha t the 

(see Fig 12). Light 

block in symbiosis was beyond th,is step 
. ~"', '. 

microscopie studies of mutant-in.duced . . 

nodule-like ètruètures showed that both mutants induced 

cortical ce11 . division in soy~ean roots, However, nodule 
\ 
development appeared to be arrest,ed at that" stage even after ~ 

• , t. \ • '-

·21 days Host-inoculation: The wild-type-elici ted nodules, on 
''.( 

• <'" 

the other hand" showed invaded cella 'and differentiated 1 

- .. ll,' 

.. \ 
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Figure 11 :\ Nodules and root deformations on Glycine ll)ax after 
~ " 

. . 
inoculation with Bt japonicum 61A76 '(A) w.i:-Id-type (B) ~, 

• 1 

bàcteriophage-resistant mutant '23H11° (C) ~ higher , /.. , , 
f .' .. 

magnifi~ation of (8). Note smal1, numerous, ~:irregular-shaped 

nodule-l.ike structures. 
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Figure 12 : Root hair curling of Glycine soia inoculated with 

Bt japQnicum 61A76 CA) uninoculated control CB) wild-type CC) 
J • -ct * ~ ... 

, . ~ " 

bacteriophage-resist~t mutant 23H11. The microscope slide . 
assemblies used in this assay were described by Fahreus (1957) , 
~ 

and pho~rnicrographs of G. soia root hairs shown here we~~ 

taken 3'd~ys ~fter inoculation with the re1event bacteria. 
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Figure 1:3 
~ 

Light microscopy of nOd,ules and nodule-1ike • . 
structures on G. max cv Lee, 21 days after ino~lation with ~ 

japonicum 61A76 (J\.) and tB) wild-type, (C) and (0) 
• 

pacteriophage-resjstant mutant 23H11. Note weIl differentiated 
, • 0 

cell ~ypes in the wild-type\and a lack of differ(:!ntiation in .. 
the mutant-induced structures. Magnifi.cations CA) \ and (C)'" 60x, 

CB) lOOx, (0) SOx 
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infected and uninfected cells. Fig. 13 shows representatïve' 
) v 

light microscopie sections of mutant anâ'wild-type-induced 
\0 

nodule structuree on G. max cv 'Lee. 

85 

A noticeable difference between the two mutants was that 
'( , , l' 

, \" tl 
when the plants wE?re allowed to grow for 5-6 wee~s, 23Hll_ 

produce~ a....mixture of "bumps" and laf'ger, more differentiated 
~ . 

no1ule-like structures. These struct~res, wh_ile resembling 

wild-type-induced nodules, were different in th'at' they were of 

irregular shape and lacked the ability to fix nitrogen. 

Electron microscopie studies of mutant-induced 

structures s~owed ampty qortical cells for 24F6 whereas 23H11 .. 
occasionally appeaied to ini t'iate Infection threads. A wild- ~ 

type-induced inf:ection thread is shown in Fig. 14A seven dëiys 
(, ... .... • C> 

aft;r i~oculat;on, anJ a fully diff~enttated nodule str~t~re 
(Fig. l4B1 thirteert days after inoculation. Fig. 15 'shows 

rI 

electron micrographs of 23~11-~nduced\infectipn threads, ,taken 
, . . 

21 .... days "~fter inoC'ulation. Note the disarra~ed infection 

'thread boundaries and empty spa ces surrounding .it. T~e 
, 

bacte+.ia âre apparently not relea~ed from ~he threads."The 

host cytoplasm appears normal; however, there 'is a complete 
, 

lacK of differentiation between infected and unlnfected' ce1ls 

• in th~ ~lant after 3 weéks (Fig. 16A) and numero~,s 'amylop1asts 

can be seen. Even though 23H11 induced infection threads can 
, , 

, ..... 
be se'en prior to 2~ days, electron mJ.crographs taken at 21 

days are shown here to illustrat~ .the arrest. ,of development. 

Fig. 168 shows the empty cells that are induced hy. mutant 
\ 

\ . 
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Figure 14; Electron mibrographs showing B. japonicUID-61A76 

wild-tYPJ.~induced infection threads o'n G" max cv Leé (a) 7 r . 

., , 

days ~ost~inoculation and Cb) 13 days post-inoculation. Note 

continuous infection thread wall (ITW), ~anular cytoplasm, 1 
1: ' 

vacuoles (v) and nucleus (N) 0, 

Magnification (a) 5308x, ,Ch) 3Ô~OX 7 
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, 
Figure 15a,b Electron miorographs pf B. japonicu~'61A76 

baot~Jophage-resistant mutant 23H11 i~ced structures on ~ 
1 

max, 21 days after inoculation. Note disarrayed infection 
, 

thread wall (ITW, open triangles) ~nd empt~ spaces surrounding 
, 

it. Bacteroids (b) are enclosed and little 'release into the 

cytoplasm is seen.' Also note lack of differentiation between 

the two nodule oeIl types. 

Magnifiçation 12250x 
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IFigure 16a : ~Electron micrograph of 21 day old nodule-like ( 

s'truatu) J'rom G. max cv Le~ inocula.ted with B. iaponicum 

61A76 bacteriophage-res~stant mutant 23H11, illustrating a 

lackwof differentiation of ce~l types, along with prominent 
'l-:,.r \.,. ',.1--

amylop}asta "( a), vacuoles (v) and nucleus (N). 

, 
F~gure 16b Electron micrograp~ of 2"l aay old,nodule-like 

structures from ~ max "cv Lee inoc:ulated with B. japonicum 
. / ~ 

61A76 bacteriophage-resistant mutant 24F6. Note large vacuole 

(v), numerous electron dense particles and lack of 
) . 

differentiated cell types t 
Magnification (a) and (b) ~10X 
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24F6. 

III. 3.4 The nif and nod gene regiQDs ~u:~ Yn~:' :'~çt~H1 in ,the . -
nodure development mu~ants' 

/~\ 

. To test' the possibility that Tn5 had 1nserted {nto the' 
. ' \. /. ' 

nlf and nod,genes, cosmld clones containing these DNA ragions 

were isolatadl by' using pSA30 which contains n!fKDH (Canon et . 

al., 197~J and pELa which con~ns B:, japonicum 61A76 nodf\BC 

(LifS9,n ang.\ Verma, unpublish~) as hybridization probes. The 
'- r . 

,P,co~mids were then radioactively labelled and hybridized to 

Southern blots of .EcoRI-digested genomic DNA from the mutants 

~ ,and wild-type. The resù'lts in Figure 17A, B show that both 

~ ~, mutants are indistinguishable from the wild-type in their 

hybridization-pat~ern suggesting that Tri5 had not inserted 
1 

'1 into the previously characterizéd nif or nad regions. 

III.3.5 Cloning of Tn5-mutated fragments from 23H11 and 24F6 

To isolate the gene mutated by transposon insertion, the 

Tn5-contalning EcoRI fragments' from 23H11 and ~4F6 were cloned 

in pBR322 to give pSP23 and pSP24 respectively. The 

authenticity of the cloned fragments was checked by 
, 

hybridizing with Southern blots of EcoRI-digested genomic DNA 

from the mutants and wild-type. A genomic library of 

B.japonicum 61A76 constructed in the broad host range vector 

pVKl02 (Knauf and Nester, 1982) was screened for wild-typa~ 
. . 

containing sequences by u~ing gel-purified inserts from clones 

.. 

l 
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.. 
Figure 17 : Hybridizat±on of Southern b1ot~ of EcoRI-diqested 

~ " --~, '\ 
o· 

genomic DNA from B. japonicum 61A76 bacteriophage-resistant 
• • - ---------, 1 

mutant 23H11 (lane' 1) 4. 24F6 (lane 2) and 'wild-type (lane 3) 

with radioactively-~abelled cosmids containing (A) nif DN~ 
.. 

'region, (B) nodABC DNA region, . (C) SP23 DNA region' and (0) 

SP24 DNA region. Note that both mutants are indistinguishable 
.. ,} 

from the'wild-type with réspect to the hybridization pattern 

of the four different probes. 
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pSP23 a~d pSP24,' as hybridization probes. One cosmid was found 

t~ hybrid~e to the SP23 fragment and two cosmids to t~e SP24 

fragment. Restriction analys'is showed that none of the 3 
1 

cosmids co~tained complete wild-type fragment~. as they did 
---..... ' 

not'contain the DN~ region flanking the site of Tn5 insertion. 

Attempts to complement the mutations with these cosmids were 

unsuccessful. It was therefore concluded that the genomic 

l,ibrary in pVKI02" did not contain complete DNA sequences 

corresponding to "the wild-type region of the two insertion 

mutations. A second approach "to isolate' c,?mplete wild-type DNA 

regions was taken. Mini libraries were constructed in the 

broad host range Plas~id VfC pKT210 (B~gdasaria? et al., 

1979) by size fractionating EcoRI-dige'sted genomic DNA (3 kb 

for 23H11 and 15 kb for 24 6) from the wild-type 'strain, and 
. 

ligating into EcoRI cut pKT2JO. The recombinant colonies 
;1 

obtained after transforming 'E.coli HB101 were screened using, <-" 

" gel-purified inserts from pSP23 and pSP24 as hybridization 

probes. The hybridizing eolonies were isolated and ~ clones, 

designatétl pWP23 (for wild-type ~ragment of 23H11) and pWP24 

(for w}ld-ty~e fragmenb of 24F6) respectively:were used in , . 
further tests. However, compiemerltation attempted with these 

plàsmids containing complete wild-type sequenc\s was also . - . 
u~successful. A second cosmid li~rary was constructed using 

, '...... 1 

t~e broaa-hOst range vectortpLA~R3, a derivative of the broad 

host range cosmid vector pLAFRl (Friedman et al., 1982). 

Several cosmids hybridi~ing to radioactively labelled probes 
~ 

,; 
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made from pSP23 and pSP,2'4 were isolated and the 
/, . 

. compleméntation test repeated. Again, these mutants .could not 
\ ~ 

be complemented, leading to~the conclusion that the 
, 

characterized Tn5 insertion al one was not the primary cause of, 

t,he nodulation-défective»phenotype, but that there was a 

another mutation elsewhere in the genome, leading to the block 

in proper nodule ~evelopment. To ~liminate the possibility 
-1"" " that the insertièh of Tn5 had caused genetic .rearrangement in , 

thp' fl\nking D~· ,region, southern. blots of ECORI-digest,ed 

genomic DNA from the mutants and wild-type were hybridized to 

radioactively labelled cosmids that containe~wild-type 
Iw~ 

'. regions' corresponding to the fragments into which Tn5 had 

inserted. 'Figure' 17C,D shows t~at'the mutants are also 

indistingu~shable from ~hè wild-type with ~espect to these DNA 

regions. 

111.3.5 Complementation by sub-poois of a genomic cosmid 
...... 

library 

In an alternative/approach to lsôlate the DNA region 
, 

'encompassing the mutations in 23H11 and 24F6, the pLAF~3 

cosmid library was pooled into groups of 48 clones each. The 

sub-pools were-conjugated tnto both mutants separately and 

tetr colonies (pr~sumably containing cosmid clones of'the 

genomic library) were inoculated ont~ soybean plânts. Several 

normal-looking nodules were'found,on plants.inoculated with 

23H11 containing three ditferent sub-pools of the genomic 

r 
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library. A curious observation was that 24F6 conjugated with 

~ the same pools did not induce any nodules.'The 'bacteria 

isolated from the wild-type-like nodules elicited by the 

presumably complemented mutant, designated 23Hl1/C were found 

_to~be tetr and bacteriophage-sensitive, suggesting the 

presence'of a complementing cosmid. ,Cosmid DNA was prepared 

from 23H11/C and transformed into E.coli ceils. Cosmid 

, preparations from E.coli cells showed the PFesence of a 

cosmid, designated pPS23A, which contained about 27 kb of 

insert DNA. To check the authenticity of the cosmid clon~, it 
\ 

wa~ nlck-translated" and hybridized to SOl,~thern blots of ECORÇ-' 

digested'genomic DNA f~om mutants 23H~1, 24F6 and the wild-. ~ -' . ( 

type. Fi~. 18 shows tqat both mutant~'lack a specifie EcoRI 

fragment 
IÇ",!. e approximately 8~) tha t ~ present in the wild-

type. 
( -' , 

As distinct cell surface changes were detected in the , 

phaqe-res!stant nOdulation-defective mutants, it was important 

to test whether the'complemenbation by cosmid pPS23A would 
J 

.lso restore these alterations to wild-type patterns. Total 
'-v ' - , ' 

proteins~were isolated trom 23H11, 23H11jC and wild-type and 

analysed by western blots as before. Figure 19 shows that 
, 
~omplementation of the mutation in 23H11 also restores some 

aurta~ components to the wild-type pattern. An analysis o! 

crude extr~cts specifically stained for oligosaccharide 

componen~s also reveals that the wild-type pa~tern is restored 

in the complemented mutant 23H11/C (see'Figure 20). 
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fi~re 18 : Hybridization of South~n b10ts of EcoRI diqested 

genomic DNA from B. jhponicum '61A76 bacteriophage-resista~t 

mutant 23H11 (lane 1), 24F6 (lane 2) and wild-type (lane 3), 

with radioactive1y labelled cosmid pPS23A. Note both mutants 

are lacking a specifie EcoRI fragment (approximately 8 Kb) 

that i~ present in the wild-type. 

" A restriction map of the èosmiqrpps23A sho~ing the relative 
, ,,( 

B"japonicu~ 61A76 position of the EcoRI fragment unique to 
"\ 

'1 . 
wi~d-t~pe. 'Ri -E~ORI,. P-PstI, ~-XhOI. '" 

.. 

.. 
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Figure 19 : Demonstration of partial/rest"oration pt surface' 

protefn,comp~nents in B. japOnj~1A1t bacteriophage­

resistant mutant 23H11 by the presence of the complementing 

l' cosmid pPS23A. 5 ug of total proteins, from 23H1l:' (lane 1), 

23Hll/C (lan"e 2) and the wild-type '(1ane 3) ~ere separated by 

SOS-PAGE, and (A) transf~rred to nitrocellulose and 

immunoblotted witH 
---r. 

an antiserum raised against whole wild-type 

cells, (B) stained with silver stain. 
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Figure '20 : Oemonstrati~n of res~ation of wi1à-type pattern 

of surface po1y~accha~ides by comp1ementing cosmid pPS23A. 

Crude polysaccharide extracts from B. 1aponicum 61A76 

bacterioph~ge-resistant mutant 23H11 C1ane 1), 23H~1/C (lane 

2), and wild-type (lane 3) were separated by SOS-PAGE and (A) 
" 

gel stained before periodic treatment (B) gel stained by the 

periodic acid method of'Oubray anà Bezard (1982) to visualize 
> 

polysaccharides. On1y the relevant arèas of the gel are shown 

he;e. 
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III.3.6 possibility of a double, mutation in 2416 

As it was not possible ~o complement mutant 24F6 with 

pPS23A, it was probable that .hother mutation eXiBtad~' 
elsewhere in. the genome. The possibillty of Tn5 causinq tne 

other mutation was re-examined. RNA extracted from 24F6 and 
. 

the wild-type was subjected to Northern blot analysis. 'Fiq 21 

shows a SP24-probed Northern blot of RNA from free-livi~q 

cu~tures of 24F6 and the wild-type. The mutan~ çlearly shows a 

transcript smaller than the wlld-type, possibly caused by the 
+--

~ insertion of Tn5. It is therefore pr~bable that in addition to 
~ J 

the deletionjrearrangement, mutant 24F6 has lost some other 

function due to the insertion of Tn5 and ~hat this lost 

function islalso required for proper nodule development. 
, ) 
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Figure 21 : Northern blo~ analYeis af RNA extractèd' from the 

bacteriophage-resistant mutant 24F6 (lane 1) and the wild-,.-

type (lane 2) probed ~i th the radioactively labelled Tn5-

containing EcoRI fragment from pSP24. Tne Tn5-encoded 

transcripts are not shown. 
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Cbapter IV/Discussion 

) 
The most successful approach used in the study of 

Bragyrhizobium japonicurn symbiotic genes has be~ to took for, 

genes which share structural or functional 'homology with 

previously,identified Rhtzobium symbiotic genes. ,Thus, the 
1 

ni trogena'se ge.nes, the common nodulation genes". and homologues 

of other RhiZOb~,~ genes 'required for nitrogen fixation, have 

been identified }'~in B'r~dyrhizobium (Henecke, l ~81; Fuhrman et 

al., 1985; Marvel et al.; 1985; Russel et al., 1985). However, 

as this approach is unlikely to identify genes that are unique 

to Bradyrhizobiurn, such as those responsible for the 

differences in host :t;'ange specificity and other aspe~ts of 

symb-iosis 1 it is important to have a random mutagenes~,s 

procedure to identifY· previously uncharacteriz'ed SYIDb~tic 
genes. This work represents a step in this directïon. 

/ 

IY.~ transposon mutagenesis 

The suicide vector, pJB4JI, was~ found to be unsui table 
" 

for transposon, mutaget:lesis in Bradyrhizdbium japo,nicum. Even 

though it has been successfully used to generate genuine Tn5 

insertion mutations in sSiveral species 1 trequent problems 

associated with its use include cotransposition of Mu 

sequences, transposition of endogenous insertion sequences 

into symbiotic genes and the induction of complex DNA 

rearranqe!llents and deletions (Meade et al. t' 1982; Ruvkun et 

" 
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al. , 1982). Moreover, pJB4JI is, believed to behave . "" different1.y 

in various speci~s Of Rh i zobi um as weIl, as in difterent 
, , 

strains of the same species (Meade et al. , 1982) • Therefore, 

the failure ,of pJB~JI to yield large number_s of genuine. 

transposon insertioh mutants in Bradyrhizobium japonicu~ la 
--' , 

not surprising'. 

The use of an alternative suicide vector, pGS9 (Selvaraj 

and Iyer, 1983), allowed the establishment of single, random 
o -

<t 

Tn5 insertion mutations ln Bradyrhizobium japonicum 61A76 

(Rostas et al., 1984)., The transposition frequency of Tn5 \ (10-

-6 per cell) was comparable to that reported for other 

~hizobium species such as R. meliloti (Meade et al., 1982) and 
~ 

pe:rni tted the isolation of a large number of transposon Tn5 ~ 

mutants (Rostas et al., 1984). Putnokyet al. (~983) and 

Selvaraj and Iyer (1984) have reported that Tn5 carries a strr 

gene which is not expressed in E. coli but is expressed in 

several Rhizobium species., Ther~fore, the isolation of Tn5 

mutants in this work was' facilitated by the selection for str~ 

along with Tn5-encoded'ka~r., ~his step not only counter 

selected the' donor E. 'coli strain b~t alsQ prevented the 

isolation of spontaneou,s kanr mutants. Consistent 'with an 
1 

earlier report (Meade 'et al., 1982), physical analys~s af 

genomic DNA frorit several mutants revealed a lack of si te­

specificity for transposition (Fig. 4). Hybridization. analysi. 

as weIl as microbiological tests confirmed that the incidence 

of vector cointegration was extremely low. 

.. 
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extremely low. 

The incidence of auxotrophy confirmed that Tn5 

insertion is not restric~ed to a ~ecific region of the 

109 

~enome. However, the frequency of auxotrophs observed in this 

study (0.05%) was much lower th an that reported by Meade et 

al. (~982) for R. meliloti (0.3%,. Parke and Ornston ll984) 

conducted an auxanographic nutritional survey of aroma~ic and 

hydroaromatic compounds for several represeijtative stra~ns of 
o ~ ~ 

the members of Rhizobiaceae. They concluded that members of 
d 

the slow-growing Bradyrhizobium~roup showed the greatest 

nutritional diversity in t~s of their capability to utilize • 1 

o aromatic c?~pounds, whereas the fast-growing Rhi~obium species' 

were more fastidious in their nutritional requirements. These 
,. 

observations suggest the occurrence of alternative pathways 
. . 

for the biosynthesis of growth compounds in Bradyrhizobium 

which probably explains the lower frequencies of auxotrophy 

within this group. 
" " Tn5 mutants defe~tive in ~ymbiosis were detected by 

plant tests. AlI of these mutants werè~-capable of forming· 
~ 

nodules but wer~ defective in n~trogen fixation capability. 

Characterizatio~ of the Tn5 insertion by Southern blot 

a~alysis showed that all mutants had a single Tn5 insertion 
, t ' 

and that Tn5 had not inserted in ~he nitrogenase structural 

qenes nifKO (Fig. 5). Morrison and Verma (1987) further . 
characterized one of these mutants (T8-l) which is blocked in 

the en~ocytosis of bacteria from infection threads and showed 



• r 

affected tne expression of some peribacteroid membranel 

nodulins. 

'/or 
IV.2 Histidine auxotrophy and symbiosis 

110 

'An association between auxotrophy and symbiotic detects 
'1 A . 

has been recognJleq.for sevéral years. Adenine auxotropns of 

R. leguminosarum were unable to nodulate pea plants (Pain, ~ 

1979;,Schwinghamer, 1969; Pankhurst ~nd Schwing~amer, 1974) 

IMhereas adenine auxotropbs of R. melilot! formed ineffective 

nodules, on alfalfa (Scherrer and De~arie, 1971). Similarly 

leucine (Denarie et al., 1976) and histidine auxotrophs (Malek 

and Kowalski, 1977) ol R. ~elilot~ and a riboflavin requiring 

mutant of R. trifolii (Schwinghamer, 1970) elicited 
, 

ineffective nodules on their resp~~ive hosts. 

'- " " A study of auxotrophs of B: .. japonicum USDA 122 show<!fld 

that two mutants which were ~uxotrophic for histidine were 

also defective in nodulation ($adowsky et al., 1986). Mutants 
1. 

His1 and'His3 are representative of this class of auxotrophs. 

However, in addition t~ th~se two nod- muta1ts, t~o other. 

histidine auxotrophs designated His2 and His4 ~ere found to be 

symbiotic~lly compet~nt. A similar linkage between histidine 

auxotrophy ~nd nodulation~as also been reported in ~ 
" 

~aponicu~" USDA 110 (So et al., 1987).' 

BiC;:hemical studies using intermediafes of the' 

biosynthetic pathway showed that aIl four histidine 

auxotrophic mutélllts', grew in the presence of L-histidinol ut r _ . fi 
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( 

, failed to grow ~n the Qresence of L-histidinol. phosphate. 

While the exact nature of the his- phenotype is unknown, 

presumptive evidence based on'a comparison to the histidine 
\ ... 

III 

biosynthetic pathways ~n~. coli and Salmonella spp indicate 
" that the step mediated by the enzyme L-histidinol phosphate 

phosphatase may be affected. However, it iS'not clear whether 

the lack of growth on.L-histidinol phosphate is due to the 

mutants inability to transport this compout)d or to the 

presence of a different histidine biosynthetic pathwaY'in ~ 

japQnicum. 

The histidine auxotrophs examined in this study behaved 

similarly to R. ,eIiloti histidine auxotrophs (Malek and 

Kowalski, 1977) in that they were r~ndered symbiotically 

competent when inoculated olito, plants supplemente,d with 
, 

histidine. While the Hisl and His3 bacteroids recovered from 

histidine-supplemented plants'were aIl kanr auxotro~hs (mutant 

type), the bacteroids from the occasional nodules produced on 
'* 

non-hisiiciine-s~PPlemented plants had a variety of phenotypes ~ l' 

, - (~ 
Some of the nodule isolates of non-supplemented pl~nts . 
inoculated with mutant Hifl were kanr auxotrophs. When these 

\ 

isolates wer~reinoculated'onto plants, they were capable of 
. , 

. nodulating soybeans<o "other nodule-isolated bacteria from 

mutant Hisl were kanS prototrophs or true revertants. However, 

the bacteria isolated from nodules of non-histidine-

supplemented plants inoculated with mutant His3 gave thrêe 
l 

~ 

different phenotype~. While only one of five plants had 

·f 
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nodules, the nodules contained either kanr I!!-uxotrophs, kans 

prototrophs, or kans auxotrophs. All of these nodule isolates 

effectively nodulated soybeans when' reinoculated onto plants. 

}fybridization analys,is of DNA from the kah~ isolates showed 
\. 

that Tn5 was apsent (Fig. 7C). A precise, ex.cision of Tn5 could 
, 

lead to a kans prototroph while an imprecise excision c'ould 

lead to a kans auxotroph. The~kanr auxotrophic nodule isolates 
<: , 

from mutants Hisl and His3 may have arisen by a second 

mutation or a slightly different mechanism. For example, it is 

possible that in these revertants Tn5 has transposed to a 

different site creating mutations analogous to His2 and His4. 

The nod- phenotype of mutants Hisl and His3 appear 

closely r,lated to auxotrophy, since supplementation of the 

plant growth medium with histidine or reversion to prototrophy 

restores symbiotic competence. In addition, neither mutant has 

Tn5 in"serted in any of the known ni: and "common-nod'! 

\ sequences. However, the· exact relat ionship betlween auxotrophy 

and symbiotic performance remains unclear since two of the 

His- mutants, His2 and His4, are symbiotically competent. 
,. 

These resul ts are similar tq,. those found by' Federov and 

Zaretskaya (197à) in which EMS-induced methionine auxotroph~ 

of R. meliloti could either. be effective or ineffective with 
... 

respect to nitrogen fixa:tion. It is quitfil possible that th. 

two His- symbiotic classes nave different mutations and that 

the Nod- mutanta are unable to utilize plant-secreted 

o \) -histidine or its derivatives. While there('appears to be 

.. 

J 
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sufficient histidine~in root-extracts to support growth of 
'1. 

mutants His1 and His3 in petri-dish assa~'s, it may he 

,insUfficient to support growth in planta. 
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Hybridization of the cloned Tn5-containing EcoRI 

fragments from the nod- mutants His1 and His3 to Southern 

blots of genomic DNA from His1, His3 and t~e wild-type showed 

that both mutants lacked the sarne EcaRI" fragment (Fig. ?A), 

indicl7ting that Tn5 had heen inserted into' the f?ame EcoRI,­

f.ragment in these mutants. Restriction, mapping analysis of the 
c 

cloned TnS-containing EcoRI fragments from Hisl and His3 , 

(plasmids pHI and pH3 respectively) further supports this 

hypothes1s. Unexpectedly, however, t~e inserts from pHI and, 

pH3, were bf differen~ sizes and tw~ His1 genomic fragments 

hybridized t~ the inèert from pH1. The mos~ Plausible 

explanation is that thè Tn5 insertion in nodulation mutant 

H,\Sl also caused sorne kind of genome rea:t:rangement in the 
\. 

neighbouring DNA rsgfon, such that restriction site 

polym~phisms were created in that region of the genome. 

IV.3 Cell-surface mutations 

In this study, four thousand Tn5 mutants wer~ screened 
) 

fqr ce1l surface a1terations by selecting for~bacteriophage ' 

'resistance. The frequency of mutation for the phage resistance 

phenotype amongst the Tn5 mutants was remarkably high (0.5%). . . 
The frequency of spontaneous bacteriophage resistance was 

( 
de.termin~d to he 10-':" As the frequ'ency of Tn5-in~uced 

, 
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determined to be 10-4. As the f-requency of Tns-induced 
• 0 

mutations was much:hiqher than that of spontaneous mutations, 

it is probable that TnS was the cause of most mutations, 

either directly by insertion or indirectly by other means. The 
\ 

hiqh frequency of mutation suggests that there is either a hot 
..) 

spot for the phage resistance 10cus,.-r that there are a large 
-

number of gene~ involved in phage binding. However, the data 

'at hànd do not allow the verification of either possibility. --Two of the phaqe-resist~nt mutants 23H11 and 24F6, 

were further shown to be defective in nOdulation-capability. 

Characterizatidn of these mutants revealed that the mutations 

were not directly linked to the TnS in'~ertions. Hybridization 

analysis suggested that there were no alterations in the DNA 

region flankinq the TnS insertions nor were the ni! and ~ 

o ' regions perturbed in any way (Fig. 17). These results taken 
l · - , ., 
toqether stronqly implied that the mutations were in loci 

~ different from the TnS insertions, ~ and D.Q,g reg ions. In 

masse complementation with a genomic cosmid library led to the 

isolation of a cosmid, pPS23A, that could correct the .,. 

Symbiotic deficiency of one bacteriophaqe7resistant muta~t, 

23H11. So~thern blot hybridization analysis with EcoRI-
. 

digested qenomic DNA from the mutants and wild-type indicated 
. 

ttiat in both mutants a specifie EcoRI fragment (approximately 

8 Rb) 'had either been deleted or rearr~ngad to give sma11er-
1 

sized fragments (Fig. 18). While 
r 

·caused the observed rearranqement 
'f' 

the conclusion that Tn5 had 

cannot b~ substantiated with 
" 

\ 
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the probable cause of the observed rearrangement. 

Kaluza et al. (1985) .have reported';that several copies 

of two types of repeated "sequences (RS) were present in the 1h 

japonicum 110 genome. Their analysis of these sequenc~s 

Buggested that they possessed features characteristic of 
1 

bacterial insertion e1ements. Even though they found severa1 

copies of the RS elements in the DNA region flanking the nif 
r 

structural genes, they found no evidence that these RS 

elements we~ funetionally involved in symbiotic nitr?gen 

fixation. However, an analysis of similar endogen?us ~~sertion , 
elements in R. meliloti has r~vealed that th~ element 

designated ISRm1 preferentially inserts into the nif genes, 

giving rise to a high frequency of fix- mutations (Ruvkun et 

al., 1982). 

~wo reeent reports describe the use of transposon Tn5 

in the generation of symbiotic mutants in B. japonicum USDA 
f 

110 (Regensburger et ~l., 
1: 

have observed Tn5-induced 

1986; 50 dt al.,"198r). Both studies 

deletions leading \to a defective 

~iotic phenotype. Their obse~ations, are c~nsistent with 

the results reported in this study that Tn5-indueed genome 
, ~ 

rearrangements do oeeur and can lead to a defective symbiosis. 

Moreover, 50 et al. (1987) also reported an instability of Tn5 
l:' 

insertion mutants and a significant level of vector 

cointegration. Due ~o the secondary genetie changes observed 

they advocate a' eautious approach in the use of Tn5 

mutagenesis of B. japonieum strains. While the meehanism of 

• 
" 

( \. 
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mutagenesis of B. 1 aponicum strains. Whiie" the mechanism of 
• 

Tn5-induced genetic changes is not fully understood --At 

present, it is tempting to speculate that the transposase 
• 

. ~acti"('.t.ty introduced by Tn5 may lead to a high instability of 

the endogenous insertion-element-like repeated sequences in 

• the B. 1aponicum genome. The high frequency of 'phage 
" -

resistance in Tn5-induced muta~ts c~uld he explained if one 
t 

imagines that several RS sequences are present in the vicinity 
~ 

of genes encoding functions required for phage adsorption and 
) , 

proper nodule development. By the introduction of transposase 

activity, these RS elements could he activated to insert into 

the flanking region, in a manner~analogous to the ISRml 

insertion .into the n1..f. genes of R,' melilQtL A detailed 
<--

genetic characterization of the DNA region contained in'cosmid 
\: 

pPS'23A should allow a test of this hypothesis. 

'.l'he phenotypes exhibited by the two nOd?lation 

defective mutants are complex and t:esemble that of pleiotropic 

mutants. Studies" quantitating the adsorption of phage to , 
·mutant O8lle clearly implicated an alteration in the cell 

surface. Immunoblot analYStS 0 total proteins probed with 

antiserum raised against whol. wild-type cells showed distinct 

differences in surface pro ein profiles (Fig. 9). It is hard 
1 

to concieve of a single mutation lead1!.ng to ,such drastic 

alterations,of cellular components~ unless ~he mutation was in 

r 
key regulatory ~e or inJ~ome general metabo~ic or 

processing function, which has' far reaching consequences. 
1 ,'" 

~ 

- , 
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However, the isoù.ation' of a complementing DNA region will 
- . 

perm~t !urther work to explore the gene(s) and its 

function (s)'. The lack of complementation of mutant 24F6 by 
'\ 

cosmid 'PPS23A in addition to the lack of alterations in the • n.1.! -and DQQ.' suggests the possibility of second mutation ., . 
elsewhere in the genome., Even though comp ementation 

experiments failed with cosmids containing wild-type DNA 

reglon encompassing the TnS insertion sit , it was possible 
~ 

that TnS had inserted into a gene required for symbiosi~. The 

detection of a ~runcated transcript gives credence ta this - ,,-. ~ 

'hypothesis. However, it is not known with certainty if the Tn5 
• 

insertion has resulted in khe loss of any symbiotic function. 
, ~l. 

The LPS of- the bacterial surface has been implicated 

in the symbiotic process. Non-nodulating mutants of B. 

japonicum 6iA76 have been shawn to lack a surface antigen that 
\ 

is associated wi th 'the O-antigen of the LPS (Maier and Brill, 
i 

1978). other studjes have also implicated an involvement of r LPS ih '~ymbiosis (stace/et ~l.. 19~2; 1984). Recently. 

p)v~nesarajah.et al. (1987) have de~bnstrated specifie 

differences in the LPS structure of a phage-resistant non­

~odulating mutant of S. japon.!cum. PrSliminary analysis 'of 
" ~ 

_ \ crude extracts from one mutant 23H11, showed an abnormal '1 

accumulation of a polysaccharide component which regains th~ 
.. 

wild-type pattern when complemented with cosmid pPS23A.' While 
R " 

the chemical identity of the polysacchart,de component is not 

known at present,"' a comparison of the elect,;:ophoretic 1lI0bility 

J 
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of the pOltsaccharide with that r~ported by Puvanesarajah et 

al. (1987) suggests that it could be a LPS component. ~ 

comp~rison of EPS preparations from the noduTation 'developmJ.rit 
" , 

- . 
mutants with the wild-type EPS by proton NMR spectroscopy 

showed that both the mutan~s lacked a methylene modification 

of the 3-hydroxybutanoic_ aeid component ~f the acldic EPS (Dr. 
" 

Frank Dazzo personai communication). The observation of a 
< 

génetically diverse set of exopolysaccharide deficient (.Q.XQ) ~ 

\} . }. ; 
mutants of R. melilot1 t~at are also defective~n nitrogen 

fixation (Finan et al., 1985; Leigh e~ al., 1985t,strongly 

, implies a role for EPS in symbiotiç nitrogen fixation. 

.. . '" cOnV1nCl.n~,~ eVl.dence for such a raIe èfmes ~rom the fact that 

the exogenous addition of purified EPS to f~x- ~ mutants of 
.' 

Rhizobium species ~GR234 and R. trifolii, restores symbiotic 

fixation eapabi1ity (Djordjevic et al., 1987b). Defects in 

severai genetie loci-give rise to the exo phenotype suggesting 

that some comprise genes encoding proteins involved in the 
" 

blosynthesis of acidic polysaccharid~J3. othe_~ mutations may 

cause more general alterations in the eell membrane or cell 

surfa.ce that Interfere indir-ectly witn EPS ,production'. The IL.. 
-<.: 

meliloti exoC mutants which are resistant to nine phages are 

possibly of this type (Leigh et al.', 1985). 

The B. japonieum 61A76 mutants desdr~bed in this study 

exhibit gross cell surfacé alteratiops at 'theoprotein level as 

weIl as in certain components of the EPS and possi~y LPS. The 

" mutants appear to have defeèts in general cell surface 

r 
~l : 
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structures/functions that taJee on added importance in the' 

symbi<;>tic state. They ~ay be analogous to 'the, pleiotropic exoC 

mutants of R. meliloti. .;~. 
. 

The symbiotic phenotype of the nodulation-defective 

mutants resembles that of the exo (Finan'et al., 1985; Leigh 

et al., 1985) and ndv (BrIan et al., ~986) mutan~s o~ ~ 

meliloti. An examination"'of root hairs of G. soja inoculÙated 

with the mutants showed that the mutants were able to evoke a 

visible reaction by the root hairs (Fig. 12) •. Whil~ the 
..... ~"X' 

Characte~isti~epherds crook was not seen, the root hairs 

\ were hent a~d di~~ed similarly to those of wild-type­

inoculated plants Uninoculated control plants as weIl as 
" 

\ 

~lants inoculated with R. meliloti showed no visible reaction. 

The mutantEi can therefore be called Hac+ according to' the , 

" classification of Vin~nt (1980). The nodule like -bumps Q 

elicJ,ted by,the Phage7esistant n,odule-development mutants 

we,re varied in size and ~s~ape, and were numeroup. Light 

microscopy showed th~t these structures comprised .a ~a~s of 
" , 

meristematic cells initiated from the root cortex (Fig. 13) . 

The tisS\ue was charaoterized by a lack of·Bradyrhizobium-
1 

infected cells as" weIl as an absence of differentiation into 

-1n<fected and uninfected cell types. Mutant 23H11 infrequently " 

produced infection threads containing bacteria which were 
~ 

rarely released into the host cytoplasm (Fig. 15). According 

,to the terminology proposed by vincent (1980) ;,:':'<bh~se mutants 

ârè Hac+ (capable of curling root hairs) and Inf- (incapable 
"- " " '- ) 

'~ 

l' / ~ -~ J 
,j~ 

--=' \ " 
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of initiatipg infection threads), though 23H11 ls strictly 
f- -~ 

Inf+. However, these are also Noi+ (for nodule initiation) 

~'" even though this stage is considered to be later than 

. \,~ infection. A similar paradox has been repbrted by Finan et al. 
1 

! 

, " 

o 

(1985) in R. meliloti. Therefore the phenotypic descriptions 

should not be taken to imply any particular lineaF gequence of 

events. To avoid confusion with this nomenclature, the term 

nodule development (ndV-) is more appropriate' to describe the 

mutational block in these mutants. To speculate on the natu~e 

of the defect that leads,to altered symb~osis, it ià possiblé 

that recognition between the host and symbiont has been 
t " rl 

altared du~ to ce Il surface changes in the'bacteria. Several 

studies in different Rhizobium and Bradyrhizobiu~ species 
-"( 

support the idea that cell walt integrity plays an important 

role in proper nodule development and functiou. Perhaps the ' 

deficient su~face component serves a~ a signal for the 

induction of\.:'a particular step in the development propess. . ~ 

Alternatively, the c~mponent may be a part of the infection 

thread matrix (Leigh et al., 1985) or may serve as a substrate 
" ~ 1 J~ 

for some plant enzyme, the product of WhlCh is required for 

the corltinu~tion of the deveilopment pr,.bcess (Finan' et al. , "t 

1985). Another possible consequence of altered cell surface ia 

that ât might cause the rejection of, what is norrnally a 

compatibl~ symbiont by the host plant (Dylan et al., 1986). A 

breakdown iri signal exchanges between the symbiotic partners 

aue to any of these reasons could lead ultimàtely to improper 
'" 

.. 
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nodule development and defective symbiosis. 

In conclusion, random Tn5 mutagenesis of B. japonibum 

61A76 has led to the isolation of several mutants defective in 
, 

symbioeis. A characterization of the DNA region that has been 

mutagenized by the Tn5 insertion will allow ~he identification 
1 r 

of genee that are (important' for eymbiosis in/ B. j aponicum. A 
1 

• t. ' 0,.-/ 

st~ in this direction is the work of MorrisoI'): and Verma 

(1987) ~ho reported that in B. japonicum mutant T8-1, even 

though the Tn5 insertion caused a bloc~ in the release of 
~ l bacteria from infection thréads, the expression of pbm 

( 

nodulins in'the hqst plant were unafféôted. A selection for 

cell surface alterations by screening for bacteriophage 

reeist~nce has led to the identifioation of two mutants that 
j 

are also defective in nodulftion. An analysis of surface 

proteine and polysaccharides showed that there were gross 
\ 

alterations in these cell components. While the Tn5 insertion 

was not the primary cause of the mutations, complementatio~ 
'(, 

tests led to the isolation of a cosmid that overcame the 
.. 

symbiotic defect in one of the two,mutants. An analysis of the 

/ surface proteins and polysaccharide showed a partial 

reetoration of these surface components to wlld-type patterns. 
a 

A detailed characterization of the DNA contained in the 
.- ~ 

complementing cosmid, pPS23A, will show if the ~~n is in 

a regulatory gene or in a gene cOding for a ey 

biosynthetic/processing step that affects functions • 

TnS mutagenesis of the cos~id followed b matker exchange with 
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wild-type region will demarcate the genes that ~e essential 

for- proper cell surface integrity and nodule development. 
~ f 

The isolation of TnS-induced histidine auxo~rophB of ~ 

·japonicum highl!ghts the importance of histidine in 

, nodulation. The isolation of a cosmid that complements the 

bio~emical defect for histidine as weIl as nodulation further 
le -

, . 

confirms the relationship. Further ch~racteriza~ion of the 

cosmid clone might help elucidate the e~act role of histidine 
, 

, 1 

in symbiosis. Sequencing of the cloned ~ene and comparison to 

published DNA sequence of the Et coli ~ gene that encodes 

h~stidinol phosphate phosphatase, would also show if the 

histidine biosynthetic 'pathway in a, japonlcum ls analogous to 

that in E. coll. 

( 
f' 
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