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Beneficial Consequences of a Selective Glutamine

Synthetase Inhibitor in Oats and Legumes

Pa! J. Langslon-Unkeferl, Thomas J, Knigh11,2, and Champa Sengupta-Gopalan2

‘Isotope and Nuclear Chemistry Division, Los Alamos National Laboratory, Los

Alamos, NM 87545; 2 Plant Genetic Engineering Laboratory, New Mexico slate

University. Las Crucec, Nh4 88003 lJS~

We have bf?en examining Ihe effecls of administering a unique glulamin(’

synlhelas( Inhmilo; 10 cereals and N2-tlxing legumes. We nave used a bacterium

(Pstwdmncmas syringae pv. fabaci ) to deliver this inhibitor 10 provide extended

1!( a!rrl( n: pi.:l~:~! v.( Irlo:ulal(’ci III( ro:): Syr.li.:ll: of oa! aria Iqun]( plant:. V;illl

; !,-?:.::. 1“ ;“:,:? f-”c’’. l”,:’:’ 1“:” ! 1’,”. :“’. :’”. ’.,

Syrl(IFTIT. Ino: lJl~l!I.3H of I(:lurll(::. If ii:.::~rrl;)ar~,fo tI, III: Tf a:. I :’ ~J’:t’i! t7f(Ib’.;’ In!::’

p,i:r)l nltrclgcr], nodulallon, and nllrogen flxalion aclwlly. Inoculallon oi the Oa!s

is accompanied by eilhcr of two resulls depending upon the gcnolype of lhe oat

planl. One resull is inhibiliun of plant growth followed by planl death as

consequfmccs of the loss of all of lhe glutamine synlhetase activities in lhe plant

and the subscqucn! accumulation of ammonia and cessation of niirale uptake.

1 I](’ s(’cond and opposit(! rc:,ull i!, ob:,r’rvr’d in a s,r~lall population ot oats scro[’nl!:i

1’, ’11 ii ( . !~l~;l[ ‘~,lil’ ck~!~l.’il! ;1’10 1~1. ‘.,;]! ~ 1:1(.r(.,i!.l :: ~Ji,;!,i ():L ;,i;, ;A’I., 11.,. ! ~::uil :,

Thus the cff(!cts o! this int]ibilor Ciir] b(’ buncftci;~l wh~n applied 10 appropri;llo

plant malurial. in an a! IcInpI to effectively comrilunicat(: !hcsc Iindings 10 Itw

r(:~ld(;r, WC! fir:, t introcjucp th(? inhibi[or (a nov(ll amino acid) and i!:, bnct(!rii]l

d(:llvery syst(!m, Itlf! Iilr(](!t 01 lh(: ir)hibilor (CJl(ltilrllir)(! Synlll(!lilS(’ C[ililly Z(!d

i]nllrlorli;l i~:)~ill)il:lllorl), ilIICj Itlr! Iwo cjifl(;r(mt rllll(jg(!ll (!(;(~r~cjl]li(’s,ill 111(’1(’~lJIll(I

and zr!r(:; ll pl;]rlls usr!d (!x~)(!rirll(!r]liilly. Th(! ptlysioloqi~ill, bioctl(!rrlici]l, ;IIl(j

111:11(’(~)lilr Of,rl(ltlr: (:or]:,(’(~(tt’r](:t’r, 01 ttl( lrll]il)ilr)r :l:’l Iof) Ill (;l’r(’ill!. ;111[1 11’(1111111’:1,:1!.

WI’ J)r(!:if!;:lly Url(jl’r:,lilrid Itlf!nl, ar[! Itl(!r] pr(:c(:rll(’(i
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Certain isolates of Pseudomonas syrhgae prmuce and release a novel

amino acid loxin, tabtoxinine- f3-lactam (T13L) ([2-am ico-4-(3-hydroxy -2-

oxoazacyclobutan-3 -yl) butanoic acid] (Figure 1) (Stewart, 1971). These

bacteria are leaf pathogens of various host plants and in this capacity produce

chlorosis. We have used the most well characterized of these pathogens, P.

syringae pv. tabaci, a tobacco leaf pathogen. This bacterium effectively

colonizes the root surface of many plants but infecls the leaves of only its norrna!

host, tobacco (Valleau ef al., 1942, Knight ef al 1986. Knight et al ~ 198F\

While growing in the rhizosphere, pathovar tabaci releases Tf3L which IS Ihen

taken up by the plant (Knight ef al., 1986: Knightet al., 1988; Knight 8

Langston-LJnhe~er, 1968), T(’3L enters plant cells through the amino acid

transport system and can tk’Js be effectively accumulated against a concentration

gradlenl (B LJS!I & Lar~~!lcn Llnhcfcr, 1987). 12ccausc of Its growlh habil ar!c

r(l(:lrl:’~c.[ “.,’!,:. :., c,: f.’ ::’ ;, rl:i!, :(’ t):l(’lf ~l:!’ (I f’1’k( :}

systLr:l ICI’ lF,. llI;~i {tl(Cll\’( 1, Cl( llv(r S 1(>, ov[r [>lcnded p(tl OdS O: ~’2’11

grow!ll ar)o expcrlnlentalmrl. VJC have used slerlle sand cbllures fo! the planls 10

assure that no extraneous bacieria complicate the experiments and their

interpretation, [We caution others who wish to work with pv. tabaci to get to

know pv. Iabaci very well; it is difficult to work with because it is an

inconsistent producer of the toxin and therefore, constant, quantitative

moniiorlno of the toxin production must b~ don(! in ordor to achieve rellat)lo

r(:lj!!: ]

Tt~rI phy~!~l~gic;jl targpi Of ftTis !OYIn, Tfi L, is qlu:E!rTI!ne Syrllh[!!~S[) (EC

6.3.2.1) (Knight c1 :]/., 1986; Knight cl a/., 1988; Turnr”, 1981). W[! tlavf)

showr I that ~i]dl~l~]h(!l(ld toxin provid(:d to plarlt rool:, IS rt!cov(:rt!c~ fror~l II SSLJ(

exlrac!s bound with one to one stoir$iornctry to inactivat(]d q!utarnin(!

synt~l(’ta:,(! Sllt)ljr]ilr (Knlqtlt (’f /// , 19RC,; 19[{[{); tt]u: dlrrcl (’vid{’n(; (’ Il:ir t)f)rr~

ot)talrl(;d dor Tlorl:, triillll~” tlla! T OL tarq(!ts CJlul:lrllir)(! syr!ttlf)totf! dlrf ’(; tly !I) Vlvcl.

_lOL i~ an Irr(?v(}rr,lt)l(: int~it)itor of glularnirlrl synlh(’taso: crlzyrl((? o(:livlty I!, riot

r(:cov(; r(;d by (!kl(’r~civ(! dl; ]lys>is afld IS Iocl ir] a tlrnf’ cif’p(:r~d(~rlt rrlilllrlor
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(Langston-Unh er et al., 198?). TflL ic an active site-directed inhibitor and,

as such, binds at lhe same part of the active site as the substrate, glutamate

(Langston-Unkefer c?(a/., 1987). One molecule of TOL is bound per subunit in

completely inactivated gltitamine synthetase; this TfiL remains bound to the

enzyme, and no release of enzyme-bound T13L can be detected eve” a period of

several days (Langston-Unkefer et a/., 1987). Hydrolysis of ATD is required for

this irreversible inactivation of glutamine synthetase, and because of this, the

inactivation of ~lulamine synlhetasp by Tf3L is simi!?r 1P thp inacti~al ?n of

glulamine synthetase by the commonly used inhibitor, methionine sulloximine.

No fully functional glutamine synlh~tase enzymes have be~n found 10 pssess any

resistance to methlonlne sulfoximlne; in this imporlant property, Ihese two

inhibitors are strikingly and importantly different. Tabtoxinine- fl-lactam is a

:Cle CtIb’P lnhlmtor 0! or~l, ccrtaln a!u!anllr )(, synfhclas( ts~z}nl( s, VJ[ ml’ S((

,,. $,, .,,..., 1! :.: 1!,’ :.llf:l, ,lr\ 1: [!,I:. ‘ I ! ‘!. (’,

(I~I:,t r), ‘ 1’ 1’1(!( ~’::’ 11: a’I:j (Il!r LJf, i C’ l!llr lC)>IT, 1’ ‘ : !:’ ~.” ~ r( ~,f {! ’(’I 1 . ‘

Glutaminc synthetase acfs in concert wifh glutamate synthase 10 catafyz(?

!hc primary pathway for ammonia assimilation in higher plants ( Lea & Miflin,

1974; Mlflln el a/,, 1980; Wallsgrove el a/,, 1S83), Glutamine synthetase is

responsible for assimilating ammonia produced by reducllon of nifrate (or

nltfitc), prot(’in calaboltsm and nifroqon flxalton, and for rear).-)irl]il:]llrlg ttl:’

“<fr\ . f+ ‘-’-r t.:,; )riil. )fl (k<[ ~: c1 ii , l:TL,f t D, ~!,-,, “ 1!1. I,i:l 1,)’,. !!:1[1,

ol~Jfamlnp synlhcl:~, ?c can t)r) coll~,idorpd as an arnrnorl;a dofohlfl:,atlorl rncchi]rlirn~

(Gwan, 1979), It IS III() loss of this dctoxitlcalion funcflon In P. syrifrgac W.

la b,-lcl In f(’cl(:d l(javos that r(:sullr, in lhc accurnulallor] of rllilllrtlolar

conc(; rl!rallons of amlnorlia Th[!sc! ammonia concc?nlrallons a~( sufllciont to C: ILJ5(I

III(I ob:,(rv{’d dl:tru~jtlor] of ttl(; ct~loropl;]sf m(~mt)ran(!: Wllictl would g(’rloral(: [tl(’

ctllorosis syrnplomafic of the dIs(jas(; sfafo (Frantz c1 al , 1982; Goodman, 1972;

lurn{r 8 [)(t]l~;lq(, 1!+/{;’) Irl it:, rol( n:-, arl :jrllrnorll;{ ;I:.lrrlll;ltory (rlzyrll(,

~lLJtilrl)lrl(! tyll~tl(’!il!,l” ;](:1:, In ttw roots nnd Ioavcr, to colalyz(’ tt~(’ assifllil:lllorl of

;lr I)n)orlii) d(’rlvf’(i from rlltr;]lr) or nitril(!, In th(> nod~]l(!s glul;]rl]irl(’ syr~itl(’ta:; (’

c:ll; llyz(I:; tl)f! :]:-)r}lrl)ll;)tlor) of arr)rlmr)i, ~ pru(iu(:(’(i by r]llrog(!r] fli:llloll.
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Gtutamme synthetase, the target of Tf3L, is encoded by several different

genes in plants (Tingey et 8/., 1987 8 ref’s ?hercin). In order to be able 10

interpret the resu!!s of treatment of plants with T(3L, we must know the location

of t~tese different forrr, s of glutamine syn!hetase in these plants. In cereals

multiple genes are expressed and encode for three differenf forms of glutamine

synthc(ase. These forms are GS1, which is synthesized a~d found in the

cytoplasm of the leaves: GS2 whir+ is $yn!h~sized in the leaf cytoplasm and

moved to the chloroplasl where it functions; and GSr, which is synthesized arid

found in the root tissue, In legumes,, al least one additional glulamirw synlhelas~

gene IS expressed 10 provide legumes with al least four forms of glutaminc

synthelase. These forms are GS1 (leaf cytoplasm), GS2 (leaf chloroplast), GSr

(rool ar)d noo.jlt !, and ~ noduk: spcciflc qluiarrllne synthctase, GSr), whlct) i:,

f !)~()()! :; I,,ft)(.(,rlf, (l;~I::f,.:;.:’, , r( :r~. 1,’:;IL:)k),l’I

~,rrT]~,-J:,: t)( 1,~,(( rl tt)[, 1(’3,1PI( :I!ld S!p, ; ltl; b:. :1(’: l;:
‘1 Irl ltI~ 1 -:]*II( rlod~j!(, t)?;}:

ttlc GSr arid GSr~ arc prcsenl and active In the plan[ tissues of these nodules; this

property is particularly important in the beneficial interaction between legumes

and pv. hbaci (Figure 2).

How oat plants respond 10 the Tf)L is somewhat less complex than how

10QUrT,C)plant! respond 10 Tfl L; for this rcar,on wc will dlsc(Jss thr’ 001’s rf!spons(

flrf t ~~!ld LJ!IIJ( 1!11! dlh(,LJfLl:’fl ;1!, ;: qI IIt.r,.l lri:rudu~llo[i 10 III(: rl~otc corll~)l[ j

1(’gl.m(’ 2ystrrTl, Th( boric ammonia a:,s,inlili~tory m(’chanipms nr( simili]r irl

Ihcsc Iwo typos of plants, In cereals such as oats, nitrate or nitrite is taken up

by lhc Plilr)l root:; and r( dLJc[Id 10 arllrllorli:] via Itlc cal~]lytic acliviti(!s of Ritrat(!

r(’duclas(! and rlllrll(? rcductase cfIzy I’Tli?s; 11}(I prOC~UCl arnrTlonia is a:, sirllilalcd t)y

lh(! a:;lion 01 gl~Jl;]rninc synlll(!las(’ wl]ich produc(!s glularuir~(! frorl! g~lltilrllilt(!, ATI)

and ammonia, The subslratt? glutamate is regorwral(jd by the actiorl of ~l~)t[]mi]to

$Iyrllll;l:l(’ w!licl) (;; Il; {ly7(II. IIlr’ Ir;lrl:)ffr of III( ;IrTIId(I r)llfoc](’rl of (]l(jl;lrtlirl(’ 10

catlmr) 2 of (I k(~logi[)l:!t;~l(~ 10 forrIl IWO mol(x(jlos of glllt:lr~l;ll(!, 1Ilic a(:liorl

corm)orlly I:lA; I:-, plo(:(! irl III(I pl; lIIl roolv., ;Illtm[)q!l rf’dt](:llorl ilrl(j ;I:i:)i tl)ll; lliorl c:lrl

()((:LII Irl III(I 1(1’If II I;:, II(I:; Gllllilrll, r)[) (:;111 I)(1 (Ixf)(}rl(!(i 10 ;I(’riiil ~):lrl!, Of II}(’ \)lil[ll
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where the nitrogen is distributed to needed biosynthetic pathways via the action

of various transferase enzymes. The exact nature of the normal role of the leaf

cytosolic form of glutamine synthetase is somewhat unclear regarding the extent

of its participation in primary ammonia assimilation or its pcssible role in

reassimilating ammonia released by photorespiration. AS Some plants mature,

the assimilation of ammonia becomes primarily a function of leaves and therefore

the roots must derive assimilated nitrogen from the leaves. The leaf chloropiast

form of glulamine synthetase presumably plays a sflnificanl role in

reassimilating the photo respiratory ammonia.

Our Inltlal studies with bacterial delivery of T13L used oat plants to

examine the effects of T13L delivered to the root systems (Knight ef al,, 1986).

Cjats ar( nol Ilcjs!: fcl~ InlLclIo’I 0’ ttIui leaves, and ttlus 1’( Infcsfatlon of 111(

+. . ..,,, .1 { , ,1.,.,.,, ,. “i 1,,, nl:];::(, : : iI\,{I,\ II I.. LI;,II{

v.!!’! p, (’$:,’. .s dl( :) b’, “1’” Of II v ~L~ r! till IrNl121 tr(jalnl(jr : 111(:[ ci}:np pl:]r)lr

~upportcd a slgr)lllcarii rt~lzosptwre populallorl of pv. lab:icI, containod no actlvc

glutamine syn!hetase, and ceased to take up nitrate. These ‘esponses wer?

ob~clvfid only Iri plants inoculated with a toxin-producing isolate of pv. fabaci;

plants Inoculated with a nontoxinproducing isolate did not display theso

rf’s.pons~s, appearing to be completely normal in growth and glutaminc

~,yrl!tl(,t;]c~ actlvily (Knlohf [’! a/ , 1~8~1) Thr!cr flndlrlg:, lr)dlC;llo 111{11 1})(’ T(;L

It :1 ,!’, : t , [ , /,, !,,.. 1: !’, (,(,,./. L! III( !I:(lfl l’>’ d[(iltl,
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were selfed for four generations and all offspring were tolerant of the

infestation; all offspring thrived on infestation of lheir rhizosphere with pv.

tabaci jusl as the parentals thrived on the infestation. Detailed examination of

these tolerant plants demonstrated that these plants did not protect themselves

from pv. :abaci by inhibiting the growth of the pathogen in their rhizosphere

nor did they inhibit Tf3L release by pv. fabaci nor did they detoxify Tf3L. These

plants did, however, contain leaf glutamine synthetases that were insensitive to

Tf3L (Knight ef al., 1988), These tolerant plant leaf alUtarn;IE synthetases were

purified and tested in vitro for inactivation by Tf3L and were much less

sensitive to T(lL than the enzyme in their roots or in lhp tissues of their TflL

Intolerant counterparts, Active Tt3L was recovered frcrn the leaves ot the

tolerant plants, indicating that the inhibitor and the active glutamine

synlhclascs v;~rc prcs(’nt togclhcr irl the cell; tl]is obs Lrva!I: ‘ provides ewdencc

4).!!, Tf’ ,,:,, ... t,>‘[ (“~)~; c’{ (’!i:l,, t’~ l’: “~ 1. !’, ( 1’,’1: ~ i’

ItIf ’ [:’” Cf :1! 11 ~ m[cllanlsn, of tt)i: resls,t?r)c( t: TF,L t , tt]~ I[:j! glu I~HIIr](

synthetascs IS being investigated using a combination of biochemical and

molecular biological approaches.

The increase in total leaf protein almost certainly implies that other

proteins, in addition to glutamine synthetase, have been increased in these leaf

cells, Vv’(1aie exarnininq this possibility by using antibodies prepared to various

l~;:( ~’~~(,rl: lC 13C[lllfj’ prcll(. tr)s WIIOSC Concc,:(::a!lc: : ar[ :,l~filfl~ol)ll)

in(,rea?,rd in lIw challcnqf)d tol{~ranl oaf Icaves.

If lhc s(; lr; clIve retention Of the loaf glutan,; nc syr]thctas(! can also bc

~accon]pllstlcd In ottler qrcains, suet] as ric(!, wc may tjr: at)lr! to achicvo an increas(!

in ttlc lc:It prot(!in arid total plant fr(:sh wr?igl)t in !Iles( grair~s also. Tt)(

biochcmicat and mol(!cular consequences resulting from shifting thr? assimilation

of rlltror](r~ corrl~)l(:l(ly away frorrl Itl(’ roots arr: ur)clr:ar; ~)r(’:,l}rT)ilt)ly this shift i:

0/ siqrllflcar]c(! to th(: allcrcd nilroq(~n economy in III(!5(! ctlallt!nqcd tolerant

plants An irnport;irlt ql)f)sliorl is wtlict] form(s) of nitrorj(~ll i: transporl(!d to ttw

III;w(!$; nilral[! or arl)nlorlia or n corl~t)irl:)llor) of ttl(~c( two mrnpol]rlrjs, arc Ilk{’ly
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candidates. We also need to understand the role (if any) of the ammonia present

(1-2 mM) in these leaves and how the roots of these plants meet their nitrogen

requirements without functional glutamine synthetase to provide assimilated

nitrogen.

The tolerant oa; plants showed higher glutamine synthetase activity in

their leaves compared to the sensitive oat plants. The increased glutamine

activity in fhe leaves of the tolerant oafs can be ascribed tc an increase in the

activity of the glutamine synthetase gefies as determined by Northern blot

hybridization Hybridization of fractionated RNA from the leaves of sensitive and

tolerant oats with a 32P-labeled c13NA clone of glutamine synthetase from corn

showed on the order of a magnitude higher level of hybridization signal in the

tolerant oatc than in th~! scnsilive oals, Analysis of glutamin[ s}nthetase proteins

Irl IIIJ 1(:.,( : ~, i“’ :i:L!:l Cj!S;; II L.’ 1{ 711rIlq.j( . :’,: (,f. : ~’ , i ~~ :J:l(f.: Of a n[, ( ‘

g’utaminc synltlctasc pol)p(’plldt! in itlc tol( r;?r~! O:’t 1/, : n~,v[,l gl~tar~lifl~

synthetase polypep; lde is probably tolerant 10 T13L.

Our studies with TflL-trealed legumes have been fl ;used primarily on

..l!alfa. Modulating alfalfa plants whose rhizos+here is infested with P. syrirrgae

p’J. labaci are larger, contain more assimilated nitrogen, have a higher specific

activity of nitrogen fixation per ~ram of nodule, and hav~ greater numbers of

tlod~Il[s Itlarl III( r r]arllr]fcstcd counterpart cor]trol plti’li[,, A! ;’oe staled earlier Irl

this chapter, both cereals and legumes utilize glulamine synthelase to catalyze

the initial step of ammonia assimilation, and both systems utilize glutamate

syn!hase to regcneralu III(I substrat(~ glutalnate needed for the initial assimilatory

slcp, After ttleso tw6 enzyrnr)s have acted 10 gcneralc ~lutamale and glutamine, tllc

two pathways dlvcrf]u. In ccrci~ls the initial assimilation is complete and

glutamine is the form ir) wtlich assimilated rlitrogen is exported from the roots to

ttlu aerial parts In Icqurn(’r the assimilatory pathway conllriues to proc~ucl’

ii.-, parlatc, alar]inc, and finally asparagine. Asparaginc is exported 10 the auria!

pilrts of th[’ pfanls ancj is ttl[! major form of exporlf?d nitrog(’n (Fiqur[! 3),
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Legume nodules are composed of both plant and bacterial fractions; eactr

fraction has distinct contributions in the symbiotic relationship (Figure 2). The

bacterial fraction fixes nitrogen to ammonia, and the plant fraction assimilates

this ammonia and scavenges oxygen. The bacterial genome encodes for

nitrogenase and i!s associated proteins; the plant genome encodes for the ammonia

assimilatory enzymes and the oxygen scavenger, Ieghemoglobin. The development

of these nitrogen-fixing structures involves significant biochemical and

molecular genetic changes in both the host plant and its particular symbiotic

partner bacteria (Rhizobiurn rne/i/ofi for alfalfa). It is generally thougtlt that

the plant is more or less in charge of the relationship; the bacterial fraction is

heavily suppressed in its normal basic metabolism while th~ plant continues its

normal functions and derives the benefi! ~f the fixed nitrogen. The regulation of

the dc~elopmcntal changes is not well understood but mus,! involve sigrlallriq

h(!:,, (r 1’ : ;’ -’ z~,: !’( h:”:; i.;m during forfiiij;ior~ c’ ::, s~r’!)o$:: ;:’ .’

during III( pcrido L! 2~lIvc nltroger) flxallorl arid :::lmilallon. 11 1:

blochcmicaiij, ir]luillv~i~ reasonable thal the meiabollc acllvitlc?s of nilrogerl

fixation and assimilation are not operating independently but are inter-related

and biochemical communication occurs between them.

Our studies on the effects of infestation of the legume rhizosphere with

pv. Iabaci included several experimental a~proaches thal show that the observe’d

[tl(i;l[]( ! V,C’( !;1! r(~,li : c! tII( a:lc)ri Of tt’c bac. icrlall)’ d( !~c:~d int)ibllor, T[)L

Oaf plants responded only to infestation by the toxin-producing isolate and not to

the nontoxin-producing isolate. Likewise, alfalfa p{ants respond only to

infestation by the toxin-producing isolate and no changes in nitrogen metabolism

or plant growth were observed in plants infested with a nontoxin-producing

isolate (Knight & Langston-Unkefer, 1988). We also tested several naturally

occurring Tox - mutants of the toxin-producing isolate and found no detectable

changes in plant growth or ni!rogcn fixation or nitrogen metabolism (Knight 8

Langslon lJnkefer, 1988). In separate experiments, wc allowed a small number

of plants to take up pure toxin through their roofs and observed significant

changf!s in glu!amine synfhelase activity and amino acid pools (data not shown);
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these are the expected consequences of the administration and action of a

glutamine synthetase inhibitor. As we mentioned earlier in this chapter, the

plants were grown in an acid-washed sterile sand culture; these sterile culture

conditions exclude any possible beneficial effects by pv. tabaci that may arise by

virtue of any antibiotic action toward other, deleterious bacteria in the plants’

rhizosphere (Knight & Langslon-Unkefer, 1988).

Our inifial results of increased plant grow?h, rc:’ nodule formati~n,

nitrogen fixalion capability, and altered ammonia assimilation with pv. fabaci-

infested alfalfa were described previously (Knigh! & Langs!on-Unkefer, 1988),

These inlested alfalfa plants contained approximately twice the amount of total

assimilated nitrogen that the control plants contained. These infested alfalfa

plants also contained nG glulamlne synthetase aclivily ir I“elr roots and had

-r ----- ,. -,-,<.*,, .) ,,3,, , oq~. t,a” C’ ~’: C?’:!’c’ IC’,’(’ @f @J~a-I!’l[ :)’”” :&:( ::: . “, j’ 4“

plant fraclmrl C! th[ no~J; l’hc glutamin~ synthetasc a:: . ‘~ in th{ b~:lcroi~:

was normal, exprest,~d as per gram nodule tissue, The impairment of glutamine

synthetase activity itI the plant fraction of the nodule arises from Vre selective

inactivation of the root form of gjiutamine synthetase that is present in the nodule

tissue (Figure 2, Knight & Langston-Unkefer, 1988). Tne nodule-specific

form the glljtamine synthetase provides the glutamine synfhetase activity that

remains in these nodules; this form of glutamine synthc:ase is much Ies:

scnsi!lkc to ln~:ii~atlorl b, Toi - It]au is ttlcroot forrll of t:,: cnzyrnc (Y,nlgll[ &

Langston-lJrlkef er, 1988). This selective impairment of glulamine synthetase is

accompanied by changes !n the amino acid and ammonia pools ;n the nodule

(Knight & Langston-Unkefer, 1988), reflecting the importance of glutamine

synthetase activity in ammonia assimilation. Given the primary role that

glulamine synthetase plays in ammonia assimilation, 11 is possible that

nitrogenous Compour,ds other than asparagine are being exported from these

nOd[Jle S. with impaired glufaminc synthelase aclivily, to in ord(’r to provide Ihesc

plants with their abundant supply of nitrogen. Subsequent investigations halve

shown that asparagine is the major ninhydrin posilivc comp~und being exportud
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from these nodules. How these plants have synthesized this asparagine is being

investigated.

Our studies of alfalfa plants whose rhizosphere was infested with pv.

Iabaci have usually used plants that were 30-45 days old (Knight & Langston -

Unkefer, 1988); however, we have also examined plants that were considerably

older and that had also been inoculated within the first two weeks of their growth.

These plants continued to outgrow their counterpart controls.

Nodules are necessary for alfalfa to survive infestation of its rhizosphere

by pv. Iabaci. Plants without nodules were inoculated with pv. tabaci and all

non-nodulated plants died within a few days of the inoculation (Knight &

Lan~ston-Unhefer, 1988).

VJe have examined the r[versibill!, of III(; CJ’!P:+F of Infestation of vt’~:~i

P“’. !ai2ac/, The pa!hogen population declines sharply after growing the plants In

temperatures near 10C for several days (which does not allow for effective

growth of pv. Iabaci ). Plants from which the pathogen has been effectively

removed (the pathogen population was monitored as described by Knight et al.,

1986), quickly returned to a normal nitrogen economy as judged by examining

the amino acid pools in Ihe plants and measuring glufamine synthetase activily in

ll]cIr r~cl: and rIociulcs. Ttlc al[creci ni!rbgc:, c:onom) was rapidl) r(

established in these plants when pv. tabaci was re-introduced to their

rhizosphere, and the plants were allowed to grow in temperatures that allow the

pathogen to grow (25 C). These findings demonstrate that many of the changes

occurring in these plants are rather readily reversible.

In order to begin to understand the effects of nitrogen source on the

system, we also examined !he consequences of treatment of the pv. Iabaci

infested plants with nitrate (Table 11). Nitrate was supplied as potassium nitr ‘[)

(10 mhl) to the pla~ts beginning at about 4 days after inoculation with I

fabacl. Gontrol plants wilhout pv. Iabaci infestation were also used and the
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tesults were compared. As expected, the pfants grown with nitrate supplement

were much larger than the plants dependent only on nitrogen fixation for

nitrogen. However, the pv. fabaci -infested plants had about twice the number of

nodules per plant compared with the uninfested control plants. Furthermore,

these infested plants had significantly g; eater specific activity of nitrogenase, as

measured by acetylene reduction, than did the control plants. As expected, the

tabaci infested alfalfa had impaired glutamine synthetase activity in the plant

fraction of their nodules. The root glutamine synthetase was completely absent in

thes~ plants.

We inoculated soybean plants with pv. tabacl to determine if lhe

increases in growth and nitroger, fixation observed so consistently in alfalfa

would be observed in another legume. Soybeans were c“,xen because they

r(p~[:(’)! ~’i” : r . ‘ Cl:,, cc of [(,oume:, th! urcidc C)p: 1: “.. . l):, $(~’, I’i 12! ‘

1!1, tllc soytx ans also lflrl~ed on tt]e infestation of thin’ rt]lzosph[r( by ~It.

Iabacl. Frestl weights increased, as well as nodules per p,anl and 10WI nodule

weight. The nitrogenase activity per gram nodule is increased but this increase

is rwt as dramatic as the increase observed in alfalfa (Knight & Langston -

Unkefer, 1988). Likewise, the decrease in glutamine synthetase acfivity in the

soybean nodules in this experiment is not as great as the d~crease observed in

alfalfa. Examination of the amino acid pools of the soybeans revealed unusual

pool S12C: o! a’TII’12 :Ic Ius; tfll:ctiangc is al~o slrllll~r 10 III{ c- :;lgcr III III(: a’l IIrl:I

acid pools in the krfesled alfalfa nodules, The obsewation of !he differing degrees

of change in metabolism and decreases in gldamine synlhetase in these two

legumes suggests that th[ impact on fixation is deperlen: upon the OXIO,II of

perturbation of glutamine synthctase function.

As a first approach toward understanding the molecular basis of l“f3L

induc(:d biochemical ctlarlges in alfalfa nodules involved analysis, of RNA

populations of control and pathogen-infested nodules. Two dirTl~rlsiorlal gf:l

profiles of the translation prodljcts of poly(A)Rf;A from conlrol and pv. I{lbxi

!rr!ilt(!d nodules are almost identical except for a few minor changes (1 Iguru 4).
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Northern blot hybridization of RNA from control and pv. tabaci- treated nodules

using a few alfalfa nodulin (structural) cDNA probes showed no significant

difference. The level of Ieghemoglobin rrtRNA and protein also do not show any

differences between treated and control nodules. All these results taken together

would suggest that TOL-induced biochemical changes in the nodule did not alter

the expression of the rmdulins that are present in high concentrations, which are

likely to be those with structural, not catalytic, functions. However,

preliminary experiments suggest thaf lhere are changes in the level of

expression of glutamine synthetase and phosphoenolpyruvate carboxylase genes

accompanying TflL treatment

Our studies of this system continue on both biochemical and molecular

track,:, Wt have intentionally refrained from using a singlt working hypothesi:

t- irlt( ‘[ I’(I ~lJr ~r!~ ~)~ to ~~i(j( ~~t~ [“!”$( $,11~~.flj)’i[ \’t’L 21( r: , I’f ’l} : II! II ,~r’

of kr)ov;r] action In this sys!cn), thal is to sa), ttIQ silo of arl Io:I of III( ol(jt;irlllrlt’

syflttletase.ln t)ibitir)g toxin released by the pathogen. One conclusion that can be

drawn from both the legume and cereal studies is that the prolonged use of

inhibitors with selective action can be of significa~j! benefit in metabolic studies.

The findings suggest that seiectivc perturbations of metabolism arc polonlially

beneficial for improved crop production.
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Table 1. Effects on plant growth and glutamine synthetase activity of rhizosphere infestation
with P. syringae pv. (abac:i in oat plants tolerant of the infestation.”

.—-— ——._—_____ ______ .______________________ .—————__ .. ——.—. —————

Fresh Weight
(grams/plant)

Glutamine Synthelase”
(Units / mg protein)

Leaf

Root

sfmMiYe IQkIanl
———______———————_.._——_————.. .

6.5 LO.6 6.2~05 9.1 ~ 0.8

(loo%) (950/.) (1400/0)

1.6 *0.1 1.8 ~0.1 3.0 ~ 0.1
(loo%) (loo%) (1670/o)

1.9 *ool 1.8 ~ 0.0 0.3 ~ 0.0
(loo%) (95”/L) (16°JO)



—-——- .- ————.——————.—— ————————- --——-

—-———————.. —————.--. ————————.—— ———— -——

——————————————————————..——————.- ——---— ———--— —-. -——————--——--—- ———————————-—--- __ __
22-:s ~P.~ ~.~wn as d~~cribed ~revic --’v (Knight & Langsto- i ‘“:’ ‘~r. 1988) except !by were supplied 10 mM KN03

:’MC? “WE?*”4. f. measurewems were do- ‘ as described previou=’v ‘” “T’ahl & Lanaslon-Unkefer, 1988).



——————————————————-——————-..——. —————————————. .. ——————.—-——————————————————-——————

——————————————————————————. ——-- ——_———————_-—- - .-

~, .===P CQg-- 13? 380 9.4 1.7 2.0
‘“2 Qs-’ I“8L-.! :d~<w=) ... -. \4... (71?&) (aO”/e)

-— ———————-- ———__— —__ ——______— _________________ ________
“ so”{~an co’!”~ar Mcca!l was grown in a sand ‘vermiculite mixtufs (1 :’) under the same light periods as ihe alfalfa and
,we~~ pr~’i.ded a ~i~eral sgl~::on wil~ou~ fl’-gg~n. Seedlings wer~ ;?cc!llated wilh Eradyrhizobiurn japmicu.m at 7 days of
g-z~k a~d incc~’a!ed w“h CV. fabaci al f ~ days. All measureme~!~ W“re dcme as described previously (Knight & Langston-
“m~nt=. “aQQ--, ,----

1
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Figure 1. Tabtoxinine- f3-lactam (Tf3L). The exocellular glutamine

synthetase inhibitor released by Pseudomonas syrkrgae pv. tabaci (lox+).

Figure 2. Nitrogen Metatmlism in Legume Root Nodules. The tissue location is

given for specific nitrogen metabolism activities within the nodule and for the

various forms of glulamine synthetase: GSn, the nodltle-specific form: GSr,

the root form; GS, the two Rhizobiurn glutamine synthetases. The arrow

indicates the form and tissue location of Ihe glutamine synthetase targeted by TIIL

in the alfalfa roots and nodules.

Figure 3. Ammonia Assimilation in Alfalfa Nodules. A gcncr31 schcm( f~~r

;I:l)nto!li: a::imIl:ItIcIrI I: pr[ :(rll (’o ltlr :,(,!’” 1’, : : : r( ,!c IIot I: Vl!’1

probabl( rol~:l III rlornial an)nlorlla asslnlllallorl; 11,( C1::l I(d iltlc:, cj(IIII: 1

rca(; nor):, wllti posslblc rolus ir] alternative routes of an)l[lonla asslnlilallor~ III

nodules. AD, alanine dehydrogenase; ASN, asparagine synthetase; GDFf, glutamate

dehydrogenase; GOGAT, fllutamate synthase; GOT, glutamate oxaloacctate

transaminase; GPT, glutamate pyruvate transaminase; GS, glutarnine synthctase;

NDH, malatc dehydrogenasc; NIT, nitrogenasc; PEPC, phosphoecolpyruvalc

carboxylasf’

Figure 4. in vifro Tran:,latlon Prori’cts Subjf;c;locf 10 IEF followo(f by SD$

PAGE, RNA frcrn 45-day old nod~;~s was translated uslr}g rabbil reticulocylc

ly:,alt~ arlcf 25S mclt]iorlinc, Small arluws puinl to l[anslaimn products tllal

appear 10 dlfl(’r botwccn Tox+ ar]d cor]trol nocfulus. Black arid wtlitc arrows poirlt

10 nodullr] Irarlslalion products 111:~1al:,o appci]r 10 1)[’ d[ffcrur]t irl Tox+ arid

control nodules. The overall appc,]rance of the guls is similar, indicating ll)a!

Ctli]rlgl’:; ir] fjf ’rl(’ (’x~)r(!;v,ir)rl ar(’ f;lirly F,rlt)tll’, 1111:,i:) to t~[I o>ilf(t(vi I)($(:;III:;(I tll(’

nodul{)s il~)~)rt;il Ilorrllill irl lllorptlology” ;]rld Qroc:; (;tl; lrl(J(I:; Ill rl)ilior nodulirl:; Wllll

:;lru(:l\lr;il rol(Is ar(! lt](!r(’forf! not pr(!dl(:t(!d
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