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ABSTRACT 

Nitrogen is a major factor limiting the production of 
cereals. The availability of this element depends on the 
turnover rate of the" nitrogen cycle and the return of the 
nitrogen to the soil throllgh biological nitrogen fixation 
(BNF) or by fertilizer application. Estimates of nitrogen 
fixation associated with cereals and grasses are not very 
precise, but the results indicate that nitrogen fixation in 
non-legumes, occurs at levels which can be measured. 
Reliable estimates can be obtained from more difficult 
nitrogen balance studies which need· to be continued for 
several years in the field. This review covers the present 
knowledge about the nature of the association between 
piant and nitrogcn-fixh1g bacteria, types ()r bacteria 
involved and methods of isolation and· screening. 

T.he D.CCUI1."ertboe .ad: the ,as!sociJaluinn mE Il!.iJtJrogen-fi:xlllng baot\eJ.ita 
wirth ro.orrs of c·erea~s and gr·a,SSelS ·is welH dncumeLtl!t'ed (1, 2, 5, 81 

12, 57). llhe ,termlS' used fOil" tfule Sltwy ·Clf iJ:1lilt;I1Qigelll flx;a/t!ioln'111. cere
a~!S ,md glI'laiSs'€!'s alI'l~: dJilazO!t'r.ophJtc, Tlhiz,orcO'e!DlOlSlis, a!SlsolCIilat:ri,ve sy
miblilolsli!S,) ,md ,B]S1SiQlollaJtJive GdJi) n~tTlol@1~n fiXla!U1o:n. AslSlOtClilaJt4ve dli.rui
tlrbiglel1 fi:xJaf~ion detSiovibe'S tJhe dl!Os!e baoVett1ita-jpiJlalnl1 rmzO\S[ph<el"e 
as'Sl()ClilaJt~Ofl1!S WlhJiJclh hlav:e been dett,e:CJt1erl on grtaJS1S roro~s; (15). AsSo
obatiV'e symlbiostis r,efers. to an intmace<1ltw.lar relJaM\()!ll'sh.1ip be,tween 
a c1tiJn;iltTDg1!:l..n..rfiXllll1g baleti'e:r!Lum and plJalnlt ,I'lOOltIS (14). 'DbJers!e SIys!temS 

may i1nv.ollve aJrly ,of s~V'erlaJl bac[ie~rJltal SlPe!cieIs .aJI1ld ·81I"e beiSlt typi
fied by tlbJe g'rIasls.-Azospirillum nn.'trolgien--fixrlng stylSit'em firSlt re'
ppir1Ded by Doibelr'ei01Jerall1rl Day (13). Thlerse sj'lSlttem'S: b1ave heen 
recentily teT~ned HOryrptllic" ·a:Sl~odJaitlilQll1S Sinc.e, tthJety a~ g;elt1ielI'l8.lly 
mac.roscoipliJClaillly' undeil:relotalbl!e (25). FOT undlea:"tS!tlantllitng theSIe 
cryptiic roo~-balCJteTfua ,~Cli!a:t'tom) !iJt is :etsrsle\l1ltlllall to be aw,a!fIe' o.f a 
ge!l1leJr!ail c.cm;c:erpt off S!OIil .... p.balTht-ml~C["Qlbe .~e'laltio!l1~hri{p'S' tlhJalt hlas been 
dlerfinled ms the ttrthizosphIere" (48). In; ;Uhe mtZlolSl.Phel.t"e ZO\l1le, slUb
v1e Toot-microbe ·iinlteiI'latot.]ooJs, m1ay .o.ccur freqUenltly ·and p€frlhlaps 
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a!llWiays. 'I\hli.!s paper ,8JHempts to' di!S!cuSIS the impla!ctl or ne!c,elllt fin
diinlgi$ in rh:e neilid .of alSiSlOoi,a;tli.ve' N 2 ~Xlal~ilo!n. 

MICROBIOLOGY OF THE ASSOCIATION 

The t1;]st of nJ~t.rlotg,e\l1,-fiXJing bgJeil:!ena alS!Soicfualbed wliJt[,. lliDtrogen 
fix;amiJon in C'e'reaJ.ls ,a.nrl gtflatSses iIt1!c~fUdle Slpe'cliles olf Achromobac
ter, Alcaligenes, ;Arthrobactef, Azotobacter, AzospiriIlum, Azo
monas, Bacillus, Beijerinckia, Clostridium, Campylobacter, 
Corynebacterium, Derxia, Enterobacter, Erwinia, Klebsiella, Lig~ 
noba~ter, Mycobactel'ium, Pseudomona5, and Xanthohader (2) 
Bltld blue-g:teen a:1lg1aJe. 

Enumeration and isolation of nitrogen-fixing bacteria: Counts 
01£ inlutJ'QIg,oo--fixdfI1\g bracrtw1a ,aJIie u\s11 .. 1Ja~l1y donie foilWoiWI1ng dii!lUItion 

"plartinrg onto a sU'PPos,edly N ... fr.e'e s'eilettiv'e merllium. Mo-st pro
baJb]e nlUm:belr (MPN) techniques ,bals1ed on tthe' prreslel1lce' of niJtro
~enlBJSe lin dHllIltlvoltllS of the ,inIDthail Sialmtpwe' an a lSleIll€'CJt,ilVie medium 
BIte alJ.\S,Q us1ed .. H lis ddfficull1: til dle'VliJSle Iselleotl1'\ne merlJiJa wbitch can 
SUPiPOilit It/he g\rotwlth olf ;aill nJittrlOgleln fiXJetl'S as' ltlhle l1J8Jture O'f itJhe 
Ci9lrib:Oin SlOIUJI"iCie ulsie'd in N - fjr:e~e m edJiJa in aounltling amid ihsoillatdlng 
p"roc'ediu,~es fav()!r!s tlbJe gr.ovttlh ,of diffe'l'·e.nJt groUipS olf blaoteliiJa. .An 
added ,c()m:plIiJClBit:iJOIl'l l\S ItlbJe v'aTliahlJe nesJponiS€ bet w.e<en ol1'glB~ism 

types 10 dd:tfleirl€!lllt iplal~rual pr·eseull'Iers olf oXYlg1e1tl. in their v.icinillby. 
It has heiE!1n prb!plO1srerl .to ruse axenJic,aUfty ct)1]]]Je:Cltlerl rO!OI1' exucLaltes 
mledlila O~ me:d!iJa con/tla1itnung ,a mliXitUTe ,Otf Clarbon. .s101U!r'ces (45, 52) 
Oil' tlhe t c'SipeTmO~lI"e mio:d'e[" uSling a Y:O,Uln!g stlelflilJJe s'ee'diLin;g gro
wlitnJg on :a minle1rlail medl1um £r~:e o)f C aIl1ld N (55). 

In OlUlr ]abolI"aJt:olry, we naIVe U'SieU three meltlhbrdlSi (Ii) dillu~lion 
and pJIa:ting usiltlg N -!fr.ee SlllIcrose end mJa:lJaltle' medlua Gbi) MPN 
co!lllt1/t,s in slemli:-slOilid N-,:firere menlila einlr!idhted WliJth 50 mg yeaSt' 
exi1:['!aot/l .a1l1d (~ni) MPN ulSliJng ,a'septtwciaftUy gtrlOiWll1 pilJamJtis" GeIlJ€Jrla
Ily hJi.gfuer c,oUlllts aJr1e observed wilth d'i:Luitlion and p]ating method 
alS cOmJPraJrred w,~th MPN in S1eh1Ji- s/O,IDd media a!t1tl MPN with 
p]Janrt:s. The higth€Tcoiunlts ()j[jtained' w:~th diIruMon and piliaJt:ing 
mIDglhlt be be:oause olf thE' g;r'OlWl1:th off nI01l1;-lnllitlOOgen fiX!eTs w:hlidh 
cofUlld' sc·ave!l1.lgle' the mlilnle\I'!aU. N :fitom Vhe merlJium. EV!e1tl. tihtllUgh, 
tihle MPN cownltts: were lower- tha!l1 tihJose of drlre:clt plJaltiltlg mettPds, 
'~he reCOV1elrY of nfutroglB1'l!a.lSle pOOlii1:li:ve ,isplh:utesl V\lIa!S highe!r frr,om 
MPN tubes ItibJan Drom dlilrre'ct pl1aJtftng. The MPN me1thdd USIi.rnig 
plJant'S ,CI&J.'Il".led O!n fuTlthler' genieTaJttiom31 fOlr ,en;rl1cihmern.1t of N 2 fixer'S 
have Shown mOI'leiased l1Jumbell" of polSllitive N2 nX!eTiS wliJth mcrea
sling getrue.r/alf.:itOlruS od: 'ea1lrlkihm'e'nlt in gOOJ€lrlaJ1. In tblis metihod. seed-
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llings of mi}ile,t or S:()lr!g1hum are groWQ1 ~om slUlrfiaoe s~e'rli.lltzed 

se!eds lin C 8!nd N free F'8Ihr,eulS m'edtLum COll1!t1a.rim;iJng 0.3 % agaJr. 
Tihe 81S'elPt~ciailJ.y gmown sle'edrrtinJg'.S ail"e ii.np,culiaJted w.ith serrliJa:l dniLu
tlionlS o:f the telS~ slarrupi1e and incuib'aJted undJer 1 % CZH2 1n gliass
hOlU\s~.. NrutItJJgel11la\S~ 8iCit~ vity ,ils m1e'asilllI'ed on 8 ,aJnd 12 dia'1s and 
p]Jan~s w.irUh postiJtd. V1e N 2laSe aCltlii\r1;ty from the hligheSit dlm!uitw!l1LS are 
IIllaJC1er:8Ji,erl la'loll1gWli!tlh medlium aIl1id seiI'iil8[ di1ultjplI1SI a~r€ pr,epaJred 
for 'llniQicuJJalt'lng 'a!Sleptlic s~e·ed!l;jJI1Jgs. In tihds W1ay sU!bsequ1enlt enmLch
menJU,s. la/f'e carr.ied 0111 up1:0 3 orr 4 ge:nel:flatiJOrn. 

LaJrgte p:opuJJaif:[ons olf ba,cJterd!a.: c,apalhle OIf gfrolWii.Jng aeTo>bi
a8!~ly on N J:6re'e' m!etilila eXEslt in srame .A.!J.ifiSOlf fieUJc'hs' 8!t I CRISAT 
Cenltre. There is als'O a m'a'l'ked i'l'mr·ease (10-dh:td) in number 
in tJhe ,11hJ1zoiSP.f.'1ere compcuned to tbe sfUr'I"OIun!Cllinlg s'Od:l. A seleot!ion 
f'oir palfitli,cu'llarr types Off baloterlL8! alliso OccuI'1S' in. tlhie -r!QOlt zan.€, re
SlUl~rl.Il1:g in Less truan h1aH tbe ,type;s, :fiorund d!n the bulk s~liiL. 1ihJe 
numJbelfiS of coiJ.:ony types! :amd Ithe' pOlPuiLabiDirt lSizeg Vlar-ied w.iJth 
the Oarih0lI1lSl01UiI'lce' lin th'e' isoillamoon m'edlium raJn1C.l Wlelre mcreras!ed by 
adrlung la smalll ,am01UTIlt o'f YletaJSlt eXltlrlaCit (50 to .100 mlg/l) t'O the 
media. Ahoult 50% 0 1£ the baJcte:vila istJ1Jated beaa,use' 0;£ their dlf
:f\e,r.el1Jt co]olnlY cihaJrJarote'l':IcticlS, we!'ve mt'r,og.en-fixilng baote'r-i!a. TheTe 
wer!e olVer a m'tl]i'Ofl Enterobacteriaceae/Ig solil, sev€"!'Ial s;pe:cielS': o;f 
which ,'8ll'e' klnlOiwn tKJ· fix nd.trogelr1 a~aeir'oibilQali1y. The- mlaCe!1'iCbtt:, 
from 110101l-s' It!hOIr:oulghly WlalSihled alncl slUIrdia.{!,e' Sltrelriiihi,z,ed Wlitth 1 % 
ChillQlI1am:ine T .for 1 h s,how.eiCl 105 prelSum1PttrV1e N2 fixerr's/g of. 
fr,esh l'iOiOlt srt~gSlesltUng t-l.1!aJt Some bBiot~eJrji!a; were very cl'~tely bound 
to the roolt ,and pe~h1aps even in t!he rolOlt tliSlSiUIeIS" 

A S!Urv.ey Off 200 siJDes in t[l'tarlJiJtJitlinJail milllllet gtrOlW'.iJng tareas 
jln Norlf:lh-W'ootem ItnidJ~a'l i'l1rl!iCiaJ/:!ed 106-'101/g slOliIl t'oiQau.. pol?ulJat~on 
otf OI'.glan;LSmJSi ciarpabJJe o;f grbrwilng Din a N -'wee 'SUlC.I"Q'ge medlium 
sruptpLem'ernlt'ed wllitlh 50 mg/1 Y'elatslt eXlttt'J8!Cit. The MPN counts' 
:fn:Jm th€S!e 1S1011.1IS mmged from 102 to l05/g S\0\~1 .in mi81]artle and su-
0-ro:s:e s'emiJ-'so.]Jid media. Nli1brogeil.1:-f1XiinIg isollJattets1 :firom roolts :in,.. 
eiluded b8!ot'er.i!a slimJil~all~ to, Azospirill urn brasilense, A. lipoferum, 
uUlide·!lildfied Azospil'illum SiPp, Bacillus polymyxa, Derxia gum
mo-sa, El'winia hel'bicolaamid Enterobader Sipp. S'OIill :is!Oiliates in 
tlbe m~lia)te emmkhm€tnJt medium l1l0lIm!td~y c<mibarilnJed El1Jterphac
teriace'ae and pseudomonad's. Enterobader cloacae was the most 
commJonFSIOElaJt'e, whrllle Slom·e Pseudomonas typelS ShOiWed niJt-r:o
genJase ,aJot1iwty. S~ome of the SO~UIS did nlOlt :ooil1lUam Azospirillum. 
There is oct:rt€n a cotnJtiinuum of tYipe!S overH.8!Ppirng din [pr'Ope!l'ltilles 
be·twe'ern nlamed ge[lJena and Slpeci es. The d!sol1JaJt~s, oolUld be cIl!as:
stifled on the ba1<:;tts ad: c'oilioil1lY mlO'qJhkiuogy imItJo ,art: J.·e8!strt! 22 dliffe-
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Denlt gtr'oups (8, 27). It,is aJl1So: g1e:.ruen.1ally .agr,ee:d (24) It:b;rut g~h 
, on 'a n:ttrlOIg;eln-fI'lse Inedium is: nJort a 's'Uffia~emlt or1i,temoo:l fur niJtra
gienJase .actiVliity ,aJSj srom,e N 2-diXlllnlg bi3Jc;t-eniJa arun 01l0~ ,gnow iOn a me
dium. compret1elly frreie atE C'ombirnred n1i1lrogien (66). On a ~alrge 
Sioal1c, UlSle oif 15N2 iniC.OII'lpOil1artfuon to, m'e1aJsUf!e N2 fix,aitdJon (the de
,finiiJtlive teslt) is expelrllSliv.e all1d mIarnJy a!U¢.hJo[1S, have' usted CZH2 ~'
druotd.lolL1laJs an. iJndiil'ieClt 8ls\slary t!echnli'q'Ue. This techmJique polSle'sl snme 
dlifficulibies due tn the shrolt"t expOWT1e perJilod flair C2H2 ;r1educt5.on 
and aJ~s!n due' i1::n oxardiafd.lorn oif C2H4 by Stome baiotlema (35). Many 
N 2...fixing b8Jcter!1a expl'ress nillUrogienals'e ruClt1v.ity onlly when they 
a!I'1e in slUfficd!ent il1JUffi'helrtS (21). In enume:l1altiJoiU e~:elrime:ntts, ttbe 
thIDeislh!hoiLd levJeiL fOir expreLSIS!~o!l1 olf l1Jitrfo~eID;alse alC1tli'Viilty is, -reI8tC!lh,ed 
onlry atut;elr a lag pelr'liod thaIt 1,s, dJependienJt Ill{POin t\h'e iit1li:tml! popu - ( 
llaJtliJOtn OIf the ·H1l0CUlil.lm (60). , W>tth high dthlltti;OIDlS; t.hJis! c;an ;talke' as 
l!(Jllllg as 3 weekrs~. MOIDeov.eT, even alltelr esrtabLlisibmenJt, di:i:tll'oge-
11lalSle ac:titviity clall1 be mpidly s'UPpnelS!S1ed by ClaIr'boln Olf oxygen 
.1Jimitl~io!IlIS .sto i~h(aJt the OivenaU pe!rlilod 10if 'ilim·e attrling which n;ittlI'iO'

genlalSe ·aJCltiv:tty occurs Qatl be· velty sihloirft. T:o OiV.81f c'Ome t!h!is: pro
blem Ba1anrllr·elaJ'U (2) srugges1ed IDoubialtdmlg tthJe ,rieipU.:ioaite tubes 0Jf 
rllce sleJedllfunigls: und:e;r 1 % C2H2 as stOIOiD. lalS' ~hey latfle mOlculated.' 
HOiWe'V1e:r, we havle 100bSielrved that il!llcubamiolIt o:f DnIQ!cuwa~'ed slOif'
ghum Sle:ed:lIiln1gs Ulnder 1 %, C2H2 TelSlU]ted !in stunJte'd seedJiing 
grOlwth. Bef,orre usdng this technique fot 01heT c['ops ]t should' be 
c:hecke'd :!br Lts appl;iaaJbnlrLt~. 

ESTIMATES OF N2 FIXATION 

The!!'€' aiDe sev.elriaJ. mathiods ·fiOlr m'€IaJSlUrifl1(g l1IiJt r log-en fl.xJaJtii()U 
aSlsblClLaJt!ed wllitib. fie1d: a!nd P!()lt gIbtwu1! pWa!t11S; tbtelSle dan he bnoladl;y 
gl'rou!ped as: fuJJtows : 

1. Dja-,&Ot: la. C.hemJi(aai N de't~trmJllnlaJtlioln 
b. 15N naJS1eil mertlhntds 

N balance . experiments : NitriOglell1 bailiall1J,ees can be meta:sur.ed by 
Isltlamrllattl. Kjteu.dlahl amJa:lyses forr fie'~d CII'OPS, but IElJre mo·re re'1i1a
bile :Doll" piliall1!ts glroiWll in poitts! in a defined v.oi1JuIn:e of rooJtmg m1e
dlium, et1lalbl!ling pll'lopelr sociI .sIampJiing, lela.cJ1ang 100slers to be eS1ta\
lllla:ted

l 
.and iLno;rutlS mom N 2fiXialtjlOtn eJStimaJted. UnJdrer fieiLd COin.

diiltoolnls s'U(ili expemim;ern!t:sr we d1ifiicuJJt bo ,conduc1t, ,as they need to 
rutn; fulr IDOIl'ie tlh!an 'One seas(Q1n amld [':eqUlbre r1gotrorus sramplJing of 
'the sOtill j:f they ,aIre to re.1i'81bly mtelaSUlr:e' Siolil N c!.hJanlgle'S of 20 to 
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50 ~ N /ha per aIIllUlUm. AiHs!O it dIS d~fficult UIl1;dier fie\ljd CiondiJt,roiUs 
t'o esltnmaJt1e the 1lo1SiS'es due to dlenJiIt!rrl.fieatbtonj a:l~\hofLllg1h de!l1liltrifica
ti'Oin! is beilij,eved ,t'Q,b:e simJallll (19) baJs!ed 0111 fjew m'eawremelnlts: ava
~~aihlJe, Sma]ll.amountls ,olf nJi:tlrolgen EIIre added.tlo the sio/i·l through 
Dal1ni:fialH, and· dUJSlt. Ra:m!naflJl ar\iWlJY Dr/om ilhe Slela c:ol11Jt'r':i!butleiS 1 t!O 
4.5 kg Niha pelT alnlnuni (32). 

ESltdrr.lJalDes ,of celI"el,il: nl~t[iolg.ern fiXlaJti1o(l1 balSled om N ball~<:e 

sltudlies Vla:ry frlom 11.2-148 kg/ha pe'r aiOlnum w]th dQf£elrlent Clt):ps 
(4t 31 t 36, 39, 41, (7). Fotr dettailis Tieifer the rev.iewsi (a, 53), In 
add:~tdo(l1 N bailiamice' stmilelS' w.itt!h stolrgJhum, rnliailJelt and 'N,aJPli:etr ha
jria (Pennisetum purpureumX,P. americanum. in pOlt eultooe ;in 

v.eirmd!cuil!jJte medJi,ai, wiJth alnd \ViiluhtoiUJt adJdJed N :fierrttiJJi:sert and :iJn 
s:oli,l lJow in. nr.iJt1r)0Igen, have es1uaihlJils\hJetl: tibJat (Ii) Itlh!elre· is. '8 small 
but m€lalS\LlirtaJbil:e' 'N ~tfiXlaltmll1 by br81c;t'elr.iJa 8lS~lc'iJalted w.iJth the mOlts 
of thesle pl~at11lts (Jili) fixled N I~S t'aken up by tfbJe pJlalt1J1: d1.tI'ti;n,g the 
gJ~OWlimlg 'SelaiSlotn am '(ill!i) s'ome' olf itt aJ~so I1emJatUns m tine I'iOo!t:ing 
m'edli.um (8). 

Long term fie;ld expe;rim:ent!S1 wjJth SiOiriglhum, m'i.i1lreit and 
foftag.e gtrl81S~!eS' aJre coltllt.ilnuLng ,at ICRISA T to me~ure the N 
ba1llaltllce .in Uhlelsle Clrolps' in an Almisofr. In the s:orrghum experi
metnlt thg Siame etght ·cu~biVlaiI'!S w:Hlh eMher hligh l1iiltil"Olgienlase ·a:ctd.
VJity orr hiJgh N uptake lllndel" l!o!W furltiiiliifty, aO:'Ie grtliWirr e1ach yeiaJr 
on the siame ,pllloii's. Fierrlttl~srer N its added 8Jt t,h,e :r'laite 01£ 0, 20 and 
40 kg N /lhJa. Metan inlvt,tall N cJolt1J1:'e[l:1]t1 olf 'hhe Uotp 0 tOI 15 em' '0.£ the 
U!n;~trltd:LlJsled SIOlm V\~as 0.040%, 0.0.56% 1n 15-30 cm' ZOitbe, and 
0.053 % alt 30-90 Cin. Alii. ,ahoiVle g[oound pllart1Jt rnJaitelI".1Jail is remtJ
ved alt hJalf,vesi1:, Cumu:1laMve c1ry-m1at t'er yli'elds' olf the, cULttv8lfS 
Vlaided frtom 1 7 to 30 to.m/hta OiVelf 5 Sela!SiOtnJSJ wUltlhJout any nliit,ror
gelll ad:ded. H,ilghelSit, dry mJaltt.elf prioldluottolll was: oibs!elJ:'v€d 'With 
cv IS 15165 whli:ch is a llalte IDIaJtur'.iJng! plhIO!toiSlenslilt'1ve African en
try. wthli'Oh dOles mit produ.ce glrlalintS: !a!t Hydlemalbad dJurtng rainy 
s'eruson.1.. Duy,fu1g sievetnlth Y€lall" 01£ the' e'X!pelI1imeTiit (It'laUnY selalS:on 
1984), a uni1brm criOlP K)lf rntiiltlet cv. ICMV 1 was; g.rlowm.. The tO~la[ 
dry malt,ter yie[d ,art milJ1.ert cv. ICMV 1 frlom the' pll()~rs wheTe pre ... 
violUslLy cvs CS,H 5 and IS 2333 Wel'ie gro'VWl 8lc:r10ISlS! the' nilt["o
gen rev'ellS Wlas, aJt piaiI' w.ilth ela!cih oltheT. The cumu]Jalf:d.ve 11ILt'm
gen uptiake through aJOOlve gn'OUil.1rl pJJanlt palI'lDs :fir'om 1978 no, 1983 
(except 1981) .ilndti:caJt.ed t halt hiJglbleslt Il1~1n.iog1eln u:}JtlaJke. ;amongst the 
S/()rghum cuil11:ti. v;aJrs alCIblSiS t;h:e Htptpllied n1irtTlOgell1' leve[s Wlasr 111. c.ase 
oei cv. CSH 5 (230 kg/ihla) i8JniCl: tJhJe ·l!OiWes\t \VialS: iln Cia!S'e o~f cv IS 
2333 (180 rog/ha:) (29). These results s:Uglgle\S~ t!hlalt srorghurn cuJ.
thr'att"S' do, VlaJry it)lt' tihe~tr N 2-fixing 'albiUllity. 
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In a tlnilall Wi~th QI'iolP~o9Jl gnalS!S'es, d1UJrilnlg 5.'5 y;eaIr'ISOiT1e of the 
e!l1J1ides (hybrid NI~e+r bajYla, NB 21) bJa!s prQduced 329 tj.ha dry 
maJtJter ooll1ltlai.o:1lilnlg 2320 kg N. Trhre XlamJge amoo1g slpe:CiiJels, f-olr dry 
miaJtJtJelr pr:aduolltOln \ils wide, :fbr lil1JStlaa1!C'e alS ·low als 32 Itlbra itnJc1u
drim!g 240 l~ N dwriLIllg 5.5 yealI1S'. r:Dhleise n~,slulltIS s'Uglg;eslt H]jalt le3.1-
tries llilkJe NB 21 :aJfe de1rli.V1img some (JIf theiJr flequlilI'ietrnent o.f N 
tlhrioug1h BNF 1n ·arlrliitti~cm. to s:oil N pOOlI (28). 

15N based methods: 

The stalble, he1a;vy .isb,tiOipe ()If l1'ilttrogen is uSled as a tnacer iln. 
hiJoll!ogirCJal nl~br.ogeIn fiXJa,t:~on imiv.eSlt~il,g1aJtliolt1ls. 'Dh\€l:r.e al1je two w.aY's 
Vli'z., (i) 15N 2 IDlC'OlrJpOll'laltdoln (Iiii:) 15N dlsotlOlp'e dlHUJthOin, to uSle the, ( 
he/aNY is:{)ItOtpe to study dliIn:~til,,;oigen fiXiattdlOln. 

(i) 15N2 incorporation: A 'elr1cilo!SJerl in a oonItlailniar is ex
pOIS:ed to 15N2, and .a:6ber d1n1cUlbaJtril0in, pl1latnlt t\iiSlSlUleIS alrie ex:am:in:e:d 
fur ·alboiVe il1latUJfl2ll cOIThce!l1JUrraJt10nlS ,olf the' helaivy is!oltope. Thi:s, 
te:db:n;ique has been us~ed siucC[eISISJuil~y !t;o. JplrlO1ve N 2 fbowtdlon in as;"" 
~o:daltliOll1' wiltih k~piaa!l ~ria's\SlelS! (11), sugtamCiail1ie (38) 50) 51) rice 
'(16, 30, 69) ,a no iSiO\I'igihum (17). Am appairJaitus' has re'c!e:rutly been 
d'e'veillOlPed (17) to iillrUroduee gas mriXlture' inJtiO the f'Onit g,r:o,wth 
chlambelf' by purgltng wrilth C02 no,l:lp,wed by a:b310II'pN,o!l] 01£ the CraJr

bon dliiOxkle wiltlh SlOola Idme as suggrestied by W~t:ty and DalY (68). 

(ii) 15N isotope dilution ~ The DJl'lSlt Sludie's w;i;th 11lOn-'])egutnes us-
ing 15N :iJSKJ:~op,e dJiJl'U~dK)!I:1 in tibe fi:elld indlieatt;d thla!t 11lO: as,slOcilaJtetl 
N2 fiXJaltlllolll occUilmed wliltai, n1!aJLze olr is;oil'igh1.lm In:ocullalt.ed WJiith Spi
rilhun lipoferum (43). Howe1v€ir, SlUib'sequenltly tih:i1S t·e'chnlique 
h.as beeil1 used to es(Dim.ate N2 fixation dUJe to' inOcUi~ation ,and als'O 
pc,tel1!tllClJl of diffelrent haBit Cullt1ivl8Jris (18, 23, 44, 4'7). A po;s'sdJhL~ ~ 

aJPPlrlOlaJdb. ls ,t;o use tmnform,ty 15N lJalbelld!ed s,oJi1 in P:OltlS, :fbr grorw'Jng 
the liD.l,es tlO S!C\l'le'en io[' thenit' po,tell1~ila[ to. fix aitmnisphe,ric nliltxb, .... 
gen.. The' SOIil clan be 1,abel1erl by incorp'oT'a.lting 15N fer.t:tlize'r 
wiltJ1 carbon s'our-ce (10: 1, C: N ratllo) wen in advance s'o that 

.1 5N is incorpo!r8!ted inlto the ol1.'gal1Jic fOirm 'and then slowly re-
ae1a.s'ed by tniinerialdSlatibn. 

Acetylene Reduction A·ssay (ARA) : Ace;tyllelll€ r.e'dJuCit!iorn. is 'a fle
XI:lbl'e, SliOClljpwe ,81nid JaJn indirect me1th'Od t'O' tleslt l1lrt:rioJgiel1lCllSle acttvioty 
(20). De~lalh1lerlaJsslay procedlllrelS furl' glr'e~ern hOrUls:e and fie.1d ex:pe
nimeil1ltis V,'I1ilth nlOllll1:egulll!elS hlaVie be!en del.S:ctrlilbed ~n deba(iil (57, 61). 
An exci!S1e'd 11001t aSlsiay invoihves 'Ovea.'1nlight tDicubaitl~on un.defr re
duced 02 ~en!S:itom. (14) dUI1img Wihj~h N2-,fixiing bac:teili~a iPriQ1i;ferate 
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siubs1baJt1ltdt&hly due to .reJ'ea$led or['.glaJ1lLc mf9.Jtlelr!uar1ls f1I'om th~ roots 
re,siUllt,il11g' ill1 o;v;etr€t:i~!im'aJtlion off. Nzase .9Jc1!wd1ty (57). A s:olill-lr'ot>t 
cotr1e .asis;asy de~~l(oped by Day et 311. (9) hats' been ulS~e'd by s'everlaJl 
wOlfiklerlS" 'hIorwe'Verr, ·1aJI'ige pllaJnlt to, P~ta11\t ViatIi~albrl!~ifl:'Y has helell1, oh
setrved wirth this' '8Is~lay (8, 61). Th'e im;iJ~~afl ~9.Jg fair C2H4 pir'oduc
ttiJOll1 depeinidJs; on tbe tfime TeqUJ'ilred' far .d~ffu~lOin mf C2H2 run the 
syst1em 'an1Jd ~t VI81rn:es acco.r;dlitng tlO solCl type (58, 64). Wail1li et al. 
(63) IhlaVie idenJtiifie'd thJe me!CihJalniLcail dJitSltu!l1ban!Ce d,UII'iil1ig Siam'Pili1ng, 
Sla-m.p]IDng '4ime, tlime ,gl81P belt w€en. cuttiling the pilJafD.lt bolP off 8Jntl 
inject!1ng C2H2) .iln:cUJbra;t,~o;n i!em!p'ell:'la1trtlJI''e mil Sio)itl moJis,tulr.e as 
SiOme olf the nafCPOIrs IIeISpOa1tSliib1Je fo[' lIarr;g-e plratnJt to ~lallJlt Vlacr-iabi-
~y. ' 

So.il-care asslay:s, C1Jr:e dJe:sltr'lltc;tJive, time COll1LS,umtng, some
whalt VlaJrialb~e ~,nJd IDalllY £aIetol'iS hav€' to he conltrr'iOfiUled whJ~c1h ,aIDe 
dJifficuillt to J.nJarnli.,pu]afi1e UIl1Jdelr fiell'd C;OlndJiJtti!OlnIS. To OIVl,etr-come smne 
af thre:Sie p~oibiliemJs we haMe deveJlop.etl a:])t1elrnlalt!bVe d!n!t18.iCt pliatnft 
aSSraJy syst'em,s---"Oil1re wner:e seed]~l1Iga' aTie .grown :in tubers (61, 62), 
aa:rl,art1IQJtih'er whelr!e p]a;nibs are gmOlVV1t1 in p:at!S (64). ThJe:se 18~;aJy 

t'ec11ll1iq ues, enialblle' SfeveI1all alS!sla'J1s on tine samle p:1larnrt dUlI'lling ;btS' 

glrDiWth p:€II'lilQki and arlls'o petttllliJ! 1lh!e exrpetr,imen1tetr to coineot Si€'I1-
fe'd se:ed 10ff use tlb!e p~arnJt in ,ctr.QISIsIi'l1lg. Ln rthlelsre m€ltlh'odis' Siame 
pillanlt is ,ex.p'o~led tl{} aceltJf,l:erne gla:s s'evelrlal'tti.mets land Itt is in/ecess,
airY 1.0 situdy ]f1s eff~ct an pllanlt glriOIWltth BlDd N 2 ... ifixinlg bac:te['i/ail 
,p'OlPuilJaltl~o)n; liin the rhlizoslPhetre. The r.ellaltd,lo!l1Shii!p beltwe,en field 
aln!d glr,e~ooih:OiUsle J8JS~lay te'C!lhniques need >to, be studJied. 

ARA is a slhoirt-It:e!rm kiJnet1ic melaSlUo.·emerut, and ~h€ eXlis
tell1lce olf d1iuma[ and sletaJsblnJall Vaa:ilaJtlioll1s in N ~ lfboaltmn makes 
qUJanitlifioaltion a!l1:d e~tOC1aJpolJartWolll to totlail N fixed orve[' a g[,p'wing 
SelaS101n qUJels'bi'Oll1Ialbilie. A fwr¢!hJelr p1'!oiblem is: trhJait ltIhe T'e1Jal~iorns!hlp 
be1tweeln. the Dafte oct: ~e;dlUct~bil1J o;f ,'atC'e[ y }einle ·and .thJaJt of N 2 VlBJriitels 
wd.,th t'h'e SYSIDem ann jjgl SIeJJd!om eXJp.elr'imrelnltlaJlJLy de!Delrm'ID!ed (35). 
P.r~lbwem's WliJtlh the ace.ltY'l~nle r 1e:dJucltli.oln a!S\SC\iy can, al15o, be enc.OiUn
tet.r:€d. .pa/ritic'll'llaJr!l:y when :dfunt1trO',gern fiX!a'ttiJon ir1aJt~)S' lTIe!aSlUJr€d lin 
sod[1g aIte low. B!aJC!t!elrdJrol oOClid;8Jtruorn otf eltlhy~ene oan :reduce eSitrl.
maltes Janid amla:erolb~c baciberiraU p!fl.odlUotmn 01£ etihY'lJetnle' Cain IDictre
as~e elSrt:u'malt>esi od: dlilnfutrrog1e:rl fix;artlion (10). In c;alSfe' od: a!l1JaJelr!Oibk 
dnm1tlrogen ,fixlaftiOD.l ,eitldogenlDiUS lP[l'oduct\iorn. olf :etthyllene mJighit 
leloo to etprlOlnJeb!U(s' r.eiSullt:s,. DesipJi.lte these re&.tlI'licitiio!l1s· ARA, be
ClaJUSe olf its ease olE UIS~ and high ste1nt::;!Ut!itV!ilty. Wlili remailln the 
tecmique of ciho~ce fo[' the study of nllitlrtogle!l1lalSte arctdvd.ty. Its 
use sfh'Drulrl. be re!stJ."!ict:ed to quaQIiJt!aitruve and .cOffijpa!l:'laJttive ev.ail.iUIB.
tlilons ·alnid the· guIirllelJ.nnes, srugges[ied by Le~\hbrJi:dge et aI. (37) siho'
uid be fOlllk}wed. 
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'IMPROVING N2 FIXATION 

NWb.'le>gell'l. fiXialt'i:on :is, th!e nesilltt ocr inlileI'laJcltri;on amongst hoiSt 
pJJanJt, ba1Clt:eirlil8 ,and elnJvitroltl!rneinJt,al r~cttoQ."iSi. Niiltir()~e!D.: fixaltion as
SIOJCliJaJt'ed w:i.Jtih eer.etalls can be· imprtwed by Inallli.pu]}aJtling each of 
thle fadolI's invollved iJn tthe assbfCIiJ8It\i:on. . Ge!nlO\typruc VlBJr:Uation fOir 
sltimullaltJin,g nl~tlrogelr1 fix·art:ilOtn blas, been oibs'eTved in lall:1lelS o,f p€l9.lrl 
inlil1let (6, 8, 61) wlbJeat' ,(45), SiUg,rurca;rue (49), S'.OII\Blhum ~ail1rl m,Iiln.olr 
m'ii&Qe1tlS (8, 34, 61), and rlice' (3, ,65). :tt sle1ems ,thlalt we might eln
han1ge as's~\c'iJalt~ v.e N 2 fiXiat[pn tlbJrlOiUgh gl~nlolt~,e s)elle~otOJon uS/1rig 
hOn.:~rnail. m'e1th;0:ds .o,f p:loolt br;e'edJilng; heJ.rie the CihJa'lilJetnge js to in
tJI'odu.c€ the c!aIPi8c:i.Jly fo[' N 2 fiXsaitIi:01n tlO: a wk1:er arnrd motte uBe,ful 
gen;e;ttic balSie. Holwteve1r, \PIr:ogrJe5~ iJn b:r!ee'd1n.'g altiela depends 1a:r- (, 
gie!ly on tibe aVlai1la;bill~ty olf a rapwcl s!CLre1erui1Dg m;e!tlhloid and id1etntu.-
fioattiJon olf i.J.ia;its ll"leJ]albed ,to IHre pllanlt chialT18Jotetr t!O be mlaJnlipu1aJted. 

Envilrotnln'eInt~ai1 fialctoJr's ']Jike' tlell1lplett'falt:ilII'J€'t liaciliJai'iolD., sotiJ. 
,nOlils!ture, o;xygen p<:urttitaR pr,elSSUft'e (pO 2) I c:ombiined N eil1!d t>lrSla
ntic oalI'hotn 'lJevle1ls, 1111 sloo)l and. oltlhielr siO~a. pr:opetrttlDes like pH, li:lil'e 
kDiOW1l1i to affe'crtnriif:!rogen fixalttiotn. Acertytllel1le' Tieductioil1 :in Slamdy 
loam SloH ametnldled w.iJtih glUcose and incubalt:ed alnelrOibli!clal1y,-WJ$. 
oiP,timum at 37°C and mJaxlim'Um. BJt 45°C (40). Sim'illJarJy, higher 
l1!ttrnigenias€ aClt~'vtilty walS obS'eII'veu wli:th sOifghum and md:1lteit plrants 
at 33° and 40°C thiallla~ 27°C (63), TbJerre ilD:',e slev€lrlail t.epolt'l1s 
s:u.gg:es,tilllg CiOtnlslid.elrU3lbily bJ~gi.hJe[' rlaltres o!f N 2 fix,altIiion in tlrt)lPics. 
tlhan jn tbe tempelI'laJtlE'T'eg1ion (8 1 12, 57). 

Th€lI"e ilS a dlOJsle [':elllattUIOMhlip bert.w€-e\n SIOlm nmlrS!tuTe and 
dJi-rnJiltil"lOglen fiXjaJtJJOID, mJai1nily be:oause off p02 r\e'qUJiJre:m~ifllts, olf the
-l1liltroOgieln ..."fiXji!nlg balcte!rl1a,. Wiilt\h thle ia:1JCiI-leiasfun·g Slolil rnIOlislture and 
due tlo SOiilrtllOlt rand mtilotOlbjla1 l1espirrialtli:()n tlbJe ,dXYg'e\n plarotliJail. .P['le'- ( .... , 
$lS(UIDe derC['lelalS1€lS' tnestui.btdlnig in hligih nlitmog:e!l1JaISle' 8ICtd.vdlty. 'l'he p02 
.in the sOiLl Cain be' rnJalnliJpul~jLed by lilrlrilglaitio1n or by itnlCrelasiilng the 
l'1e:sipllr:aJtiiorn by olDgann:c mlalttt'e!r ameint'lmelnits, whliclh in 'a:ddlbt,iolrh can 
supply entEtrgy s:olUtrce .( cl3.rrbon) to- tlhe N 2-lfiXliInJg baJdtetr:ia. All1iO~ih!eJ.r 

polsS\iJhL11ty is by steil1e:ctmg mUit.a.n~\S ocE the badtlelrliJa whJi'Ch could 
to[emt'e highieT oocygeinr C:OiI:11c:e!nltlrlartii'Orn m tlhle SIOlhl:. ThlE- Tole of 
caJrfo~ellJOlid !in pr.olteCitfunJg N21~e sy:sltehl iln ba:crtetrtila' :from oxygen . 
nleIed to' hEl sltudlited ft.lJrtlhar. 

The phoitosyntbate t['faJl15ilbc!ated to the ro!otts is utHdzed by 
ba'Cte['~:a in the SOliJl as the Cla.rbon source. S:eve!I'la1 wtrrke:rs hla:ve 
ojbseocved dlliullill.al Vellllia:tronS W N 2i8s.e actuv.iJty ars~o,crltalted with 
rice, pefalI'a mJiilJlert, sOlrghum amd folriCIJg€' g1l'1B.'SISes (1, 8, 13, 59,,65). 
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HoweveT} these s~u;dti:€iS do n.oit S'how cJLeatr r!e!~artl]oil1rs1hlip between 
pr1a.nlt phiQlt'Os~il1lllheslis and rtlort .a~siOlCl~atleld N 2 :fi:x1a!~li'O!n. beClaus~ flu
otualtitxn olf 5'01]1 ii'empelrlaJtume c:oonlci'dleJs Wlifth the cycr]e oJ N ~aiS'e 
aJcttivtty dUJr!ul1Jg thJe dlay-tnlrgihlt cycle (8, 57). Stg.n/i.rfiClaJnJt chiall1ges 
in tlhe f/alte of roort-!aJS1sro:diaJted CZH2 r'eductl~o:n wilthlm 15 mil[}.. of 
t1namrsre'mtilng plla\l1lus ]1:"001 Sit1ll1illi~hlt mlto tlhte diaJrlk, Ofr vide v.erBla, 
whJich Sluggests' fa Slt~il1lg ~ink beltwe:6I), N 23ste aJ~bhTtilt:y land 'naJdliJa
ti:on iIlllClirl!efl1JCe in nice hiave' been TiepolI1ted (59). HOiWevelr, t.he 
N 2alSle a:CJtlh7jiJty of tbJe' albo'Vle D€lpolrlt1e'd oriolPS mary be ill1ldJtrelctil.Y rie'
~81ted tlO pihlotOlS/YlllUhesrs as :iJs ewdetnlt :fiIiom ,gtumes Q\f Dolbeil'ielilne:r 
et al. (15) thalt 8velhltih'Ough DiD, diumal cycle of 'IlI~lIr1Qlg~e was 
obs'e'rved in P. notatum, but prol'oUige'd incUlba1:Jions O'f pllanits in 
thJe dJaJrtk Deduced tbJe aJct[wty. 

Se;a:s:ornlail. valliilaJtlilotnJS iIn I'llhe nlilflrlogleni8lSe 8!CitdV1~tielS olf fo~age 
gra~es, mJali.ze, slorg\hum, p'elarl mtiJ1[fe[, Setaria italica atrltl Eleucine 
coracana have be:eIn. r;€lpon.i~ed using 'exCliJs;e'd. root or sodil COir,e ,alS'
says (13) 33, 6',3). W:iJt1h mla!,!2le m!aJelmrum aJcmiviitltes W€iI"e r'e'C'Oil"

died a/t tthe 75% 's@'kling glt1age (13) ,aJnd WI~tIh pelaml mJill'J!elt and Sk)lr

ghum ,at la[e fllQrwering-e,ar:ly gIiain fi1lJing st'8Jge. The ac,tivity 
wa's grelalHy rieflJated ,;v;iith oo~!Ogle!nJelt\bc deV1e11IOJpmreit1Jt orr p~laint (63). 

The prf:lsre!nJce olf comJhiJned N affec!1:s mtinolglenJ8Sle, add wty. 
It has be,en Obslell'Vie:d und'eJT fieild colndliJtrlJO!nlS' t.hla~ arpp!1ti.c.aibion O[ 
N felrttlild'Zlell' a{ ,l!oiV\r.elr }eve[s (20 kg, NIh/a) did nolt aJijiiact N2jaBie (9) 
Din ~lhe o~ihrelr hlaJnd alpp11!1claltitln olf N in Sml8J1ilielr dOlSlelS sutch as 20 
klgj.bJa had' SltUmU!lla1olry efiec,t 0111 Nz,alS'e aCitri.vity (61), By m&lll
p.Ullla~Ii'n/g the m;ert!lbiQd olf ,appJriJc:altdion and hy 2lPlPh"ilOlg in srpillilt doses 
ood se'le:c¢funtg :prope[' fO'l'm OJf fe'T~liib:iJze!J:' N lUkJe Sll'ow r1e1elaJSe' fOT

mUi~aJtj,oll:llS mlBly Ihle]'P tn hla.:rne!siS l11laooimum nMit:olg!elJ:l fiXJ81tiDln aLS'SlQ ... 

Ciilalt'ed wiith bh~s'e C.yiOlPS "vtiJthlOiult r:ed'tlClilnlg tih~' ylie\lrlsi. 

aDg1an~iJc mJaJtt ea- am:eIn'Clme!n[ti,S in slOli.l I'lelsrulit in. illlC[[';e~etl 

nwtlr'og/elnJaJS:e GliCltdvliJty (2'2, 64) antl tJhilSi ,arspedt need tto be expllnitbed 
fullly wlhelte!lln enroug,h CtI'OlP res~due!S aire aJViar~l!81b['e :flolr ill:1rcoJrpora
tling tn the slOWl. 

RESPONSE TO INOCULATION 

The!["~ is :lll1JCl'IelalSfup:g ilnltereslt iJn ,aJDtlempts ~o elO.lh!a:nce N2 fix
'81t!DOttlJ by ass~tCijat;ive syrs1t,em.s, thTl0fUl~ atJ."ltilficlilaO. mocUlraltllion, A 
m:a;jolrtilty O[ rleee1Il~ inoicuJ.'aJt:iJon expelI'imJe\nJt~1 hlave beetn with Azo
spirillum SiPP; ,a lirurge llJUffiIbelr oU: such eXpelrlimeJnJ1S hlave' been 
summaToised by Boddey and De1b'e'I'e\inleif' (5) and Wiani 
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(61). Servlel'iaIl e~pe\rl1meIl1lts ~n Egypt, I:SiflaeJl, Ilnrltta have sih'Orwtl 
p.olSlitt.i:tv~ benefiJts olf lloorullalt i'O\l1s Uin!der fi:eJld soot uat!i:onlS,. In Iil1'dfua, 
mul,tHolCaltiOinlal tr"'iJailis wirth pelaJrll miUet. sOllighum ail1d finger millet 
conducted OiVieJr 3 ye'arrs have' slhlown sru~oanJt1y ilnIore!ased yields 
"due to 1nlC)!CulJaJUi:on VVliltth Azospirillum brasilEmse amId the effects 
0'£ '~nlO:culJa!ttion weI'le m'Qr·e pr1OInJO/uil1lced umde.r llow i1eve~1S olf added 
nIDt~olSen (2, 53, 54, 62). 

'TIne pOIs'slitbLe cOIlJt.n~bU!trilon nf 111i:t1lio,gen fiXia!tdoln t:o the ylie1d 
of lJnocu1ated oroip p.]Jantls have 'been smlWlU by s'evelflall v;.;"Orkeil.'s 
(7, 8, 23, 42, 61). Rennae (44) usting 15N d1iluJt:ion pr:inoiple have 
shown tblaJt 'Wlhen sufficli!e'l1ll: c·atrtbo'n SlUbsl~rla;t.e WiaiSi aVlalUahLe, tp 
tlhe baciteir/iJa, upt~o 38% olf the m'aJi'z'e pillall1Jt N WlaJS1 delrfuve!d :Drom ( 
alSlS'Q,dilai1:ed N2 fiXia!truon by A. brasilense. Sim]~alrlly, ~n grr,asiSlhou!S·e 
stud~elS, it wlal$' sihIoWIh t!blalt Wlhelatt cUil,thViaJrs grd.Wil1 in Sio;iJl land 
ilnloc.ulla't'ed w.i:th Bacillus po:lymyxa ainld A. brasilense delI1iv;ed 
0-32 tMld 0-,29% .oJ t.o,tJa:l pilamlt N £rOm BN,F (46). UiSliing 15N iso-
tolpe dJtlrutnon te'chnlique ii}1, sanid cU~lturrel expell'lim:enltst, Heg1a·zi (22) 
suggeslt1ed thlalt as m'Ucih a!s 45 % 01£ to11aJl N cOInltent of pilant was 
derived fr:om N2 fixa~don. Tien et aI. (5,6) demon'sitrate'd produc-
v~olh olf alUxIDn) cytol\lilnJilniS atnid subs:tJal1!ce:g te!I1luaiti V'elly iid'enrtdfied as 
g,ilbbeIDeilll:ins by am AzospirHlum S'tlrl9lin. This', finalj,ng emphalSliz'es 
tlbe' nre~ed to :exelr:ciste aalutli'OiJ1 in the iinltetripretlalllioln of y,i!errtl :ilnlcre-
alSes ~itn respolnIs'e t'O bBld/:'elI',i'all in!Q:cllila!oion,. 'Dhe' possliibl1e' r<:>le' alf 
S!U!oh slU!biS~lalnices in ilnrc!r!el8lsill1:g CliO!p y:i1eUds' lin iuncwaltulolt1. tdacls 
bias been dli!stcus\s!ed dm deft ad!l by Hubbell:1 ,alnd Gasldlns 'ittl tiJ.teliJr 
l'fe!C'ent relV:ieiW (26). 

M,am.y relPolflDs exi'st mdlioart:!i1111g t.h:e pOlSs.ub[e me:ch!amslmtS by 
which the cr'.olp ploolt!s iltllo'cuJl a!ted wiJth N z-fixiinlg b8!ct eriJa delrj;ve 
the beil1lefilt :Driolm suclh ,alSS'odalthm\S (7, 22) 23, 42) 46, 56). More 
e'XlPelcimrelnlts ur~itng 15N Sltudlie'S wrlH enfSUJr'e tlhe qU!esltl1lorn t:hJart to "--
w.bJaJt exJ1e1t1lt e!B!ch oif the VlaJriioos proCiers!sie's manJtllO\nled alborv:€ CO!l1-
trfubUlte:s' t'n i'OlcJ."\elrus:e m y;ie'ld. 

AREAS OF FUTURE RESEARCH 

These a1s'so:oilait&ve niI~ogen-fix;iIrug s:y's~em:s ne'e:O. t.o be un
deristo:od 1m: del1:a'ill i~ ooc'ider 1'0 fu11y hlatr!l1€Ss tohlelir pOlt'e~ibilal, bool€- , 
fiJt'S. Morte 'pire:dils'e e'Sltrimaltes 'of trhIe quSl!l!tti.ty .of nl~tlrogen fixed ar·e 
e'S1gmllt1~aJl; u!5liJng daJI'eifufl n1i,ta';ogen hal8!U!c'~ sbudJ1es and '1 5N-lYased 
teclmliquelS. 'DheTe ts a ne:eti to lro:ok .a:t the wholl'e ba:cteI'lila[ syS
tems invoQved im ass:aJoi8ltive mbnogen-,fix;img syst1elm. By mlaIn~
PUllaltdnJg nhe cll']turre m'edila a:11id cultulial condJ~trooo!s lli'l~ 02 COIl1-
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ceTIlt'DaJtdloll1, pH, tempeJrat'Ulne 'aJrlid COinoonlti11a1tli1olrts of o3fribon an:d 
ott/hter nuttrdlenft stOIUlrtcets, idten~iLty of m8ll1\y unlkttl,'W1l1 omgJalnilJsms in
v:olved :in the'se aSlS'Dlaliaitiom wrliIll be r,eVlelail'ed. In palI'ltrilCulaJr, we 
need TO gliv:e tthOiUgthlt to. the roil.re olf nlOn-n!iitrtJgetn: fixell'ls pres'enlt in 
the r1hlizo~hef1e as rlepOlrlvs hlave slhoWln syn~ism amo/t'lJS\5!t nJi... 
Qrogen fixeI'ls cmld nJoIn'-Tl.dit,rogeln fixers. 

The roLe otf baJote[,lila lim aJSlS~)'c;iIa!tllive ntLttrogen-fixllinJg sys]t'ems 
nle'edJs~o be unrle;r'S!Vo,oid m!OIr.~ all: th'e ba!SlLc 1evel: (d') l:o:c1aifliO(n of tlhe 
baJdh~lI'1jJa (riJiJ) SOlll!rice olf e.nelligy fOir N 2 fbcattdon (dlii) roil.:e' of pLmt 
affilt1lilty beyolnd' tthaJt alS c:arrhohyd!r,a1te' guw~ier (d.v) e~COIlbglhca1 £aJC .. 
t~)lrs glovremiing such aJssrO:CJhaltdJom (v) tylPetS of booteirliia mvo!ltved 
anrl (VIi) orliltleriLa to be' Uis'ed for sJeilte!ctrung oarot.ell'1ilal t"Yipe:s' folr field 
mcw]a1iron Sltudiie's:. 

8'evea'.al repOIr.t,g naiVe ind;ioa!terl good posiiltl~V€ re~nlS~ to 
crop i!norcUJ~altlilQln!s under field cotnJdlbtiioos, how~ver, the pos:1tion iIn 
thtis are'a is hliJg1h!1y Vtall"liJaJblle. rnhelr!e is llirt:tl1e al81reem:e[lJt on. seve
rnl pdiJnit1S, e.g. (Ii) iJs tJh:elr~ a hOlSlt sperci6clilty fOIr badt,eriJai"? (ili) wbi6h 
btaiClteI1ila to UlSe &s ia:ID:cuillum a'nd Wlhleltheir ]t shlQruitd: he srl;nig;le sipe
di~s 'of baiCltsIii.a or flafbhJeir 18 mixrtUJre of ba,ct,ett'ita ? (dIi'i!) W1hicl1 rne
tJh:orl of :in!o~clllLartti:on t'O be ulS~d? (Iiv) whJaIt lis SUIilvab~e C'aJr;r'liell" ? and 
(v) whdrcih CJliiJterri!a to be used £or che'cking the. qUlai1~ilty Off the in .. 
ocuillanltls proou-ced? M!olre e~hISJSIiIs ne:ed to, be gliven on s,tudlies 
perrrt::alilnfung to ~alhlli!slhm'eInIt and SiUJl'IV1vail of tlne laddie(} :il11bculum 
in tthe rhioos(phelre aIrlId aWso the :fiacttbrs w!h/iJch mJiJg.hlt. aff,e.ct the 
per:lbrman;e,e of tihe arlid'erl iillloCluJLum. Wihlalt is, the ex,aot rt)le of 
iinJocuJJaJt~ed bBlot'ffi1ila .in inlcreJaJs!ing t/h!e CiI'OlP yi~:1'd\s? Arre tJh.ese so
rely due ,Do N 2 fiXlalt!ion or ihO:m10rnla1i effe'ctls .olr S!O ? 

The know~edlge of the ~ilc pnaotIDC!eIS w!h!ieh could 
help to inIorease N 2 fiXBltiJcxn urnd'elr mrmJal siltualttiJoos all1cl aJso w.iJth 
tnro.culJaltiion should go a' loll.1g Wiay tb ii.m[prove N 2 fiXiaitlion~ 

lit se'ems poLSSitblJe to, impI"OlV1e plJcmtt gen'OltYipes for itn,cireas€d 
a!SSOoiJaI~iVle N2 fiXlalt!iIon by iio1:llowing I".Q;uidne pllan~ breed!ing me
t'hoQ's,. The prO'gI'!es's o.f our genetic unid:erS'tanrlfung will likely 
move m~me ruow,ly be Clause of 1111ad~eqUlaore:s .lin: mred;hodblogy under 
fieUd COIllldlilt:imllS. The proSir~elSls lin tlhis mea v,niJ1Il be p,aJl'\af.l:loe:1 w:iJth 
our .aJb.il~ty to Clhalli8Jcterrdse the ph'yISbol'Ogy CIilld m1icmolbiOilogy of 
tlhe:s~e :asskY.Cluarttil{)11S'. 
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