HITROGEN FROM MICROBES

FARRER MEMORIAL CRATION, iuth SEPTEMBER, 1972

by

Jd. M. VINCENT

¢n this occasion we cnce again ccmﬁenorute_the work
of Willism Janes Farrer who, probably more than auy other man,
laid the foundatioms of Australia's wheat industry; Hovever,
there are spmd reasons for believing that his interest in
Austrnlia'n.rurai industries were even wider. It is aéparent,
for example, fhat as & result of his stay at Duntroon with
Ceorge Campbell; shortly after he arrivcd.in this country, he
was acutely aware of the needs of our pastoral Industrias. Indeed
in 1878 Farrer expressad the hope that pastoral sclence would one
day be taught in the colony becausze it had "an interest as gﬁeat
and & sphere as important ss that which agricultural science already
possegsed”, It is fitting therefore that amongst Farrer
Medalists there have been those who have been comcerned witﬁ
pastures, particularly with the legume component and the eontribution
it mikta towards production and soll Fertility. The sszential
nutrient role of nitrogen has also heen dealt with, hut I seex
to be the firat, in this serles of lectures, to speak for the vaat
population of microbes which are baslcally responsible for the
fartility of the moil, particularly Iin the matter of its nitrogen
supply. |
' In this account I shall be congidering in fairly broead
terms all the main points where micrcorgsnisms are significant but
I shall be giving rather more attention to the guestien of
bieclogical nitrogen fixation partieularly where this involves the

syrbiosis betwaen legumincuz hest and rhizcbia.
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i. Distribution and Forms of Hitrogen

The nitrogen available for hiological use ia an extremely
small_part of the total amount of the element on Enfth {5tevanszon).
HMost (98%) 1s locked up in reocks, although at very low
conennfrations (80 p.p.m.}, Almost all of the remainder is
atmospheric dinitrogen (Rz). which, on an equal area basis, is
about 10,000 times as wuch as al) that in the scil, the occean and
in lving crganisms. Life then hae available a capital amount of
cnly 3.0007 of one percent of &ll plsnetary nitrogen, and very 1ittle
of this (a.few kg/ha) is available for use at one time. The role of
miereorganidng as major agents for the recirculation and sugmentation
of usable nitrogen, and the part they can play in {ts fmmobilisation
or losa, will Sﬁ the subject of this sccount,

Ve aras chiefly concerned with three inorganic forms of
nitrogen: . wholly reduced (Ni, or BH,:); wholly oxidised (NOS'_);
cl§montal (Hzi‘ The firat two sarve as the usual source of nitrogen
for plantas and microorganiamse; the last is utilisahle only by some
bacteria and hiue-green algae.

- Hovever, practically a&ll soil anitrogen iz In organic
copbination. Its concsntration varies from about 0.02% - 2.5%, as
one yranges from a very sandy soil to peat. Values llke 0.08% - 0.4%
are more reprtsontntiv:. The datailed chemistry of soil organle
nitrogen is complex; only about half of it has been characterised,
as bound amino-acid (20 - 40%) and hexosamines (5 - 10%) (Bremner).
It hes been calculated (Bartholemew) that there iz about 3 times
as wach N immobiliszed i{n soil humus as there ls in living plants

(Bartholemew) .

2, Nitrogen Re-circulation

Awino-acids can be used as source of N diractly by micro-
orgenisma, and some by plants, but the re-cireulation of nitrogen
chiefly depends on the conversion of part of the soil's crpanic-N

to asmonie. This is brought about by the action of many diverse
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microorganisme and is termed mineralisation. In appropriate
circumstances two-stage oxidation of ammonia yields nitrate as
final product. This is nitrification. Either form is avallable
for assimilation by plants and, of course, by microbes. A

fertile soil will regularly be in the process of having some of its
organic-H converted to a utilisable form but the rate of liberation
Qill depend on the quantity and nature of soil organic matter and
the extent to which conditions faveur microbial activity. The 1lift
in fertility following periods of fallew and cultivation results
from the liberation and accumulation of the ammonium and nitrate
iona favoured by these practlices. .

Hh;t happens when fresh organic material is put into the
soil requires further consideration. First thers will be grsatly
inereased microbial activity; fungl, actinomycetes and bacteria,
and ultimately protozoa, will grow very rapidly because of the
fresh energy supply put at their disposal. fhis new microblal
substance will necessitate nitrogen input, which will have to be
supplied, if not from the added organic matter then from what is
available in the aoll. Because of this a crop sown shortly after
the addition of low-nitrogen organic matter finds itself short of
this slement because of competition with the actively growing microbes.

1.5% N in organic watter is the approximate critical pcint.
Balow this, soil N is likely to he immwobiliged in mieroblal
subatance (assimilation), above nett liberation (minaralis;tion) is
posaible: Table 1 gives an example to show the difference between
turning in a low nitrogen ¢rop reszidue and one rich in this element,
such as a green legume. The values given in this table are
$llustrative only; many factors will Influence the actual balance.
Howaver the principle is established that, unless.additional N is
supplied as fertilizer, tha turning in of low-N residues will create
a condition of maute shortage of this element (Table 1). When the
amount of N in addqd organic matter is grsater than the proportion

needed for mierchial substance, the excess will become available for
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plant use although some will be temporarily immobiliged in the
bodies of microorganisms. The latter will be avallable for
mineralisation in succeeading years but at a alow rate (1 - u%
recoverable yearly). Consequently the direct benefit of turning
in nitrogen-rich green manure will be greatest in the first year.
These consideraticns affect practice. It is better td
get iow N residues into the soil earlier, high %N residues
closer to the time nitrogen is needsd. The slow release of
organic N after the first year explains the relatively small N
presponse cbtainable from cowmpost, as well as fcry good nodulltioﬁ

and evident N-fixation by clover growing out of cld dung patas.

a, Nitpification

Niteification merits further brief consideration. Its
practical use goes back to the manufacture of nitre in dung heaps

during Napoleonic timee end its recognition as a biological

_ phenomencn to cobservations on nitrate production in sewage

(Schoesing & Muntx, 1877). The classical organisms responsible for
the multi-step oxidation fr?m fuliy reduced to fully oxidised N,
ave Nitrosowonas (¥H,* + ¥0,7) and Nitrebacter (NO,™ -+ NOg).
Each process results in a nett energy gain to the oxidising organism,
which, coupled to'fhat organism’'s blosynthetic system, enables it
to r;duco atnospheric co, te suitable orgenic form. Other, mora
complicated, pathways have been demonstrated, by which a range of
microorganisms (bacteria, actinomycetes and fungl) can ralse the
oxidative level of N with inorganic or organic N substrates (Alexander).
It used to be the fashion to promote nitrification as an
altogether desirable, aﬁd even easential part of the soll N cycle.
However plants differ in their preference for NHM+ and HOS", and
there are clrcumstances when the latter form is sgronomically the
less desirable. Nitrification changes the slowly leached, readily
adsorbed, cationic form to the readily lesched union. Nitrification

also provides substrates for N-loss by denitrification in that Hog_
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and nos" act as alternative electron acceptors if soil conditions
become anmerobic. Lowsred pH, comsequent on nitrification may

lead to toxic symptoms due to solubilising of Al but the same effact
with nutrient elements such as X, Ca, Mg, P, ¥n, can.be ndvmtageoﬁs;
Sowe agricultural practice is designed to control nitrification,

particularly in order to aveld leaching and denitrification losses.

4. Binding of Hitrogen

The ammonium fon has the useful property of being able to
combine as an exchangeable base with organic and incorganic mgnti:nly
charged surf'acn in the soll cdmp:l.tx. Howaver firmer, less
advantagecus bonding, can also occur (Nommik; Mortland £ Wolcott)
and reactions of this kind might well becone mi'e izmportant with

increased use of- anhydrous\ smmonia and NHa*libnmting fertilizers,

‘such as urea.

5. Losses of Nitrogen from the Soil

Loss of soil nitrogen may occur into the air, by
volatilizayion or denitrification, or Iinto gi-cmdwatqr, rivers
and the ccaan, by leaching. KNitrogen balance expsriments that

attempt to account for reaidual soil nitrogen, losses dus to crops and

‘lemching and gains by fixation or deposit from the atmosphere almost

slvays show a significant unaccountsd for deficit. This is attributed
to loss of vblnti.u N3 which has ranged thmzh 2ll levels up to
half the N appiied in fertilizer (Broadbent & Clark) .. |

Loas of anmonia can occur with surface applications of
fartilizer, and from urine particularly if the soil has poor capacity
to adsorb HH“- and if pH 1s sbove 2. The hydrolysis of urea both
palisax pH and provides N}ia, %0 that this risk is greater with this
form of fertilizer. It has been calcuintiﬁ that § -~ 20% fertilirex
¥ can be loat in this way and it certainly constitutes a significant
source of loss with frazed pasture. | '

_ Denitrification invclves the reduction of nitrate and



-6 -

nitrite and rasplta‘in nitrous oxide and dinitrogen, both of which
are volatile and lost to the atmosphere. It is favoured by
conditions (such as sultable temperature, pH and decomposable organic
substrate) which suit the growth of microorganisms, able, under
anaercbic conditions to use nitrate, or nitrite, as alternative
terminal acoeptors of slectrons. The stepwise reduction of nitrate
at least includes the steps:
o ‘ $ '
nitrate + nitrite + nitrous oxide + éinftrogen.

Tn almest any soll there are likely to be times and zones whers
oxygen s quffieiently short for some denitrification to occur. It
cbviously becomes more serious when solls are flooded or very wet;
it would ke mbrnened by the use of nitrate fertilizers under such
eondition;, or the mitrification of ammoniacal fertilizers before a
flooded phass. In any case denitrification is likely to.ocour in
localised puckets in the soil and may account for 10 - 15% losses of
applied fertilicer. | |
.' An alternative, as yet undefined denitrification route,
seens to involve asrcbic oxidation of ammonia to nitrite and production
of‘dinitrogan from the latter, consequent on reaction with aaué soil
fraction (Broadbent & Clark) ., |

The main routes for the loss of nitrogen from the soil are

gunmayised in Fig. 1.

6. HNitrogen Gains

(a) _ Non-bioclogical gains of N

Nost measuraments show that any gain to soll by precipitation
from the atmosphere (due to elsctrical or shotochemical reduction of K2)'
amounts to only a few kg/ha, and could only be of significance in s
practically closed ecosystem such as & pnatural plant : animal
gomeunity {(Stevenson). Higher sstimates seem attributable to local

industrial, dust or ccean contamination and can hardly have ganeral



significance, otherwise it would be much more difficult than it

is to demonstrate nitrogen responses in field experiments.

(b) Biological gains

The reduction of dinitrogen by biologlcal agents is
certainly the more significant means by which soll and water add
to the supply of usable nitrogen. The organisms able to do this
are all microorgenisms, in fact, the simplest (procaryotic) forms:
_bacteria, higher bacteria and blue-green algae. Hostly they can do this
in pure culture; a few function in the form of a N-fixing aymbiQsiu
with a higher plant. According to the organism and the conditiona |
the nett gain may range from a few kg/ha. to several hundreds. In
the latter case the Hz-fixed provides a considerable Increment in the
level of soil niérogen.

The free-living snd symbiotic systems will be dealt with
separately in the succeeding sec%iona; the latter, quantitatively

. the most mignificant, will be considered in rather more detall.

7. Dinitrogen fixation in free-living systeme (Jensen)

(a) Organotrophic bacteria

The discovery of microorganisms able t¢ use dinitrogen as
scle source of this element goes back to the early history of
microbiclogy, when this capacity was demonstrated in an anasrcbic

spore~former (Clostridium butyrieum) and, most strikingly, the

vigorous aercbic genua, Azotobacter. Both of these groués of bacteria
have been subject to intensive research into their natural occurrence,
the conditions affecting growth and dinitrogen fixation, the bicchemical
mechanism of the process, their actual or potential practical
significance. The avallability of newer more sensitive techniques
(15N2, detaction of acetylene reduction by means of gas liquid
chromatography has led to the pesitive ldentification of dinitrogen

utilisation ir a number of other, taxoncmically quite unrelated

bacteria, notably Bacillus polymyxa, Klebsiella {Aercbacter), Paeudomonas,
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Achromobacter, Arthrobacter. Additionally some bacteria, once

laballed Azctobacter, have been judged worthy of generic rank
{Beijerinckia, Derxia).

All of these bacteria depend on organic éarbcn
compounds for their metabolisw, and a great deal of attention
has been givnﬁ to the relationship betwesn the amount of carbon
compound consuted and the amount of dinitrogen fixed. The
suitability of any available carbon source has also tc be
considered., Significant associations betwsen the classical
dinitrogen-fixing bacteria and organisms-able to decompose
cellulose and honimll&lou provide the means of making use of
these major constituents of plant residuss . However the
total supply of such residues and the relative sparse occcurrence
of the dinitraéih-ﬂxinz bacteria in most éultiutqd soils cast
considerable doubt on the generally quantitative significance of

this scurca of additional nitrogen. Exceptions are to be found

{

_where large amounts of plant residuss are allewsd to dacay under

- partially or periodic anssrobic cenditions, such as rice fields

and the heavy textured loams of the Nile delta and Northern
Africe more generally . Very high Azotobacter counts have basn
recorded in such cifqmstlnces 1.ud1u§ to the possibility of an
agronomically significant gain of nitrogen to the soll. A wost
interasting set of nitrogen balances has been assemblad from
Egyptian experienca, which can be taken as Indicative of the
benefit that can ariss from non-symblotic fixation under the most
promising conditions. These results (Fig. 2) confirm the prediction
that significant gains of N by free-living soil microcrganisms
depands on the return of a considerable amcunt of organic material
as crop residues. They also show the quantitative supericrity of
the legume (Beans) as 2 provider of this element. Losses ware
chiefly dus to drainage in irrigation water, ané part at least of
the plant residue effect may have bean to lessen this by M-

immobilisation. Similar c¢onditions may apply to pasture soils and
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leys, provided there is sufficient accumulation of organic matter
suitable for the promotion of fixation (about 50 kg decomposable

carben for each kg dinitrogen fixed). Fixation at the rate of

18 kg/ha has also been estimated for Azctobacter paspall,

spscifically associated with a variety of Paspalum notatum .

(b} Photosynthetic microorganisms

The questiorn of energy supply is different when cne
considers dinitrogen-fixing wicreorganisms which arve also
'photoaynthctie, and which therefore have-the advantage that they
sre gelf-contained in this respect, provided other conditiocna m
favourable for their growth and CO, utilisation.

Dinitrogen fixaticn has been demonstrated in photosynthetic
bacteria but th; agricultural significance of this is reducsd by
*'.;hc restricted habitats suiltable for these organisms. Thers has been
a recent report of signiﬁcngt fiyation dua to photosynthetic
bascteria in a beach sand in Swedsn, as well as & favourable appraisal
of their role in assoclation with rice « In the latter case
association with other, heterotrophic b«_lcteria permitted asrobic
growth and fi;:ctim of N2, apparently due to excretion of lpyruvic
acid by the assoclated heterotrophs. Usefulness in waste and sewsge
purification is also indicated in pilot trials.

The blue-green algae are affective pioneers of new and
relativaly inhospitable soil surfaces, including low rainfall regions
vhere dried algal crusts pnrq:lst betwaen the odd favourable cccasions
when the rain (or condensed dew) permits a period of rapid growth .
They also have a eontribution to make (although not always specially
welcome) by their abundant growth {n shallow bodies of water.

The agricultural role of blus-green algas is quantitatively
significant in the cass of flooded rice-fislds vhere major geins of N
 bave been recorded: in some cases sufficient to provide for the neads
of the asascclated rice crop. A recent review quotes gains commenly

in the order &E 106 -~ 20% (sometimes two or threes fold) as a result of
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inoculation with selected algal cultures. Some Field results with
Bwudinh_ soils estimate -ynnrly fixzation by blue-green slgse in the
order of 4 to 50 kg/ha. Extremely high rates of fixation under
puddles in a clay esoil indicated the posaibility of éontributims
.by these organisma in temperate regions + Estizates extrapolated
from laboratory experiments with flooded rice soils gave very high

values of 180 - 240 kg H/ha/p.a. .

(c) Assessment of significance

In sussary, Jensen, who did so much in his monumental
study on the Australian scens to shatter any illusions as to rcliﬁ:u
on the free-living bacteria to make good nitrogen deficiencies being
craated by the bare - fallow - wheat rotatiom, concludes as
follows. Non-ly;hiﬁtic Hfﬁution has to be regardsd generally as
a long term Factor in the economy of natures able to compensate in
part for losses of nitrogen from the bioclogical cycls, slowly
- building up organic nitrogen in bare and poor sclls and helping to
maintain reserves Cultivation and the release of inorgsnic nitrogen
assoclated with destruction of organic matter, leads to the potentlally
disastrous situation where the organic-carbon-demanding dinitrogan-
fixers are unable to cover more than a fraction of the crop's
requirements for nitrogen. Morecvar the fraction so supplied will
diminish ae increasing population pressure demends more protein from

nature's biological nitrogen cycle.

8, Symbiotic Systems

The logistics of Nz—fixatim are much better when it
comes to activa symbiotic associations betwaen bacteria and terrestrial
pluﬁ:s becauss the latter act as more versatile providers of carbon-
compound snergy, as well as providing a structured habitat for the
microsymbiont. The latter generally takes the form of & mass of
specialized root tissue (nodule) within which the bacterisl partner

(microsymbicnt) has a close and relatively enduring asaociation with
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the host plant (macrosymbiont). When such a partnership is
functioning sfficiently, the bacteria are close to an abundant
supply of C compounds which provide nesded snergy, 8s mil as
the residues ﬁud for the production of aminc-acids by combination
vith the reduced nitrogen (NE,) contributed by the microsymbiont.
Such a symbiosis betwsen plant and bactarium has besn
" achieved at several levels of the evoluticnary pmin. Blue~
_‘ green algwe i fungal associaticns in lichens permit these forms
to sct as prime colonisers, In the Gymnosperms, cycads, such as
Hacrozamis, have a noduls tissue inhabited by blul-mﬁ algss .
The conifer, Podocarpus, cmkg nodule~like structures ﬁhich
ssem capable of £ixetion in one case, althcugh in other exparience
any fixation wes warginel . It is howsver with Anglosperms that
the symbiotic aséociation has been most developed. These cases
avre convanhptly treated as first those which belong to families

other than the Leguminosae, and finally the nodulated legumes.

5. Non-leguminous Angiosperms

The alder, whose fat shadow nourisheth

Each plant set nears to him long £1ourisheth"

- Willism Evoune (1630, cit Tarrant & Trapps).

Root nodulation has been recorded amongst mambars of 7
orders of dicotyhdonms sngiosperms in addition to the Family
Leguminosas. Most of the genera belong to the Northern Hniiphart
but some also occur in the Southern Hemisphere (Myrica in southern
Africa). Casuarina is the genus 7x‘pmlemtatin of nodulated non-
legumes in Australis; £t slso extends widely into the sub-tropics
and troples outside of Australia.

The microsymbionts of non-leguminous sngiosperms have
resisted all attewpts at isclation in pure culture; consequently
this synbionis is difficult to study so far as the specific relation-
ship between the two partners is concernsd. Short of the absclute

preof that requives pure gulture isolation it seems most likely that
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the nodule of the nop-leguninous anglosperm contains an
actinomycete as {ts bacterial partner. Thers appears to be some
degrae of-cross~invauivanqpai but alzo some degree of specificity,
between differant host species and genera .

Undoubtedly the nodulated non-legumes have a eignificant
scological role in certain natural plant comwuﬁites. -The praise
given the alder above recelves factual support in evidence as to
its usefulness im improving & forest environmment when K-gains in
JeaF fall, excretion and root and nodule decomposition can lead to
an annual accreétion of soil ¥ from 12.ta 300 kg/he/p.&. ~ the
equivalent of.ubout 6100 in fertilizer c;uivalence . Hyrica has
also been ﬁcgd as Bn undarcaver forestry crop in Japan , and
anuarina has had en accepted place ag a coffee-shade tres, baged

on empiricsl cheervation of its naofulnas# in Papua-Kew Guinea.

10, The legume-rhizobium symbiecais

(a) Brief history

PThen Jacob gave Esau bread and pottage of

ientiles ..... Genesis 25, 34,

The use of legumwes can be traced back to the inniiest
history of Man: possibly as early as 8,000 B,C. Jacob's mess
of pottage seems to have been the red lentil (Ervum lens); David's
provisions for his srmy include beans (Vicia faba), iantils and
prebably peas (II Samuel, 17, 28). Lucerne was cultivated in
Babylenia (abeut 706 B.C.) and its title "hay of tha Hedes” wan
responsible for the generic name Medicago. It seems to have come
into Italy from Central Asiz via Gresce and/or into Spain with.
the Moors (Nutman) . The Gracks were aware of the legume's
}ngricultural virtues: 'Beans ........ are net a burdensome orop to
the ground; they sven seem to wmanure it ,....." (Theophrastus,
#70 - 2685 B.C.). They also had & place in Roman arecp huahgndry:
"Legumes should be planted on iight seils, not zo much for thelr

ovn crops as for the good they do to subseguent crops' (Varre, 37 8,C.)
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The inclusion of legumes in crop rotations declined in
Burope in sarly mediasval times when rough natural vegetation and
bare fallow took its place. Later they found their way back into
conservational rotations of European agriculture, and spilled
over by acclident or design into new agricultural areas.

The scientific appreciation of the legume-rhizobium
synbiosis stems from the cbsarvation by Hellriegel and Wilfarth
{1889) of the significance of the legume's nodules in making the
host independent of cowbined-N. At practically the same time
Beijerinck -isclated the bacterial microsymbiont (Rhizobium),

Inoculation by the transfer of soil tsken from an area
uupportipg growth of selected legume, the inoculation of seed with
pure-culturs rﬁiaobia and the use of incoulated peat as a vehicle
for the carriage of the bacteria followed in succession - each
subject to difficulties of one kind or another, each demanding a
large smount of invhltigntién. The amcount of early effort put into
the study of rhizcbia, and the phenomenon of legume nodulation, can
be gauged by the 1932 classic monograph by Fred, Baldwin and McCoy
ﬁharc the bibliography listed mere than a thousand articles produced
in a period of some forty‘yuarg.

By that time most of the aspects that interest us to-day
had in soxe measure been touched on, and most of the problems needing
solution had banﬁ racognia&d. Work had in fact gone just about as
far as the micrebliological and biochemical techniques of the day
would permit, Further pfogross depended partly on a sharpening of
the analytical tcols at our dispoaal partly onlthe exploitation of
new techniques such as electron microscopy, chromatography, gel-
§1ffﬁsion and the use of labelled antiquy. hoavy~N2 and use of
acetylene as a gonvenient auﬁntitut- for N2 in studying the fixation

PROCORS.

{b) The legume scens in Australia

Thare are many membars of the family Leguminosae In
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Australis which, so far as they have bean studied, appear to be
nodulated with their ownt truly indigencus rhizebia. With the

exception of some, which can be used as browss shrubs or cut for

drought fodder, and Trigonella suavissima in parts of Queensland

and New South Wales, native Australisn legumes have little
' nxrieultuﬁhl significance.

Lucerne and white clover would have been the first
1ntroduqt1§nn brought in by the English settlers by the 1850's.
Separately, and accidentally, uubterrlninn ¢lover and many species
of annual medics came In frow the thit.r?annan, the first at least
€0 ymara 2go, and advanced northwards from their points of arfival
in the nagth; selecting, or being sslected by, the soil and climatic
qanamons to which they proved so well suited . "Townaville

stylo” (Stylosanthes humilia) found its way into Queenslend Over 60

yoars ago; others potentially useful as tropical or sub-tropical
species have since been intreduced, sslected and in some cases used
for the production of new varisties.

It i{s spparent that the early fntroductions to the

.._ tesparats parts of Australia carried fortuitously rhizobia able to

nodulate and, In many cases, effectively ﬂx,H2 with their hosts.
Conditions needed for rhizobial survival no doubt played their part
in determining the natural spread, or the restriction, of the
corresponding legumes. With tho~p§l:1hlo exception of rhizobis from
netive Trigonella, which forms an association, generally inadaguate,
with some of the introduced species of Madicago, there were no truly
native rhirobia for the introducnd.tunpornt- legumes.

Legumes like smoybesn, cowpea, lupin and the tropical species
prasent quite a different problem. Many pf them can In fact be
nodulated by native rhizobia, though the association is often sub-
optimai or completely ineffective. The hosts' rhizcbial requirements

range from extreme Invasibility (as in Phaseolus atropurpureus) to

warked specificity (Centrosema, Lotononis, Leucasna).

{c) Potential gains by nodulated iegumes
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Agourate determination of the amcunt of Hz fixed bﬁ
-the nodulated legume under field conditions is generally difficult.

Moreover any such estimsate expresses the result in a particular

~ situation: an Interaction involving host, bagterium and the

envircnment, Recorded gainas can therefore bes recorded cnly &s a
range, with the extreme values in both directions likely to be
relatively unusual. Table 2 is however a falr statement of the

ﬁocitian.

(Table 2)

11, Conditions Affecting the La;un;-rhizobiﬁm Symbiosis

These cean be considered in terms of compatibility
betwaen the symbionts, operating at the pre-invasion stage .
eontrolling infection and determing effectiveness of the nodular
assoclation (Nutmen) , and in relation to the operation of

envircnmental factors (Vincent) .

(a) Compatibility between Rhizobium and host

Host Iinvaeibility and rhizobial invasiveness are gene
controlled and can be modified by variety selection or breading,
on the one hand, or lost by rhirobial mutaticn, on the other.
Nodulation within accepted ineculation groups need not occur for
all host x rhizobial combinations (e.g. within the clovers
with species of Medicage and within soybeans (and Corby, pers.
coam.). There may alac ba problems of ﬁuducud aompatibllity
restricting nodulation, at least under some, if not under all
conditions (e.g, lines of 'ncn-nédulnting' soybsan and
difficulties with the Woogenellup (= Marrar) uultifar of subterranean
olover ; |

Compatiblility also opereates within inogulant groups and
often imposas severa agronomic restrictions as, for example,

subterranean v white clover » host ;ehotypc within red clover
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(Nutwan} , -subterranean clover , speclies of Medicago ,
Medicago falcats crosses with lucerns » soybean and
Centrosema + Agaln zenqtypic change in the Rhizobium can lead
to lost affectiveness .

In the case of legumes that have npicad naturally 1t is
1ikely that processes of field selection will have already achieved
a fair match betwssn rhizobium and host. If a new species or
varisty of legume is being introduced into a soll where a
compatible rhizoblum is abaent or aﬁuu. attention needs to be
given to the concemitant introduction of the corvect bactarial
partaer. Such rhizobial inmtreduction is likely tc be a good deal
easier vhers thers iz complets or virtual sbsence of rhizobia able -

.to invade the host, but much more difficult, particularly in the

long term, whin Invasive but ineffective rhischia m already present.
In these circumstances the agroromist (and the specialist providing
“the introduced material) must teke into aceount the rhizobial
component as part of the total environment, and be assured that the
problems created by the introducticn are justified by the advantage
likely to azcorue. '

To a lsas, but still considerable axtent thought needs
to be given to pmb.hms attendin;g any demand at the commerical level
for new specislised inoculants. This not only crestes difficulty at
manufacturs, distpibution and farwer usa; it also involves time-
consuming steps in the testing and selsction of new inocuwlant
strains. &

The rhixobiologist has, in the past, been presented with
several rather shattering examples of the "fait accompli: by
the agronomist, the plant introduction officer and the plant brasder,

A symbiosis at that level is alsoc much to be desired.

(b} Environmental conditions

A great deal of the spectacular bensfit resulting from

the use of legumes has bean directly the rasult of providing better
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condi{ticns For-the functioning of the symbiosis established between
a natural or sown legume and the rhizobia‘alraady in the solil. This
is particularly the case where there hﬁs bLeen a reasonable
opportunity for colonisation over a ﬁood many yearé, go that fairly
ﬁood rhizobial strains are already there ready to réspond to any
improvement in conditions. Similnr ameliorative steps have often.
€0 ba takoﬁ when a new host and its rhizcbia are being introduced
particularly when it is aimed to have both persist in succeeding
years. Such action has been concerred with survival of rhizobia,
nodulation and/or nodule functioning (Vincent)

. Acid conditions can affect rhizcbial syrvival and
multiplication and, due to problems of nutrition and toxicity, the
functioning of the nodule. The calcium ion seems to play a spoeific
and practical fole in connection with nodulation and, to some extent
fixation . Various digorders due to trace element deficiencies
affect the growth of legumes; some have a more specific role in
comniection with nodule functioning. In practical terms Mo, as
essential parﬁ of the nitrogen-fixing enzyme complex, is the most
important and has; of course heen the subject of intcnsive
investigation and application. Sulphur deficlency has also been
defined: it operates, not directly in connection with Nﬁ—fixation
but for completed protein synthesis. The element most often
deficient under Australian conditions iz however phosphorus and
generally the effect of its application is to cause a very great
improvement in ylelds both of established pasture and at th; time
of establishment . The defliclency evidently operates through
the host plant, but causes problems in both nodule formation and
function. For these reasons applicntidn_of phosphate can be
responsible for a ronghly equivalent increase in fixed N, .

‘Combined nitrogen, except very light dressings under scme
circumstances, is likely to depress both noduls formation and nodule
functioﬁing. The degree of inhibition caused by the application of
conbiﬁgd nitrogen will be markedly affected by growlng cenditions and

the demand therefore made on this element. Competition by the
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K-stimulated non-legumincus pasture component may also put the
agsociated legume at & sericus disadvantage. A great deal more
needs to be known about the long and short-term effects of the
application of combined nitrogen to legume-containing pasture,
particulariy the circumstances and management proceduras that

might maxizise production whilst allowing sufficient legume recovery
for the maintenance of a balanced sward . Greater tolerance to
combined N may be achievable in the symblotic situation. The same
difficulty does not occur if the fertilized orep (s.g. winter oats)

is grown separataly .

12. Practicalities of the Rhizobial Situation

At this stage it can be appropriately asked: What can
bs done tr assess and {mprove the rhizobial side of the lsgume-
bacterium symbiosis as it operates under fleld conditiona?

Thess specific points seem to merit consideration:
{a) In respect of existing legumes,
(1) ¢anproduction be 1ifted by soil

amelioration, 1f necessary with re-seeding?

(ii) Are the associated rhizobia good, had or

Indiffarent with these legumas?

(iii) Would an introduced inoculant sown with the

same legumes improve the situation?

(k) For an introduced legume,
(i) Are thers rhizobia already in the scil which

are able to invade the introduced host?

(11) ¥il) nodules formed by such rhizobia be effective,

ineffective or intermediate in Hz-fixatian?



- 19 -

(151) If invasive rhixzobia are absent, can an
effective rhizoblal strain be used s0 as
to provide satisfactory nodulation In

the first and in succeeding years?

(iv} If invasive but Ineffective rhizobis are
pressnt can an effective introduction
compete for the production of nodules?
\Hll it retain adequate representation

n suaceeding years.

(v) 1Is the introduced legume therefore iikely

to bs a practical proposition?

13. Legume inoculants (Vincent)

Ssed "inoculation™, the introduction of appropriate
rhizobia with sown legume seed, has been found necessary in many
parts of the world, particularly in Australla.

The history of the use of legume inoculants in Australia
is briefly roeapitulut-d. in Fig., 3 from the issue of a few cultures
by the New South Wales Department of Agriculture in 1914, By 1938
most states were issulng cultures but the rising demand after World
Waz II placed a heavy buz';.lm on such agencies and necessitated
handing over to commercial marufacturs. In New South Wales {in 195k)
the Department vacated the fleld in favour of comwercial manufacture
aﬁd the one Victoriasn supplier, alrsady in business with agar
cultures, changed over to the use of peat which had becoms the general
method In use in this State. Recant usage of legume incculants i
Australia by host group and state is shown in Tigs. 4 and 5.

~ The Australian inoculant industry had a difficult beginning
in that a large proportion of -thc first batches of cultures veres
found to be unsatisfactory, at a time when a general awarsness of the
nead For effective nodulation, and ability to recognise the signs of

failure, highlighted cases of poor quality in the product. It became
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apparent thet there was an urgent need fer better production
rethods and adequate supervision and control, Out of this sitnatiﬁn
thers evolved & cooperative advisory and control service, involving
the University of Sydney and the New South Wales Dopﬁntnnnt of
Agriculture (U-DALS) which, supported by manufacturers and primary
Induatry funds, served gll aamufacturers and resulted In considerable
improvemant in the Qunlity of lsgume Incculants ﬁrodunod in Australlis
Standards set by thie bhody were accepted by all State authorities
which virtually ceased production on their own account. Since 1970
the informal organisation has been replaced by fh- official Australlan
Inoculants Research and Control Service (A.I.R.C.8) located at the
Biological and Chemical Ressarch Institute, Rydalmeve.

In addition to control measures por se, a good deal of the
work that has goﬁi into studying the root-nodule bacteria and their
synbiosis with the host has besn aimed at sscuring hetter pcaults with
the practice éf sesed inoculation.

Requirements for the successful manufacturs and use of

incculants can now be considered.

() Strain selection and maintenance

Strains must be selected oritically, maintained carefully
and tested regularly to minimize the chance of undetected variation
in symbioctic properties. These are the properties that are looked

for:

(1) capacity to colonise, and compstitively form
effective N, ~fixing nodules with the host,

-or hosts, for which 1t is recomsmnded.

(4i) adapubility to field conditions: survival
(“sdprophytic eampqtenc.") and, if possible,
a degres of tolerance to sub-optimal conditions
(such as acidity, low or slevated temperaturs,

desiccation, microblal antagonists) .
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(111) good, or superior performance with a wide
range of host verieties, and if posaible,

species, ("wide spectrus" strein).

{iv) good laboratory qualities, such as relatively
fast growth pate (within the limits set by
the specles) and genetic stability; an
uncounén antigenic comstitution is also

ndvantagooﬁn for "tracking" pﬁrpecal. -

The intrinsic capacity to form aff;utIVc nodules with a

range of hosts can be quickly assessed in a relative fashion by
one of asveral methods sultable to light room or gresnhouse .
Thoss that pan-athin qualifying test can be subjected to the
vicissitudes of field tests in locations chosen te provide a
reascnable vangi of conditions. Field tests are essentisl both in
the original seleoticn of strains and as a regular check on
maintenance ¢f the desirable proparties on which selection was
first based. They are, of course, expsnsive and, to be done well,
wust incliude aa féw strains as possible. More fleld tests of -
nodule-forming competitiveness are nesded to supplement information
obtained in simpler wore defined s}tuations.

| A lot of work has gone inte the selection of straine for use
as legume inoculants in programmes developsd by U-DALS, the state
departments of agriculture and C.S.I.R.0. This has provided valuvable
background to strain recommendations. However no cne who has been
associated with such pr&graunea, would claim that they have hean
entirvely satisfactory. Menpowsr and financial resources have always
besen too restricted and essential interstatse cooperation, in some
cases, either ingufficlent or non-existent. The taatiné programae
neads to ba adequately planned and coordinated, and thers nesds to
be auffici;nt 1iaison bhetwesn offie;ul bodies, and bntunin agricultuvral
sub-disciplines, to bring to light, where there is yet time, problems

likely to be encountered in new localities or with new hosts.

b
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Unfortunately some rhizchia are very unstable genetically
and the changes consequent on the appearance of mutents often mean
a decline in symblotic capmeity. In the course of strain raeanmondttiﬁnl
for the clover rhizobia over the past 20 years there have been at
least 3 recommended straine which have become less invagive or
completaly npn»invaaiva and & whera ineffective mutants have become

prominent in the population. Two points emerge:

(1) Lyophilized reference cultures should be
miintained with sufficient replication to
anable regular return to this-“-tahililcd"

Qlterial.

- {11) Cultures currently in use commerclally must
ba regularly checked for the maintenance of
symbiotic propertiea, In this connection
1t is vital to realise that a light room or
grasnhouse test with Incculum taken from a
magsed culture can fall to detect a lajorify
of non-invasive or even of Invasive but
ineffeactive rhircbia. A simple quantitative
test of a dilut;d series would on the other
hand provide a quick means of detecting both

conditions.

{t) The manufacture and guality of Inocculants

Although it was haﬁah medicine at the time cne can see,
in vetrespect, that it was fortunate that the early failures in
Australisan commercial production of legume incculants were made 50
apparent by the demanding circumstances associated with their use.
Such fallures were followed by dramatic improvement, although those
concerned with the operation (whether production ox contrel) were
naver short of a problem. This area of lpﬁlind wicroblology still

issues its challenges. Besides cases of strain Instability and



- 23 -

complications arising from the introduction of new host varisties,

difficulties have at variocus times included:

(1) contamination during growth in broth,
resulting in partial or complete replace-
ment of rhizobia (nead for improved aseptic

munufacturing technique).

(11) insufficient growth at the broth stage
r(tttantion to temperature and ierntinn;

nutrient requirements).

(£11) péor multiplication and survival in non-
' sterile peat carrier (#uc to. unsuitable
peat, toxic products of high temperature
drying, excess salinity, micrchiological

antagonism; high storage temperature),

(iv) re-growth of surviving non-rhizobia, or of
post-treatment contaminants, in “sterilized”
peat, (inadequate autoclave treatment;
incowplete sterilisation by y-irradiation;

faulty aeaptic technique).

{c) Seed Incculation

Granted an incculum is satisfactory, i.e. with enough
viable spescifically effective rhiszobia at the time of use, what-ar.
the factors that determine satisfaetoﬁy nodulation in the year of
sowing? This can be considared in terms of survival on and around
the sown seed, and of success Iin forming nodules, perhaps
compatitively.

(1) Survival on the seed

Australian workers have necassarily haen greatly concermed

with thias question which involves aspects such as death due to
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desiccation, acid soll, or contact with acid superphomphate, and
in some cases a toxic ssed coat factor or an applied pesticide "
Death during drying, and over & MQr pericd is affected
by the form of inoculum, additives and & covering pellet and, of
course, temperature. A short pericd of acceptance of commercial
lyophilised cultures ended when it was found that their survival on
inoculated seed was disastrously short (Vincent) and strikingly in
contrast te long bench life as judged by direct Aphting » Poat
cultures were v@ much superior to m.\ltuui washed off from agar, |
although the gap could to some extent be nMd by a suitable
- additive (such as sucrose, maltose or gum arabic). Even peat culture
could be improved by the last of thess. The Interaction between these
ftctoi-l, tu:p.emtum and kind of rhizobium has besn well studied on
& quantitative basis and there is no doubt that when an Iinitially
heavy incculum is applied with these conditions optimal, Satiufaetory :
nedulation can be obtained with average £ield plantings. |
Properly psat-inoculated pelleted seed has considerable
ataying power, sufficlent to ensure the agronomic advantagea that
fiow from this pragtice. However the Australian viewpoint has been
against putting a lot of rﬁisobh on the seed only to allow most of
them to dis by holding the Inoculated seed a long time before sowing.
It has seemed bhetter tQ give the seedling the advantage of extra number
rhizobla, an advantage oftan needed under our conditions. On the other
hand the Inoculant industry in the United States has been plagued by a
widely promoted schema for vacuum-processed proinoeula"tsd seed. To
the best of my knowladge there has basnmm adecquate mdopcndont evidence
that this process permits reasonablea zurvival on such sesd, and Any
attempt to Introduce the same, or a similar process, to this @nm,
without convincing direct supporting evidence would be a retrograde
step. Ability to check the guality of any such pre-inoculated seed,
and to take adviaoiy or stronger action as might sesm nacessary, could
constitute tha critical test of the safeguards which have bheen

sstablished to protect the farmer conaumer,
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{ii) Colonisation of the rooct surface

The rhizcbia sown with the seed sust be asble to multiply
and spread over the roct surface sc as to ba available when the plant
becomes susceptible to invasion. A period in dry, warm (or hot),
soll awaiting gcrminntion; an acid environment or associated mierobiil
antagonists can varicusly exercise an unfavourable influence at this
point . Additives snd pelleting can be advantageous, as can the
neutralisation of a band of soil in the vicinity of the scwn rows.
Experizentally, favourable response has been obtained by the use of

soil fumigants whan there sppeared to be blolegical antagonism.

(411) Gé-potition for nodule formation

Soils csrTying a conaiderable population of rhizebia
tneffective with & sown legume provide a considarable challenge to
the successful introduction of a new effective strain. A close study
of such a gituation showsd the importaunce of the chosen incculum
strain and the grest influence of the numerical relationship between
the competitors .

Experiments of this kind are of considerable practical
impertance ut the complexity of the system fnvolved means that souc.
basic questions are left unanswered. A second approach is to provide
a relatively sinpl& model and make the comparison between competitors
sgainst the background of their known rapr::ontntioﬁ on the root
aurface. This has permitted the ralative competitiveness of palred
atrains to be quantitatively expressed and related to the isportant
sysbictic proportiei of each strain assessed in separats pure culture.
Results with ﬁ good wany comparisons with different rhizobial pairs
and diffeﬁent hosts certainly showed the fortunate fact that the
effeactiva nzﬁfixing strain had under those conditions a distinct
compatitive advantage over an ineffective. However aimilar large
differences in competitiveness that have been betwsen cquiy effective
strains and the extent to which the same relative competitivenens

operateas in the soil has yet to be deternined.



- 26 ~

14, Rhizobia in the Longsr Term

If conditions are such that the effectively nodulated plant
has a better opportunity to survive than one which is ineffactively
nodulated then one can expect most of a natural population of rhizebia
to be at least moderately effsctive with the common legume of the
avea, Fxceptions way ocewr if flOtPﬂ other than ¥ limit plant
response, and thereby remove any selective advantage favouring the
effective assoclation. Such a situation might partly explain the
high incidence of ineffective strains in some upland white cicnr
pastures in the United Kingdom. This rather siwmplified vievw would
howaver have to be developed to pay more attsnticn te the poasibility
of competitive advantsge by the more effective strain in nodule
formation, being affected b} g-nwil ability to survive, in asscciation
with the host a;sd in its absence. Awﬁ from the host, the wmost
important antagonists may be non-rhixobial; . on the root ﬁy direct
fnter-rhizoblial antagenism could become more cperative .

If one pregerds a surviving population - .enn one which is
axtremaly sparse - as hnﬂns persisted in a hostile environment
because of a suitable combination of tolerances to the conditions
of that environment, then it wéum be expected that most intro&uctions,
not selected for the same combination of circumstances, would be at
a relative disadvantage in the years following a successful initial
establishment. In fact & good deal of the evidence suggests auch an
explanation, in thet recovery of a generally satisfactory inoculum
strain bacomes very difficult in even the second year, at the same
time as what appear to have heen sparsely represented strains come
to dominate the population associated with a steadily improving
legume representation . However many selecting factors can be
axpected to operate under field conditions and if their relative
significance varies, or Is medified, conditiona of fluctuating
dominsnce and recession could result. A strain selected for
vgaprophytic competence” , by one set of clrcumstancea might prove

saprophytically incompetent” in another environment, where different
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limiting factors wers operative.

This is an area where speculation can certainly outrun
facts but qualitative and quantitative techniques now at our
disponl.. and thar mounting interest of invcatis;toia in many
countries holds cut cmaiderablc promise of useful progress.
Important factoprs exercising an influence appear to be the persistent
or fluctuating prasence of a suitable host ; presence of other
vegetation i tolesrance of strains to high temperaturs H

interaction betwaen rhixobia snd clay particles .

15. Future of the Nodulkted Legume

Aa this account has probably made quite clear, there are
often dlfﬂcu;tiu in esfablishing and maintaining the Hg-ﬂxing
symbiotic syat;n, due to factors associated with survival of the
bacteria, the speciﬂ.city which determines whather a particular
aymbiosis will funetion effectively and the rather more exacting
denands made by the syzbictic system compared with the situation with
combined N supplied at will. Not surprisingly then the agronomiat
and the farmer often lock to advantages that might be appcﬁnt in the
latter. 7

Is there then a future for the nodulated legume in the
farm sconomy?

At least on the Australian scene .\it seexs generally
conceded that pasturs legumes will remain the prime form of N supply -
in the foreseeable future . Complementary or replacing rcles
have ﬁuen indicated fof fertilizer N at strategic periods G.g. to
obi:nin‘ quick growth in the Spring) and for winter cereal crops .
The main potential use of ¥ on pasturs seems to be in dairying in
favourable situatiocns .

It is interesting to look at some of the implications of
using fertilizer N in pllc§ of the legume as the main provider of
pasturs nitrogen (Table 3).

The present legume N-equivalant was obtained by updating



Donalds 1960 estimate of one milllon tons p.a. {based on 10 million
hectares) to 1.6 million tons (based on the 60% increased in avea
‘since 1960) . The applieation of fertilizer-N to achieve this
N-increment could be expected to be assoalated with significant

. loas, and the figure bas been rounded off at 2.5 million tons

to allow for this (36% losa). At 204 Kg-N this would cost the
farmer $500 milllon p.a. and the governmment $200 in bounty. sixteoﬁ
manufacturing plants (each with a capacity of 160,000 tons p.a.)
would be entively given over to this purpose,

If one taﬁos the estimated potential for improved pasture
quoted by-Hutton » Papragsenting a nine-fold increase over the
_present, then one arrives at the almost astronomic figures given in
the lower line of the tabla.

Batw;m these twe figures wa could probably expect at
hgst a twefold increase by the end of the cemtury by which tine
pasture legume-N would be worth $1,000 million to the farmer (in
 to-day's currency) and a seving of $400 milllon to the goverrment.

We would have to add te these consideretions the problems
involved in the substitution of geological fuel energy for sunlight
utilised by the N-fixing legume; the centmnn& location nf
fertilizer-N plants engendering localised pollution problems and
involving transportation and lsbour coste, and the risk of
eutrophication {n run-off and leached water from any excessive ai'
unfortunately timed application of fertilizer. '

This is not to doudbt that fertilizer-N has its own
valuable place in agricultural practice. So far as a legume pasture
is concerned the problewm that most needs solutlon is how to use
the two scurces of nitrogen 5o as to glve a pasture the 1ift it might
need at critical times without finishing up entirely with X-dependent
grass. The legume and its masociated rhizobium need to be hetter
understocd and sometimns pampered a little, but I think it will remain

a major featurs of the Australisn agriculiural scene for many years

yet.
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In conclusion I should like to express my sincere thanks
to the Chairman and members of the Farrer Meworial Trust for the
henour they have dope me poﬁaonnlly, and for the recogniticon thia
award accords to Australian work done on l_thisohium and the nodulated
hjunn. It is indeed & privilege to have been one of this nation-
wide team for more than 30 exciting ysars of resesrch and practical
application.

| I also crave your indulgence to put on record my thanks
to my own teachers at Sydney Univeraity, particularly Walter Lawrie
Waterhcuse, twice Farrer Medallist, who introduced me to the jo;ri
of research and helped, with the modest .mnn- then at cur dieposal,
to get my work started. Hy thaenks tco to all of those who, as
students and colleagues, have centributed so much over many years,
and to my agromomic collesguas at Sydnsy University whoe so readily

pacognised a rhizoblsl problem for what it was, and got the applied

side of the work well and truly launched. I am glad too to acknowledge

generous financisl support by industry, bank and government ressarch

funds. Finally may I thank all those who in various other capacities
have helped, not least by putting up with the enthusiasms, as vell as

the occasional frustraticnz, of an agricultural ressarcher.
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Table 1

Example(n) of R-Balance betwaen Assimilation

- and Mineralisation

Nitrogen (kg)
From
In Organic
Plant Residues Microorganisms Matter Assimilated(b) Mineralined(c)
Cereal (0.5%N) ' 85 25 60 -
Legume (3%K) 85 150 - 85

(a)Calculation based on Alexander p. 260 ff(ﬁ), taking 1.2 parts of N
required for the microbial substance produced by the decomposition of

each 100 parts of plant residue decomposed.

(b)Supplied by soil inorganic-N.

(C)Madc available as inorganlc-H.



Table 2

Mig-range
N2—fixed* : Value in terms of
Host kg/ha Fertilizer Nﬁ*
‘ —~
Lucerne j_ 50 ~ 350 52
Clovers 50 ; 200 33
Lotus : 19¢ 49
Pastﬁra legumes | 10 ~ 170 o 23
Peas X 30 - 140 | 22
Soybean | 40 - 600 82
Tropical legumes 20 - 260 ' 36

-
2

#Based on Alexanders, Nutmans, Vincents, Henzellso, Williamsa,

Bell § Nutman®>, Sundara Rac .

'fﬁapprox. mean figure at 20¢/kg.



Table 3

Implications of Substitution of Legume-N by

' %
Fertilizer-N

5

Legume Factory
N-equivalent Value' Bounty®¥ -  Requirement
Tens § $
x 10° x10®  x 10°
Present 2,500 500 200 16
Potential 18,500 3,700 1,500 120

fiBagsed on calculated N-fixed p.a. by pasture legumes.

-i.
at $200 per tom N.

*%gt $80 per ton N.



Fig. 1

Main Causes of N-loss from the

{a) as volatile ammonia.

(b} az result of denitrification.

(e} by leaching of soluble nitrate.

Boil



Fig. 2

Nitrogen Balance in Nile Delta

Columns above line : mett gain; below nett loss.

Residues of previous crop in each set of 3 (L + R):

0, normal, 5% normal.

Specified crop in year of experiment.

Data from Abd—el—Malekia.



History of Legume Inoculant Use in Australia

Ordinate: estimated culture salea.

!

Abscissa: .  year.

N.S.W. etec.: year of first cultures.

UDALS: Control by University-Department Laborateory
Service.
AIRCS: Control by Australian Inoculant Research

and Control Service.

Data supplied by Dr. R.J. Roughley.



Fig, 4

Inoculant Usage by Host

Height of columns : percentage in each host group

(L.H.S. 1969 - 1970; R.H.S. 1871 - 1872).

]

Width of column. adjusted to show relative usage in the

two years. K

Based on data supplied by Dr. R.J. Roughley.




Fig. 5

Incculant Usage by States

Height of each column (and numeral) indicates proportion of
Australian cultures used in-each state; L.H.S., 1869 - 1971,

R-HoSo, 1971 -~ 1972-

Based on data supplied by Dr. R.J. Roughley.




