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(ii)

Summary

tt has heen demohstraﬁed that the fast;groﬁing‘
root-nodule bhacteria ave mofe-susceptible'to_désiccntion
than the s{ow-grOWing species. This reaction to drying
Has been related to the amount of water retained by the
two bacteriaj groups at aﬁy vapour pressure. - Invariably,
~the fast-growing bacteria retained more water than the
_slow-growing species, This may Be a réflection of the
higher surface energies involved in wetting the fast-
growing species at any'vépour pressure, and the larger
surface area available for adsorption of water by these
bactcria‘relative to the slow-growing rhizobia.
The different respénses of the two'babtérial groups to
desiccation is probably’rclated to the different amounts
-of water retained rather than to'differences in the rate of
movement of water betweeﬁ the bacteria and the envi ronment
on desipcation. |

Very little effect of desiccation obh lysozyme
sensitivity could be detected fof either fast-or slow-
growing rﬁizohia. Consequently, it is unlikely that sub-
lethal damage invoives alterations of the integrity of the
‘lipopolysacchiride layer of the bactnria surviving

desiccation. lfowever, desiccation did cause drastic changes



(iii)

to the surface features of rhif/.nbin. as determined by
fluoréscencé of bacteria in the presence of
1-anilino—ﬂ-ﬁaphthal.ene suiphénate. This could reflect
damase to the cytop]avsmic membrane and lteaknpe of
intracel lular mntf-.\rif.x 1 from killed bacteria,

Montmorvillrmiite was f’ﬁnhd to protect the fns_t-—
growing Dbut not the sl oW =g rowing rhji vobia from
desi.écation. l-"irbtec’:tti.'(:)n of the former group of bacteria is
dependent upon the precise clay/bacterium association as not
_allA combjnat‘:oné resulted in increcased abi_l_ity of vthese
bacteria to :urvive (1&ing. 1t has been post(n],ated tha_f;
the mechanisiy of action of moﬁtmori]]onite is to decreasc
the intracel inlar water cxlr)t(;r})t of desicv;u ted fast—-pgrowing
rhizobia below an undefined ér‘j tical level. As l,hei w.'l.t:u'r'
content of dcsiccated sl m}.v—,':r'owin{; rh'i,zoi)j.a is normally
below this wv: ].IIHE, further removal of 'inf.rac<:1.11|).;ar watoer
by clay has o effect upon survival.

Of all 1 he other additives tested, ()n]y maltose,
sucrose, glucose and poJ_yvinylpyro_].idone.(P\/'-P) protected
both the fast -and slow-growing rhi.zobi_a from drving. l‘hbe
effect of poiyethylene glycol_(;\1w.6*"m(')) was similar to the
effect of montmorillonite as the polymer'_p_r‘()to(:te(l the Tast-
isrowing bactoria but nnf the s1ow-growimygr s:pcc'i. es. AlL nt",her‘
additives tested were either detrimentn.] or fmd no effect upon'
survival of dés:i_cc:xtedo bac teria. The mechanism of protection
ofv sugars and WP is unknown buvt it has been suprprested that the

site of action may involve the cytoplasmic membrane.



1. 'INTRODUCTION .



WIth the advent;of legume seed-inoculation and lime
pelleting, ‘many problems assoclated w1th legume nodulation
during establishment of legume-based pastures have been
overcome, Somé annual legumes grown in certain sandy soils
in Western Australia, have proved difficulf to nodulate in
‘the second and subsequent seasons despite adequate nodulation
and legume establishment in the first.season. The problem
was vérf severe in many areas fqr'clove?s,»but often nodulation

difficulties were not observed in the blue lupin plant

* (Lupinus digitatus Forsk. ). Marshall, Mulecahy and Chowdhury
(1963) have termed the condition "second-year clover mortality"
and determined that the problem was oné of microbi#l survival,
Prompted by the above fésults,Marshall (1964) investigated the
_survival of the fast-and slow-growing root-nodule bacteria

in sandy'soils when desiccated and subjected to high
temperatures. Invariably, the ability of the sldw-growing
rhizobia to survive the stresses was greater than the fast-
growing species. Another important fact arising from the
investigation was the dramatic increase in survival of

Rhizobium trifolii when either dehydrated or heated in sandy

soil in the presence of certain fine-bafticle materials,

The protective effect of both montmorillonite and illite
_was in contrast with the lack of such effect with kaolinite.
Why do the slow-growing Speeiea have the ability to

vsurvive extremes of desiccation and heat, when the fast-

growing root-nodule bacteria die rapid1y7 Also, what is the



mechanism by which impenctrable additives such as
montmorillonite are able to afford protection to

ithizobium trifolii from the detrimental effects of

dehydration? In this investigation, an attempt has’

been made to answer some of these questions.



2. REVIEW OF THE LITERATURE



Studies on the maintenmance of bacterial life in the
dehydrated staté or, conversely, the causes of death due
to femovél of intrécellular water have-involved several
ma jor techniﬁﬁes. Recently, much information has come from
iﬁvestigatiéns using aerosols of bacteria from,either.the
wet state (dehydration) of from dried_bactefial.powders
into atmbspheres of high relative humidities (rehydration).
Conclusions derived from the use of.aéroSols have often
. been substantiéted by experimenté with lyophilized'or air-
dried bacteria, although these must differ becausé of the
different techniques employed to achieve dehydration. The
advantage of aerosolization, and probably freezefdrying,is
that a direct measurement of the‘response of a bactefium
to desiccation or rehydration can be achiéved. The resultv
is not‘complicated.by interactions with particulate ﬁateriél
as is the casé'when microorganisms are dried in soils or on
glass mic robead systems. Ultimately of course, all systems
of study are valid but results need tb'be_interpréted with

care when extrapolation to a fiéld situation is made.

The literature has been reviewed‘under four broad
sectionsg:~
A, Mechanisms of'death-of bacterié‘when dehydrated.
B, The strucﬁure_of water in cells, |
C, A review of the relevant literature dealing with
death of desiccated rhiéobia.

D. Microorganism - soil-particle interactions.



A, Mechanisms of death of hacteria when dehydrated.

Scott (1958), ebb (ioGOb) and Bateman et al.(1962)
have shbwn that the water contenf of bécﬁeria is dictated
by environmeﬂtn] relative hnmidity‘(H.H.). The nature of
tpe rélationshiﬁ is typical of wdtef»sorption isotherms
of other bio]ogicél materials (Bﬁll, 194h). When the
.Hmount of_water.adsorbed is plotted against the percentage
. R.H, an‘S-sﬁaped curvé jé obfained with the slope greétest
hetﬁeen 70% and 100% R.H. A small change in R,H. produced
a comparatively large change in cellular wéter content.

Survival of aerosolized Escherichia coli was very R.H.

>depehdent, especiallyvin the 70-160% R,H, range and Webb
(1Q60b) and Cox (1968a) sugrrested that this could be due to
the large amount of water lost in that R.H, range.
Cnnsoquent1y, thesg authnrs poétu]ated that the modus

ope randi of death due to R.H, changes was via control of
bacterial waler cohteﬁt. Later,ACdx (1970) considered that

if bacterial water content was the vital factor involved in
deéth.due to’dehydration,'then bhenomena sho&n by wet
disseminated aerosols shéuld ﬁe repeated by cells aerosolized
from the dry powdered state.'For instance; the very critical
nature of bacterial survival Qt'high'R(H. (Cox, 1966a; 196G6h;
]967;.]968a; LOGSh; 1969) and the fo*icvnatnre of air at low
1. (Benbough, 19693 Cox, 1966a; 1968b; Cox and Baldwin, 1967 ;
ess, 1965 und.Webb, 1967b) should be ideﬁticnl For the same

bacteria whether they were nerosolized from the wet or dry state.



Cox (1970) used Escherichia coli to test this relationship,

and concluded that the twc aerosil types were not

equivélent. Tﬁis study was exfended to.Pastnrella tularensis
by Cox (1971, 1972) and similar results were obtained.
Consequently, for these two gram-negative rods survivai

in the aerOQOlizeQ state may not be relanted to the cellular
water content. Cox (1972) sugrrested that W.1I, operated
nthrough its control on tﬁe difection of water flow across
the»bncteria1 memﬁrane. The difference between bécteria
aerosolized from the wet and dry States rosnltéd from the
interaction letween the bacterial water content at the time
of derosql Heneratidn and ﬁhe final envirnnmental_H.H.

it was this factor whiqh determined whether cells adsorbed
or lost.Wntcr.iwebb (1969) supgested that the zones of
.iﬁstability 1reported by qu (1968a;b) could have been due to
toxic substances in thé gases used; Lf.this is true, then
comparisons hetween wet and dry aofosols would he difficult.

Hess (1965)_reported results with Serratia marcescens which

tentatively a#greed with those of Cox in that aerosolization
at bOY R, into nitrogen did not result in the death of the
miéroornunjsms, i.e. the cellular water content per se was not

a vital factor in the destruction of desiccated S.marces=cens.

This conclusion is similar to thatlreached by Cox (1972).

The con(]usion thét the bacterial water content was not
the prime cavse _of‘ death. upon aernsol:izn.tion was in dis-
agreement with a review by Webb (1965), who‘éoncluded that the

death rate of €

marcescens was dependent upon the level of




boupd water remaining in the cell at equilibrium. As

water was progressively rémoved.from cells, a corresponding
collapse of broteins was assumed to o§cur first bf
interactions of =N, = N-H 4 -OH, gréupS, wﬁen some cells
dried while othcfs survived; then, below 509 R, , furthér
removal of water ffomv=C=O or =P=0 groups resulted in
irreversiblelﬁrotein denéturation and a higher death rate of

S.marcescens.

Cox (1966a;b351967;1968a3b;1969;1970;1971), Cox and
Baldwin (1966) and lLeach and Scbtt (1959) have emphasised
the importanée'of:the rate and degree of rehydration as
well as the composition of the réhydrntion medium. Monk
and MéCaffrey-(1957) studied fhe‘effect of partial’

rehydration on the survival of S.marcescens. The bacteria

were particularly sénsitive to rehydration at a‘watgr
content of 33%, It was postuléted thﬁt the detrimental
effects‘of partial rehydration were due to increased surface
forces and surfaQe-to—voluhe raﬁios with consequent large
areas of denaturation within the cells. Incomplete
rehydration could differentially reactivate some biochemical
pafhways witﬁin the cell and result in metabolic diéruptions

and death of the organism (Monk and McCaffrey, 1957).

Rehydration of freeze-dried Salmonella anatum in
.solutions containihg'glycerol, lactose, sucrose or wmilk
solids resulted in recoveries higher than when the cells

were rehydrated with water (Ray et al. 1971a). Higher



recéveries were_obtained by increasing the solute
concehtratidn. Leach and Scott (1959) also reported
higher recoveries by réhydfafiﬁg freeze-dried bacteria
in glycerol or sucrose solutions. They observed optimum
rééoveries'in solutions of ébout'0.96 to 0,98 water
activity. An optimuﬁ concentration for glycerol was not
detected, but a relatively greater viabie count was
obtained in a 29% glycerol’solutioh at a water activity

of 0,92, Ray et al.(1971a) reported'higher recoveries

of freeze dried Salmonella anatum when rehydrated in 20%
sucrose and 20% lactose than when a 20% glycéroi solution
was used., Glycerol failed to increase recovery. Choate and
Alexander (1967 -~ cited by Ray et gl.l97k1)obﬁained optimum

recoveries of freeze-dried Spirillum atlanticum by

rehydration in a 24% sucrose solution. They ‘speculated that
sucrose acted as an osmotic buffer and regulated the
rehydration of fhese freeze-aried bacteria and reduced the
dehydration damage. Therefore, in restoring water to dry
bacteria, there should be séme finite rate of rehydration
at which damage to the ﬁicroorganisms couldLbe minimized
(Leach and Scott, 1959). Rehydration in a solution of high
osmotic pressure probably controls the rehydration rate.

In their rbviews of the literature on microbial survival,
Anaerson and Céx (1967) and Pooﬁ (1966) suggested that the

bactericidal action of deacreased_R.H. could be dependent



upon the rate at which water evaporated from the aerosol

droplet. However, the results presented by Cox (1968a)

suggested that the viability of Escherichia_colilwas not
dependent upon the rate of evaporation 6f water from the
aerosolized bacteria, |

Benbough (1967), Webb (1969), Cox and Baldwin (1966),
Anderson (1966) and Davis and Bateman'(l9603)cbncluded
Etﬁat there were at least two major mechani sms causing death
of désiccated'bacterié;'First a high R.,H., death occurred
'and was dependent upon, the reﬁqval of water from bacteria.
Secondly, at low R.,H, death was largely due to the toxid
ﬁature of oxygen in the air. In the first case, bécterial
.death was ﬁuite independent of thé presence of oxygen. For
ease of preséntation;aﬁd'understanding, subsequent

literature has been reviewed under two subheadings:

(i) Effects on bacteria of partial dehydration

at high R.H,

(ii)Effects on bacteria of dehydration at low

R.H, where oxygen becomes toxic.
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A(i) Effect of bacteria of partial dehydration at high R.H.

‘The physiological action of semi-dehydration has been
studied in detail ahd sqmmarizéd.in a review by Webb (1965).
(For the purpose of this review, sémi-dehydration-is def ined
as desiccation of.hactéria at 60% R.H. and above). Webb
(1965) concludea that many enzyﬁes we?e unaffected by
agrosolization, because the saﬁe'enzymatic changes occurred
in bécteria protected by inositol as occurred in unprotected

organisms. Escherichia coli induced to synthesise

B-galactdsidase prior to dehydration continued to do éo

after the stress was removed even though the bacteria were
incapable of colony formation (Webb, 1965). Anderson (1966),
Anderson and Dark (1967) and Anderson, Dark énd Peto (1968)-
obtained similar results for a rangq'of aérosolized bacterial
gehera beCauée the activity oth—galactosidasé was dnaffected,
however, impairmeht of synthesié of the enzyme was reported.
 In.a more detailed study, Benbough et gi.'(1972) have reported
the effect 6f aerosolization af 75% R.,H. upon the transpdrt

of various subtrates across the membrane of E.coli,

One subétrate, methyl-( -D—gluco) pyranoside, was used as a
non-metabolizable analogue of glﬁcose. Aerosqlizaﬁion decreased
the intracellular accumulation of the analogue of glucose by
causing detachment'of components involved in its transport
across the,membrane. No damage to the permease enzymes as such

was found. Based on results from further experiments, Benbough et
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31.(1972) concluded that the 1oss of active tranSporf
systems waé cnrfelated'with the lethal effects of

aerosoljzation, bﬁt that for.shOrt periods'df sfress,
»damage was repairable. |

Several of the above éuthofs (Webb, 1965;‘Ander$0n,
1966; Anderson and Dark, 1967; Anderson gt_:vgl._; 1968;
Benbough et al, 1972)»emphasised that many enzymes were
vunaffcctéd by aéfosolization or ffee%e-drying. Recently,
Darbyshire and Stéer'(1973) pﬁblished'daté describing Sémi-
dehydration of certain enzyﬁes. The écfivitiés of indoleacetic
acid (IAA) oxidasé and ribonucloasé were unaffected byA
changes in wa;er potenfial but ribulose diphosphate
carboxylase and ketose - 1 - phosphate aldoiase wvere both
differentia]]y'sensitive to such changes. This sgnsitivity
was attributéd to fragmentation ofvthese enzymes which didvnot
take place with either.IAA oxidase or ribonucleasé. The
differential response to desiccation bétween TAA oxidase and
ribonuc;ease oh‘the one hand and ribulose-~diphosphate
carboxylase and ketose -1 - phosphate‘aldolase on the othér,
was reflected in their moiecular complexity. The first two
enzymes were relatively small (molecular weights of 40,000 and
13,700 respectively) whereas the carboxylaSe‘énd aldolase were
very large (molecular weights of 550,000 and 130,000,
respectively); The.aﬁfhdrs concluded that water played an
important structural role in the_biologiéal integrity of

ribulosediphosphate carboxylase aﬁd ketose - 1 - phosphate

aldolase but not inllAAase or ribonuclease. Darbyshire (1973)
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demonstrated that the glycoprotein, glucose oxidase was
unaffected by dehydration. Removal of various amounts of, the
carbohydrate moiety rendered the enzyme highly sensitive to
water loss. It was postulated, therefore, that the carbohydrate
units were fUnctional in protecting the enzyme from
desiccafion; the mechanism was via water associated with the
enzyme due to the presence of carbohydrate units.-It.is worth
mentioning here, fhat Mallef.(1957, cited by Davis and

Bateman, 1960b)reported that several membrane bound or

"particulaté" enzymes in Serratia mrcescens were sensitive

to dehydration'af 93% R.H., wheieas dthers whiéh were "soluble"

or not bound to.any particulate fraction were stable to the stress.
Benbough (1967) studied the effect of aerosolization of

Escherichia coli into an atmosphere of high R.H. on its ability

to éynthesise and degrade nucleic acids. Increased survival was
associated with decreased s-RNA syntﬁesis and increased release
of RNA into the suspending fluids. High ribonuclease activity
was aséociated with aerosol stability of E.coli. The author |
suggested that the effect of dehydration on s-RNA may result

in the synthesis of lethal proteins, fherefore.if damaged RNA
was not degraded by riboﬁuclease the proteins manufactured
could cause death of the bacterium. No effect on DNA synthesis
or breakdown.was detected. In contrast, Brewley (1972; 1973)

demonstrated that the polyribomes in the moss Tortula ruralis

'were not degraded during desiccétion but were rapidly involved
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in protein synthesis after rehydrétion. Therefore, this
organismvmaiﬁtained a stablé protein synthesizing apparatus
during long periods of desiccation,

Webb and Walker (1968b) demonstrated that RNA phages.;
were produced after desiccation even thoughluninfected hosts
wére unable to férm colonies,_i.é.,lRNA éhage formation
within the bacterium was nbt affécted by dehydration. In
marked contrast;‘Webb,,Dnmaéié-aﬁd»ﬁhérjee'(1965) reported
that bacterial'dehydratiqn caused destruétion of
intracellulaf phage DQA. These résults,_togethér with the
findings of Vebb and Dumasia (1967) thaf‘dehydration was
mutagenic and resulted in fhe induétion 6f lysogenic pﬁage,
agreed with the conclusion of Webb (1965) that the
mechanism of death due tovdehydration was disruption of the
DNA molecule. Webb and Walker (1968a) substantiated this by
demonstrating that the incorporation'of nucleic écid base

analogues into DNA altered the sensitivity of Escherichia

coli to partinl dehydration. 1t is worth noting that Falk,
Hartman and Lord (1963), showed that the structure of DNA
was sefiously affected when tﬁe mole@ule was dehydrated.
Thus, Webb (1965) claimed that the basis of bacterial death
due to desiccutibn was the removal and reorigntation of
water molecules bound to DNA and this feSJlted in the
destfnctionAoF its biolqgical integrity. It was suggested
by Webb (1969) that a mechanism existed in E.coli for

combating the detriméntal effects of DNA which had been
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damagéd by semi-dehydration. This involved a repair
mechanism which required energy and resulted in the
discharge of lamaged cell componente.whiCh absorbed
at a wavelength of 260 nm,

Recently, several‘authors ha&e repqrted damage to
the outer lipopolysaccharide ieyer (or cell envelope) of
‘gram-negative bacteria caUsed.by aerosolization and freeze-

drying. Hembletnn'(1970) reported induced sensitivity of

Escherichia coli B to hydrolytic enzymes such as lysozyme,
ribonuclease,.deoiyribonuclease and trypsin when the |
bacterium was aerosolized at 75% R;H.vThe damage sustained

by the cell envelope (which allowed penetratien of the above
kenzymes to the cell interior) Qas repairable and this repair
did not require the synthesis of protein, RNA or peptidoglycan,
An intacf cytochrOme system,Ahowever, was essential

(Hambleton, 1971). Unlike E.coli B,'bacterie such as

‘E.coli Jepp, il.coli commne and Serratia marcescens, which

were resistant to the effects of aerosolization, remained
resistant to the enzymes mentioned above. Ray et gl.(l97la;b;

1972) and Ray and Speck (1972) studied injury and repair in

frozen and freeze-dried samples of Escherichia coli and

Salmonella anatum. They found that these sublethal stresses

" resulted in cellular injury. The injury was reversible because
the injured bacteria were able to repair the damage when
exposed to a suitable environment. Ray et gi.(l97lb)

demonstrated that repair of Salmonella anatum injured by

’freeze-drying, did not require the synthesis of protein, RNA
or cell wall weptidoglycaﬁ, but did require energy in the

form of ATP,
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Freezing and storage of Aérobaqter aerogens and
E.ggli‘résulted in hemhrane damage and consequent
susceptibility to toxic metal ions (MacLeod et al, 1966),
It was suggested that the protective.action of amino acias
'w;s by binding or.cﬁelatidn»of the toxiC'chemicals. Maltman
and Webb (1971).agreed Qith the above authors in that they
demonstréted cebairabie damage'caUSed by sémidehydration of

K]ébsiella Qpeumoniae} They could not demonstrate, however,

'any correlation bethen viahility loss and induced
susceptibility to hydrolytic enzymes..In contrast to the
conclusions of the above authors, Maltman and Webb (197i)
'suggesfed that damage to the lipopolysaccharide léyer of the
cell wall may only_be a prelude to and not a cause of death
in semidehydrated bacteria. Recently, Janssen and‘Busta
(1973) studied thé effects of various additivés_on the damage

and repair mechanisms of frozen and thawed Salmonella anatum.

Their conclusion was that the protective agents may have
decreased the extent of death and damage by stablizing the

~bacterial cell. envelope.
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A.(ii) Effccts of oxygen during dehydrntion_gt low R.H.

The point has been made by many authors (Benbough,
1967; 1969; Cox, 1966a, 1968b; 1970; 1971; Cox and Baldwin,
1966; 1967; Cox,ABaxtér and'Méidmen%, 1973; Cox, Bondurant
and Hatch, 1971; Cox and Heckly; 1973; Hess, 1965 and Webb,
1967b; 1969) that the mechanism of death of bacteria dehydrated
belqw a certain R.H. could not be directly attributed to the
"‘removal of wéter mglecules, but was due to the toxic nature
of oxygen at these low water contents. Authers vary as to the
exact .1, at which oxygen becomes toxic, even wheﬁ the same
hécterium was being studied. Cox and Heckly (1973)
acknowledged this and stated that it was proﬁably due to small
differences in fhe manner of stoxage, Np one has reported
oxygen toxicity above 707 W.,H, but it has usually become
evident below this humidity.

Oxygen toxicity is not confined to aerosols, as Lion

and Bergmann (1969a;b) and Lion (1963) reported that freeze-

dried Escherichia coli was also susceptible to oxygen, as was

Serratia marcescens (Benedict et al. 1961; and Dewald 1966a;b).
)

Recently, Schwartz (1970; 1971) reported that lkscherichia coli,

which had been subjected to stress by freezing, became sensitive
to and dierd vaen expoéed to oxygen gas. Cox and Heckly (1973)

however, were unable to repeat this observation.
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Cox and Heckly (1973) presented evidence showing that

at low oxygen concentrations the kinetics of death of

S.marcescens were first order, i.e. log percentage

viability was_préportional to oxygen concentfatioh. At
oxygen tensions of about 5% and above, the kiﬁetics

became zefo order, i.e. cell surVivai became unrelated to
~oxygen concentration. Thué, the site of éction of oxygen-
induced deatﬁ became satﬁrated. This was hét found to be the
case by Dewa1d (1966a) or Hess (1965), as they did not
encounter limiting coﬁcentrétions of oxygeh toxicity.
Dewald (1966a;5) derived an empirical mathemafical
__expression’which described the kinetics of death of freeze-

dried S.marcescens. Cox gg 2&.(1973), however, concluded

that the results of Cox and Heckly (1973) closely fitted

a differeht equation and applied Michaelis-Menton theory
“to descfibg the kinetics of»ongen-induced death §f fréeze-
dried cells.vIn general, the equatién aécurately described
the effect; of oxygen concentration and time upon oxygen-

induced death of S.marcescens.

Most of the postulated mechanisms for oxygen toxicity
have centred round the detection of free radicals by electron

spin resonance in freeze-dried S.marcescens (Dimmick et al.

1961) and in Escherichia coli (Lion et al.(1961) . Heckly,
Dimmick and Windle (1963) and Heckly and Dimmick (196731968)
reported inverse correlations between the number of viable

bacteria surviving freezing and lyophilization, and the
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magﬁitude of free radical productionvin the presence of
oxygen.. | |

The site of action of free radicals has been the
subject of several papers. The‘presence of oxygén decreased

uptakébof pyruvéte by aerosolized and freeze-dried

Escherichia coli B (Benbough, 1967; 1969); Thevauthqr
; attributed this to damage of flavin-linked enzymes connected
with_pyfuvafe me tabolism. In agreement with this, Lion and
Avi-Dpr (1963) demonstrated damége to a flavin-linked enzyme
in freeze—dried E.coli when exposed to air. As most
cellular-oxidafions are mediatéd by the pyridine nucleotide-
flaVoprofeinecytochromeec thochromé oxidase system and as
the mech#nism.of_f]avo-enzyme action involved free radicél
formation (Fox and Tpllin, 1966 cited bf Benbough, 1967),
Benbough (1967, 1969) speculated that the cytochrome

system may be the site of the lethal action of oxygen induced
free radicals. Webb (1969) presented results which agreed
with this‘postulate. In contrast, Novick, Israeli and Kohn
(1972) speculated that death of freeze-dried E.coli exposed
to oxygen, resulted from free radical induced disruption of
the points of initiation of cell DNA synthesis, i.e. the
mesosomes, | |

Recently, Cox and Heckly (1973) published results

correlating oxygen toxicity with free radical production

in freeze-dried and freeze-thawed bacteria. Contrary to the
resulte of Cox and Baldwin (1966), Dimmick et al- (1961),

Heckly and Dimmick (1967; 1968), Heckly et g;.(1963), Lion
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et al. (1961) and Schwartz (1970), they concluded that
oxygen-induced free radical production was not positively
'correlated with viability loss of either the freeze-dried

or freeze-thawed Serratia marcescens or Escherichia coli B.

'Théy were unable to detect any free radical production by

freeze-thawed E.coli B, and maiimum»free radical production

by freeze-dried S.marcescens (stored in 10% oxygen) occurred
well after (5 days) all the cells were dead. Iﬁ fact, after
' h'houfs storage the viability had decreased to O.l%, yet no
oxygen-induced free radicals were deteqted. Thus, there

was a 1ag'in free-radical produétion of at least several
hours during which mosf cell death took place. Cox and
Heckly (1973) GXplained that the apparent correlation
obtained by others was due to the fact that théy did not
detect the lag in free radical production at the critical
‘time of bactefial death.

A (iii) Influence of additives onbthe survival of

desjccated bacteria.

There is enormous variation in substances which
afford protection to desiccated bacteria. Studies have
been made on the-effects of chemicals ranging from simple
inorganic salts and their mixtures to more complex amino
acids, proteins, monosaccharides, polysaccharides andvsuch

undefined mixtures as spent culture fluid.
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From thé above reviewbit'is apparent tﬁat, as a
broad generallzatioh;.there are two aspects to be
_considerqd in protection, i.ef does fhe substance protect
the cell'from'damage due to semidehydration §r is its
influencebét the relative humidities at thch oxygen becomes
toxic? |

Webb (1965) suggested that whether an additive was
protective or not:depended upon its effect on the intefaction
be tween celllwater content and the atmospheric water vapour
pressure. For eXample, competition for available water between
cell macromolecules and added compounds could be important
in determinins; protein structure and, thus, bacterial viability.
Molecular configuration was also considered by Webb (1965) to
be an important fagfor in the action of an‘added ¢ompound.
It was this feéture which determined whether a compound
could fit intp and combine with cellular macromolecules in
such a way as to preserve their functional configuration.
Of all the substances tested by Webb (1965), the protective
compounds_were.similar in that they contained groups
_ﬁotentially cnpéble of replacing watef molecules and of
hydrogen bond formation. All the poiyhyaroxy, straight-chained
hydrocérbons were toxic to'airﬂorne celis, however chemicals
such as glucose, gluci%mine and the six-membered rings of the
hydroxycyclohaexanes ga#e good brotectioh. Amino and secondary
alcohol groups on 6-carbon ring structures afforded cellular

protection, as did increasing the number of hydroxy groups on

the cyclohexane nucleus. Unexpectedly, the hydroxy benzenes
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were extremely toxic. This was attributed to the basic
structure of the benzene ring, the important feature being
the lack, of at each_carbpn atom, of a seéond hydrogenvatom
with each of the -OH groﬁps. |

Cox.(1066a) decidea that the ﬁrdtective action of
pol&hydroxy cnhpounds resulted from'the formation of
supersaturated, viscous solutions around bacteria which
reduced the amount of water loss and the penetration of
oxygen. The mechanism of action of protectivé agents was
not via an effect on the rate at which water evaporated from
bacteria (Cox, 1968a). |

Z imme rman (1962)Vcdmpared the effects of sugars on

viability of “erratia marcescens_after aerolization and
freeze-drying. The conclusion was that all the monosaccharides
tested stabilized cells‘against freeze;drying, and the
~oligosacchari‘les géve protection to aerosol exposure. No one
type of sugar protected bacteria against both types of stress.
The ability o7 a particular sugar to protect cells was
correlated with their benetrahility. Minimally penetrable
sugars (oligosaccharides)‘were those capable of penetrating
only to the c2ll membrane, and were active in protection only
during aerolizatibn. Freeiy penetrable sugars‘(monosaccharides)
capable of crossing the membrane, were protective only during
freeze—-drying. 7Zimmerman (1962) explained the effects in lterms
of intracellularvwater content, i.e. there was an optimum cell
water content for hacferial survival. In the absence of
monosaccharid:s, 1yopﬁilization reduced the water content below

this critical level. Minimally henetrab]e sugars served only to
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further decrease the cell wéter content and thus could not
protect freeze dried cells., The action of oligosaccharides

in protecting aerosols was suggestgd to be via an increased
rate of water loss from the bacterié. Thus the microorgahisms
were:not held inna state oprartiai dehydration for extended.
periods of time. This is not in agreement with fhe results of

Cox (1968a) with regard to the mechanism of protection by

raffinose of aerosolized Escherichia»coli. As mentioned

earlier,Cox (1968a) concluded that the sugar did not affect
the rate at which water was lost from either the aerosol
droplet or the bacterial cell wall, |

Hambleton (1970) compared the degree of bacterial cell
wall damage due to aerosolizétion from fluids containing
impenetrable raffinose and dextran, slowly penetrable glucose
and glutamate, and freely pehetrable gl&cerol; All substances
decreased or prevented cell wall damage; In this respect, the
results presented by Hambleton (1970) do not'agree with the
classification of profécting substances put fo;ward by
Z3imme rman (1962).

As pointed out by Benbough (1969) additives which
protected aerosolized bacteria against the toxic effects of
oxygen were only required in small amounts. This was in
contrast to the large qﬁantities of sugars and polyhydroxy
compounds required to give the same effect under similar
conditions. Benbough (196731969) obtained protection of

aerosolized Escherichia coli B when preincubated with electron
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transport inhibitors, free radical scavengers (e.g.

. . 2 + | . ]
cystenmine), paramagnetic ions (e.g. Mn™ , N02 and T )
and compounds with labile hydrogens (e.g. ascorbic acid,
anilinothiols and reduced dyes), Hess (1965) also

‘ . o . . 2+ 2+
demonstrated that the paramagnetic ions (Co“  and Mn“")
and such substances as glycerol and thiourea could
ameliorate the effect of oxygen on aerosols. It was
suggested by ilenbough (1969) that the sugars and
polyhydroxy compounds acted by increased water retend$ion
which decreascd susceptibility to oxygen. In contrast, the
paramagnetic ions free, radical scavengers, and electron
transport inhibitors, acted at the site of action of oxygen -

induced free radicals. Many chemicals which j;ave protection

at low R,H's were toxic at vapour pressures above 0,70,

B, The structure of water in bacteria.

It has long bheen recngnised, and was often implied

in many papers reviewed above, that the ability of a cell
to withstand physical stresses such as desiccation, heat,
cold and probably irradiation, was related to the hydration
‘'state of the »nrotoplasm at the time.of application of the
stress. A distinction has been ﬁade by many workers (note
Webb, 1965; Parker, 1972 and l.ing, 1972) between cellular
water which wirs bound to macromolecuies and that which was

free. However, Crafts (1968) considered the existence of
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of truly free water in the living cell was unlikely if not
impossible.'Unavoidably,'fhe definitibn of bound water is
vague, but it is generally considered to be hydration
shells of ions and water attracfed to polar moleculés and
- hydrophdlic colloids. Unlike free water, bouﬁd water dbes
not freeze and is ﬁot ahle to act as a solveﬁt (Ling, 1972
and Mazur, 1970), | |
. Adequate reviews-éf the literaturé dealing with the

state of water in cells have been presented by Parker (1972).
Ling (1972) and Walter and HOpej(197}). The critical review
.by Walter and Hope (1971) dealt mainly with the state of
water in cells as determined by nuclear magnetic,resoﬁance
(NMR) spectroscopy. Briefly, the NMR techniques employed
by various authors to study celiular water could be divided
into steady state methods on the one hand and pu;sed
techniques on the other. Line Broadening and.splitting are
parameters frequently observed when high resolution steady—
étate NMR is employed; Because these are éubject to error
when pérticulaté biological material is introduced, many
conélusions hased on this techniqué are open to criticism,
The techniques of pulsed NMR are largely free of these errors
(Walter and liope, 1971). |

| Virtually all the NMR studies of Qater in cells are
compatible with.the hypothesis of the existence of a large
fraction of free water and one or more fractions of bound

water (Walter and Hope, 1971). Molecular exchange occurred
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between the various fractions. Although various parameters

such as spin-spin (Tl) and spin-lattice (T relaxation times,

2)
"as well as the'seif-difoSioh goefficiénf~of water (D), in
living cells vary somewhat from that of dilute ionic
‘solutions, the exiéteﬁce of Wafer in>"ice—like" or "quasi-
crystalline" structures within the cell is not.required to
explain these deviaﬁions. For instange, the variation in D
can be_a600unted.fof by an incfease iﬁ'tﬁe diffusion path
length around cellular obstructions such as macromolecules
(Wané, 1954). In fact, it was repbrted'by Walter and

Hope (1971) that betweén such obstructions, the value of the
self-diffusion coefficient and, hence, the structure of
cytoplasmic water is very similar to that of dilute ionic
solutions., This would seem to be against.the tenets held

by Ling (1972), who ﬁrdvidéd evidence ﬁhich indicated that
intracellulér water exists in the form of continuous polarized
multilayers be tween fixed charges on such macromolecules as
proteins. The water layers nearest thé proteins would be most

severely restricted and the other layers, less motionally bound.
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C. Death mechanisms in desiceated rhizobia.

For the purpose of this review the root-nodule

bacteria have been divided into three broad groups:

(a} the fast-growing rhizobia e.g. Rhizobium

trifolii, Rhizobium leguminosarum.

(b) the slow-growing rhizobia, e.g. Rhizobium

lupini, Rhizobium japoniéum and others of

the cowpea groups.

(¢) Mhizobium meliloti

This tribartite divisién has beenISUggested by Graham (1964),
t'Mannetje (1967) and Vincent aﬁd Humphrey (1970).

The literature describing the response of'rhizobia to
desiccation sﬁress is not very. comprehensive and the results
often vary dﬁe to differences in experimental procedure used
by various authofs. As seen from the previous section much of
the recent work dealing with bactérial death on deéiccation
has been carried out using freeze-dried and aerosolized cells
of generavother than rhizobia. However,'one report.byWon' and
" Ross (1969) described surﬁival of B.meliloti‘in the aerosolized
state. Air-borne rhizobia were étable at 90, 70 and suﬁ R.H,
for 5 hours but_exposﬁre at 30% R.H, produced an accelerated
loss of viability. At the higher.relativé humidities of 90, 70
and 50%, U.V. irradiation increased the death rate but only

after a delay period. This delay was absent at 30% R,H,
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Vincent et g_l_.'(i962) stated that like other

~gram - ncgative'bacteria, the rhizobia have generally

been considered to be relatlvely susceptible to phy31ca1
stresses such as desiccation. Using freeze-drying to

pre serve the bacteria, Vincent (1958) found that survival
.ffom a suspencion of ﬁcter4was l%,'but increased to 23—&&%
‘when the'bacteria were suspended in 10% sucrose or peat.
Sucroce was found tc’bc superior as an agent for prctection
of freeze—dried_cellc than sorbitol, mannitol, 1lysine, aminoA
acids, milk;and yeast mannitol_brbth (Vincent, 1958).

That freeze-dried rhizobia could survive long periods of
storage wasvfecently reported by Antheunisse (1973).

Survival of various species of Rhizobium was evident after
storage for 6 years. Similarlf;vJensen (1961) was able to
recover rhizobia frbm dry steriiized soils 45 years after
inoculatioﬁ. Lyophiiization_of rhizobia as a successful

method of storage has been demonstrated by the fact that
cultures gave good survival and nodule formation from
commercially produced prepérations (McLeod and Roﬁghley,l961),
but this practise was discontinued when it was found that their
surviyal on inoculated seeds was cxceptionally short, This
was in contrast to tﬁe long 1ife of the freeze-~dried cells

in the laboratory (Vincent, 1972). Amarger et al.(1972)
studied the effect of culture age on the survival of
B.meliloti when freeze-dried and stored. Cells harvested
while in the log phase of growth survived the freezc-drying
process better than stationary phase cells, however, the latter

were able to survive‘lcng periods of storage better than the
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cells from the log phase of growth.

Reports dealing with survival of rhizobia in soils
after prolonggd desiccation and/or ﬁeat suggest that
ecologicallyisignificant prulations-surined thesé
stfesses. Thus, Chéfel and Parker (1973a)showed that
dried-g.lugiﬁi and g.frifolii WU95 survived heating at
80°C for 6 hours without'any'decrease in survival és‘

Judged by the moét probéble number technique. The viable
count of R.trifolii TAl dropped markedly after this
treatment but significant nodulation was still obtained.
Brockwell and Whalley (1962; 1970) Brockwell and Phillips
(1970) and Hely and Brockwell (1962) found good desiccation
and dry heat resistance of R.meliloti sown into some hot,
dry Australiaﬁ soils,

" Marshall, Mulcahy and Chowdhury (1963) reported distinct
differences be tween fast-and slow-growing‘root-nodule
bacteria in their fesponse tovdesicéation and heat in Western
‘Australian soils.-Luéin rhizobia exhibited much éreater
inherent resistance than ciover or medic nodule bacteria.
Marshall‘(196h) substéntiated these field observations by
similér findings on various soil types in the léboratory.

It was suggested by Marshall (1964) that the predominance of
legumes nodulated by slow-growing rhizobia in arid and semi-
arid regions may sfem ffom enhanced gbility of these bacteria

to survive desiccation and dry heat.
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Chatel and Parker (1973 a and b) extended the
‘studies initiatéd by Marshall, Mulcahy and Chowdhury
(1963) on the problem of esfablishment of rhizobia'in
certain soils in WesternlAustfalia. They demonstrﬁted
that the numbers of‘g‘trifolii>strains.TAl and WU95 were
critically lowiﬁrior to the dry, hot summef period..In
contrast, the'population sizé of E.lﬁgini WU425 was
sigﬁific#ntly.greater than either strain of clover-nodule
bacteria. During the summer months désiccation and heat
stresses occurred aﬁd aggravated a situation that was

already serious. Rhizobium trifolii WU95 was better able

to survive desiccation and dry_heat'than strain TAl, which
was the standard commercial inoculant in use at that time.
Thus, Chatel and Parker (1973ajb) agreed that the problem
was microbological but suggested that lack of soil
colonization during the growiné season was the cause..That
rhizobia have different abilities to colonize soils during
the gréwing'seéson ﬁas clgarly been demonstrated by Chatel

and‘Parker (1973b). Rhizobium lupini was superiof to both

Retrifolii strains TA1l and WU95. Not only were there species
differences hetween rhizobia in their ability to adapt and
survive field conditions ("saprbphytic competence”, Chatel,
et al, 1968), but Chatel and Greenwood (1973’a) showed
differences hetween strains of R.trifolii. Strain TAl was
consistéﬁtly.infériorito several other straiﬁs tested in its

ability to colonize both the legume host-root system (Chatel
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and Greenwood, 19735) and the rhizopheres of plants
other than those of their specific.host (Chatel,and
Greenwood,.1973b).‘ " In contrast to the‘greater inherent
ability of the slow—growing,rhizobia to‘survive desiccation
_ and-heat compared to the fast-growing rhizobia (Mérshall,
196&), Foulds (1971) concludéd that threevspecies'of rhizobia
displayed decreasing rasistance_to desiccatioh; in thé'
‘order g.tiifolii; R.meliloti and 'Lotus' Rhizobium,
!The resulté are equivocal, howevér, due to the large
differences in the initial viable numbers.

Wilkins (1967) reported that after prdlonged desiccation

and dry heat, an adequate number of R.meliloti and rhizobia

isolated from Acacia, Lotus and Psoﬁlea species, sgryived to
allow nodulation of their hosts. Susceptibility to heat was
much greater when soils were moist than when dried. The_

same result was reported by Bowen and Kennedy (1959).
‘Substantial work with.dtherlbaéterial genera has resulted in
similar cdnclusiona regarding the greater potency of wet heat
6ver.dry heat as a cause of bacterial death, Evidence was
reported by Wilkins (1967) of an ecological adantation by
native rhizobia to conditions éfvwet and dry heat which was not
demonstrated by the e*otic R.meliloti. However, as,ﬁointed

- out by Marshall (1968@J,the conclusions are open to criticism
because ﬁo attempt was made by Wilkins to determine the initial

numbers of rﬁizobia present in the soils. Survival in heated
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soil 1is relmted to the bacterial strain, but it is qlsq
a Functlonvof the-initial,numhérs present in the soil.

The mechanism of sufvival of.root-nodule bacteria
- when desiccated haé been the subjectAof controversy.
Bissett (1052) suggéstéd the prééence of reSiétant spores
but, in spite of an éxtensivé survey, Graham g£ al. (1963)
were unablekto.demonstrate_endospore production within the
genus. Dudman (1968) implicated the capsnle_as a
structure afiording desiccation resisfance; while
Marshall (196h§'1968a;b) dembnétrated the envelopment of
rhizobia with clay particléé and argued that consequent
'protectién may be via altered rates of water exchange
befween the cell and its environment. Dart et al, (1969)
preéentéd electron micrographs>of rhizobia in peat culfures
and pointed out a fine matrix of fibrous material around
Retrifolii. 1t was shggested that ﬁhis protected cells from
desiccation. Chen aﬁd Alexander (1973) reported an inverse
correlation hbetween the water activity at which rhizobia and
other soil microbes were grown, and their desiccation resistance.
The lower the water activity of the growth medium the greater
the resistance to desiccation. It was stated that' the enhanced
survival may have'been_a result of increased water retention
cfeated by a‘higher intgrpalYOSmofic.pressure; There were,
howefer, anomalies invthat'some drought susceptible soil
microorganisms grew.at low water agtivitiés and some drought

resistant cells would;ohly grow at high water availabilities.
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Thompson (1964) studied the effect of nutrition of
rhizobia upon death rétes during desiccation.'Unexpectedly,
there was mno clear evidence for podrer survival of cells
deficient in calcium or magnesium relative to cells grown
'ih media with adequaté qﬁaﬁtitieé.of these ions. The.author
concluded, théréforé, tﬁat lack of cell wali rigidity and
the postulated inability of mégnésium-deficient cells to
muitiplf'(Vincent and Colburn; 1961) were not imﬁortant
factors in the death of desiccated B.trifolii;

Vinceﬁt et gl;(1962)1studiedig.trifolii desiccated
at varioﬁs R.H.'s onAgléss Beads, and demonstrated a very
rapid loss of cell viability at éll_R.H. values within the
first 24 hours. It was during this time that most water was
‘lost. A suspension of 9% maltose substantially reduéed the
death rate during both desiccation and befiods,of'storage.

Thompson (1964):described the response of rhizobia
to desiccation at various relative.humiditiés and also
v'studied the ameliorating effect of additives such as sucrdse
énd maltose, Very rapid death of bacterié occurred at 0,20 and
60% R,H., in thé absence of additives. Contary to the findings
of Vincent et gi.(l962) sucrose was found to be little better
than distilled water as a protective agent. However, bacteria
dried from suspensions in mltose solutions resulted in greater
cell survival at allvR,H. values. The death rates during both
desiccatibn and storage were similar at Q% énd 20% R.H., and

during dehydration at 60% R.H. Storage at 60% R.H, resulted
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in an ihéreased,death rate of qells relative to»storage
at O and 20% R.H; The.achof claimed>that this could be
due to the sldwer desiccétipn rate or a'higher.le;el of
residual moisture duringAstqrage, both of whiqh may be
detrimental to éell survival, |

;Neithef Vincent et al. (1962) nor Thompson (1964 )
could explain the superiority of haltose as a protective
aggnt over other additivesf'There was.novcorfelation
bétween reduced death rate aﬁd additi§e assimilability,
Qémotic effect, tﬁe presence.or absence of carbonyl groups,
molecular size 6r solubility.vOther less protective
substances shared some or all of thése propefties.
Unexpectedly, the B-isomer of maltoée (celiobiose), was
inferior_to the xx-glucoside (maltOSe)} This prbmpted
Vincént et al, (1962) to postulate the importance of.
mdlecular donriguration of the additive,as'a vital factor
involved in protection by minimal;y'penefrable solutes,
Webb (1965) also emphasised this point when discussing the
, méchanism of_additive protectioﬁ ofraerosolized bacteria.

In peat cultures,.Roughley and Vincent (1967) found a
differential'tesponse‘of_rhiz§bia to drying conditions,
R.meliloti surving better than R.trifolii. Factors apart
from species’differences whicﬁ were foundAto be important
Qere the type of peat, its pH and the substanceé used to

alter pH to neutrality. Drying the peat at high temperatures
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produced ithbltory substances whlch prevented multiplication
of added inocula, and sterilization of peat always resulted
in improved rhizobial growth and enrvival. This was important,
especielly for the sldw-growing epeeies. - In non-sterile peat,
storage at 25 °c led to rapid loss of wviability whereas at 5 C
negllglble loss occurred over a 12- 15 week perlod.
Sterlllzatlon removed this temperature dependence during
storage. The moisture'content of adjusted (30%) and high
moistdre content (60%) were detrimental to both R.trifolii
and R.meliloti, but the slow-grow1ng Rhlzoblum sp. CB756 was
able to tolerate the high level. For clover and lucerne
strains the optimum water cpntent for storage was hO-SO% (w/w).
Peat sterilization removed the dependence for survival of the
inoculated rhizobia upon a critical moisture content.

Date (1968) stndied the relation between survival of
R.trifolii on inoculated seed and the effect qf subsequent
treatment and storage conditions.vBy peat-slurrying and lime
pelleting of seeds inoculated with fast-growing rhizobia,
~sufficient nnmbers of bacteria ﬁere able to survive to produce
prompt nodulation, provided seede were not stored for periods
longer than 2-3 weeks. The results reported by Date (1968) of
the effect on beeterial survival of various adhesives used to
stick the inocdlum to the'seed,'substantiated the results of
others, e.g. Brockwell (1962) and Date et al.(1965).

Gum. arabic provided the_best survival of rhizobia inoculated

on seeds,'consequently“it is one of the most:commonly used
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adhesiveg in temperate regions. A wide range of materials
used to coat inoculated seeds-haﬁe béen tested and these -
‘range from blood-dolomite and iiméFbloéd mixtures
(Brockwell, 1962) to various sources of'11me; lime phosphate
and phosphate.hixtures (Date, Batthyany and Jaureche, 1965;
Radcliffe, McGuire and Dawsom, 1967). |

Improved clover nodulatiqn Qas obtainéd by Bergersen,
Brockwell and Thompson (1958) by the use of seeds pelleted
with bentonite and organic maferial (bléod and.powdered milk).
Broékwell and WVhalley (i96é,v1970) have shown’that'limev
pelleting gavé suyvival of B;melilotivduring storage and,
provided that peat wa$ included within the lime pellet, sowing
of,Medicago and 1ucefne_seeds into dry soils resulted in
adequate surviyalvof rﬁizobia. |

Extrapd]ation of-the aone results obtained with Medicago
and B.heliloti to other cross-inoculation groups should be
treated with caution (Brockwell and Whalley, 1970).Norris
(1972) andvDate’(l973) emphasised the ﬁeéd for caution when
applying the established principles of léguMe seéd inocﬁlation
aﬁd pelletiﬁg.used in temperate regibns of Australia, to the
tropical scemne. Limq pelletiﬁg mény tropical seeds was usually
"without effect and in some cases was detrimental to survival of
éhe root-nodule bacteria. Norris (1972),stated that when
pelletiﬁg,was réquiiad‘in the tropical environment, rock
phosphate was usually sufficient; but;for most purposes
inoculation using dilute‘fotms of the adhe%ive (e.g{ 1-2%

methyl cellulose or 15% gum arabic )was adejuate.
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D. Microorganism soil-particle interactions,

~ The extensivé topic of ﬁicroorganism soil—particlé
interaction ﬂas Been the subject of many réviews €.
Esterman and McLaren (1959). McLaren and Skujins (1968)_
and Mérshall (1971) and bobks by Hattori (1973)'_,and-
Griffin (197'2). Only a brief review will be given here
on the physical interaction of soil particles and
microorganisms and the effect of this on microbial ecology. -
ﬁo_attempt has been made toAreviéw‘the effect-of solid
surfaces on the physiology of sdrbed cells.

Zvyagintsev,(1§62) concludéd_thaf there were three

»distinct processes.invdlvéd in the interaction betweeﬁ
s0il particles and miérobrganisms. These were -

(1) bacterial édsorption to soil particles, i.e. the
latter were larger than thehliving cells,

(2) mu tual adsorption, i.e. soil particles and

‘ bacteria were.of'the same size and thié resulted
in the formation of aggregateé.

(3) very small colloidai material adsorbed onto
bacteria, i.e.‘the.lattef was larger than the
s0il particles.

Peele (1936), Lahav (1962) and Marshall ( 1967)recognised the
importdnce of pH-ionic strength and type3of electrolyte in
solution, as these factors influenced the nature of the
surface of both bacteria and soil particles. lL.ahav (1962)
demonstrated the revérsible natﬁre of sorptibn'of sodium

saturated bentonite to Bacillus subtilis and reported that
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the-bacteriél.pOpulation congsisted of two typés of cells;
thosé which sorbed clay and those which did not. Thevtwo

- types of cells were ihdistinguiShaﬁie'by.aﬁy'other features
and could only be detected éfter addition of clay. The

results of Marshall_(l968a;b; 1969a;b) with various species

. of Rhizobium and Bacillus subtilis (as reported by Laﬁav,
1962) wefe not in agreement Qith'this finding presented by
VLahév (1962). Becauéé of thevplateflike structﬁre of finely
divided montmorillonite, Lahav (1962) postulated that the
clay may be oriented invthreé ﬁossiblé ways at fhe surface
of a bacterium.-(l) facg—to-face sorption,vwith the broad
platelet surface facing the baéteriél surface; (2) edge~-to-
face sorption, with the edge of the platelets facing the
cell surface; (3) mixed sorption; with platelets orientedv
at the surfaces ofvbécterié in both ways. | |

Marshall (1968a;b;1969a3b) found no consistent.
felationship be tween the amount of sodium-montmoriilonite
or sodium-illite adsorbed<per cell, and the relative
bactefiai gfowth réte, celi ionogenic surface or the surfacé
charge density of the bacteria. There was, however, a definite
correlation between the amount/of clay adéorbed per unit area
of cell surface and the ionogenic properties of the bacterial

surface. By electrophonetic mbbility studies, Marshall (1967)

concludedvthat Rhi. zobium jéponicum and B.iupini possessed only

acidic (carboxyl) surface'ionogenic-groups, while R.trifolid,

Releguminosarum andlg.melildti possessed predominately carboxyl
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groups but also some basic (aﬁind) groups. Cells with
'simple aéidic surfaces adsérbed.twice as much Na+ -
montmorillonitevor Né+-illité than bacteria with the
éérboxyl-aminé groﬁps. An'exblanation for the different
ability of species of Rhizobium to sorb colloidal clay was
given by Marshall (1968a3b; 1969a3b). The authr suggested
predominantly an gdge;to-faqe assoéiation befweeﬁ the cléy
platqlets aﬁd cells with carboxyl surfaces, because the
positively charged edges of.the‘clay would be attracfed
to the. negative charges'oﬁ the bacterial éurféce, The
surfaces with 5asic groups of the carboxyl-aﬁino type would
tend to attract clay,parficles in face-to-face orientation.
Thus, the difféfences between clay orientation at the surface
of the bacterium would account for the differeﬁtial quantities
adsorbed by the various‘bacterial species. |

'Marshall (1971) has adequately reviewed the literature
dealing with the effects of the solid phase of soils on
microbial metabolism, growtﬁ and ecology. The literature is
full of apparently cdnfiicting results on the effect of solid
surfaces on microbial éctivity‘and,as stated by Marshall (1971),
"it is impossible to reconcile all of those results with any
one mechanism that has been proposed."” ?owever, from the
reviews by Mclaren and Skujins (1968) and Marshall.(l971)'
factors such as éoii texture‘muSt have a profound effect upon

the ecology of soil microorganisms. For instance, Marshall and
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Roberts (1963) successfully overcame a proﬁlem involving
the surviva; of rhizobia in thé figld by the-addition of
_ montmorillonite to é sandy soil, It has been suggested by
vMarshali (1968a), thatithe limited”distribution of.fast_
growingvfhizdhia in sahdy:sﬁils subjected to desiccation
_énd'heat may be related to the lack of a cbéting of certain
s0il colloids around the bacteria which would afford
protection. Other authors (Giltner and ‘Langworthy, 1916;
Vandecaveye, 1927 and Vyas and Prasad, 1960; all cited
: by Marshall,'197l)ihave‘also corfelated increased.surViva]
of rhizobia subjecf.to Aesiccation;ahd heat with soiis'df.
heavy texture . Another,example of thq'effect of soil texture

on microbial ecologyAisAthat-summarized by Stotzky (1968).

The author corwelated_the spread oijusaridm.oXysporum and

Histoplasma capsulatum with the léck'of 2:1 mqntmorillonitic

clays in soils. It was_pfoposed by Stotzky (1968) that

the 2:1 clays'regulatea or buffered the soil pH to such an
extent that acid-sensifive soil bacteria were able to
proliferate and cémpetitivcly exclude the spébies of Fusarium.
In the absencé of ﬁontmoriildnite, soil pH decreaséd and
resulted in a reduced bacterial popnlation. The acid tolerant
Fusarium sp. was able to continue growth and prbliferatg under

these conditions.
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E. Aims

The aims of the investigations reported in this thesis
were : -
1, To confirm the results presented by Marshall (1964) for

the comparative desiccation resistance of Rhizobium lupini

and R, japonicum, relative.to the susceptibility of R.trifolii.
The desiccation resistan¢é of other fast-and slow-growing
rﬁiz&bia has also been tééted. |

2. To élucidéte possiblé'reasons-why-reléted'bacterial genera
should react so differéntly to dehydrétlon. This has involved
inVesfigﬁtioné of water pefméaﬁilities, wéter adsorption
isotherms, and intermnal osmotic pressures of rhizobia.
Desiccation-~induced rgpairable damage has also bheen investigated
in an attempt to determine why the slbwfgrowing rhizobia
survived desiccétion better than the fast-growing speéies.

3; To determine the mechanism by which such ndn-penetrating
additives as montmorillonite were abie to afford protection
from desiccation to living bacteria.. The hypothesis has been
that the mechanism of protection of bacteria by montmorillonite
was via an effectvupon the bapterialjwatef content after
dehydration. Investigations of thisvtOpic has involved
experihentation with other adaitives as wéllkas the use of

water adsorption isotherms. -
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A. Bacteria nwsed at various times during this

"investigation were:-

Group 1:- Fast-growing rhizobia

" Rhizobium trifolii strains TAl, UT6, SU297/31A,.

- SU297/32B, §U298/533A, ©U298/53113, SU298/534C,

SU298/536D, UTALS8.

R.lepguminosarum TA101

Rhizobium sp. SU343 (ex: Lotus corniculatus L.)

Groun 2:- Medic rhizobia

Rhizobium meliloti strains SU4S, SULTA,

SuU47B, CC131, CBl112, CL-A

(Strains SU47A and SU47B came from different

laboratories)

Group 3:- Slow-growing rhizobia

Rhizobium lupini strains UT2, UT12

B;jagonicum QA372

Rhi zobium
Rhizobium
Rhizobium
Rhizobium
Rhizobium

Rhizobium

SPe.

Sp.

SPe.

Sp.

SPe

CB736  (ex. Lotononis bainseii Baker)
CB421

394110

311b117

3I1bl25

3C1f1

UT53
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- Group 4 :~ Miscellaneous microorganisms

Escherichia coli M13

Staphylococcus aureus M3

Bacillus sp. M70

Saccharomyces cerevisiae M6

Agrobacterium species 10,2h,150,152

B.Culture maintenance

Stock ciilture of each bacterium consisted of freeze-
dried_celIS’stored at'lOoC. Iﬁitially each bacﬁerium was
reconstifuted from theﬁe ampoules'by rehydration,'streaked
onto the appfopriate growfh medium, thén'isolated colonies
from thése st reaked plétes were choSenf:For storage, these
bacteria Qero then streaked on 5 ml. small screw capped»
bottles ¢ontuiningka slope of the appropriate growth medium.

C. Tests for nodulation of legumes

The method of Vincent (1970) was used to test the
ability of verious species of Rhizobium to nodulate their

'specific host plants on Jensen's nitrogen-free-agar.

Bacterium : "Host legume
R.trifolii Trifolium subterraneum L.
R.meliloti Medicago tribuloides Desr.

Médicago sativa L,

"R.lupini- - Ornithopus sativus Brot.
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The présence or absence of nodules was notéd, but as this
test was only used rarely in order to cdnfirm that a
particular root-nodﬁle bactérium was ndt a COntaminant,
the results havévnot be en includéd} It was not possible
to test’nodﬁ]ation ability of thé slow;growing rhizobia,
othqr than strains of g.luginii BécauSe of the size of the
host leyume, |

D, Culture media

For growth of rhizobia; the medium most commonly used
had the following compositionﬁ

(1) Yeast mannitol broth (YMB)

‘Mannitol = - 10 gm
KéHl’Ou o. 5em
MgSC, . 7H,0 0.,2gm
NaC]' _ _ O.igm
Yeast extract N 0.5gm
Distilled water ' 1000.ml

Thé solid medium (yeast'manﬁitol agar,‘YMA) contained 15.0 gm
agar/1. Thié medium was suggested by Vincent (1970), but

used as modified by Shefwood.(l972)'by the inciusion of
CaClz.6H20 (v.022 gm/1). The yeast extract used was

Oxcoid, code number 121. Any requirement for iron was
probably met by cbntaminants, as th9 addition of ?eClB.6H20
(0.0lgm/l) did notvalter cell growth. The pH of the medium was
adjusted to (.8 prior to the addition of agar and autoclaving

for 20 minutes at 15 psi. Ali chemicals used were analytical

reagent grade where possible,
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Occasionally, rhizobia were grown on a medium suggested

by Bergersen (1961). The medium contained:- V

(11) Giutamate agaf

Mannitol - ) :'. 10 gm
AMgSO.7ﬁ20'. o .'0.1gmb
| NagHPOy,.12H,0 . 0.45gm
~Séd1um gi@témate o :“-i.lgm
FaCly - . 0.02gm
CaCl,.6H,0 - 0.Okgm
Biotin .  ’ ' : 25Qpém
) Thiaminev;» 8 ' - - IQQuém'
Agar | : »v B 15.0gm
vater ‘ -"'1ooomi

The pH of the Wediuh was adJuSted,to'6{8'befdrevsterilization

by autboiaving.

(111) Nutrient agar

Escherichia coli M13, Bacillus sp. M70 and Staphylococcus

aureus M3 were all grown using nutrient broth with the addition
of agar if required.

The compositioh of the medium was:

Bonox (Kraft)ﬂ ' B Z‘S.Ogﬁ: '.
Peptoné."  S ;" S.O-gm
',-Agar _ . v _ 15.ovgm."
Disfilled Water , _' -1000.ml 

Sterilization was achieved by autoclaving at 15 psi, for 20

“minutes. Oxoid peptone was ﬁSed,»code number L37.
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(4) Malt extract broth

The yeast, Saccharomyces cerevisiae M6, was grown in
malt extract broth, with the addition of agar if required.

The composition of the medium was:

‘Malt extract (Saunders) ' - 25 gm
Agar ' : .15 gm
Water o - ©1000 mi

Sterilization was achieved hy autoc1aving at 15 psi. for 20
minutes.

E. Soil and soil reaction

The only éoil.USéd was that'obtained from Dodges Ferry
(hb miles east of Hobart, Tasmania) and‘described as a podzol
" on cover sands (Loveday, 1957). The soil'is a deep sand without
any strnctnre with a dark grey surface dﬁe_to coarse organic
matter._The only treatment after collection waslto sieve it 
through a 2.Cmm sieve. The reaction of a 1:5 soil-water
suspension was pH 6.7.

The particle size distribution of the soil was carried
out accbrding to the modified Buoyoucos method (Brewer, 1962).
About 50 gm air dried soil was transferred to a 1000 ml beaker
to which 150 ml 6% h&drngen'beroxidé was added to oﬁidize the
organic matter, After staﬁding overnight, the contents were
brought to boil and maintained at this témp@rature until active
frothing ceased. After cooliﬁg, 10 m1l normal NaOH was added,
followed by 20 ml of 10% hexametaphosphate. The conteﬁts were

then washed into a milk bottle and‘placéd on an end-over-end

shaking machine overnight. After despersion, the sediment was
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transferred to a 1060 mlicylinder énd>made up'to the mark
. with distilled watér} A blank was:prepared.by adding 10 ml
normalvNaOH énd_ZOvml 10%’hexémétaphosphate to a cylinder
and making up to the mark with.distiileé'Water;

'The suspensidnSin thé cylindérs were mixed for ohe
'minute;”As_sbon.as they‘wer@'aliowed to stand, é'stopwétéh
was started and hydrometer readings taken at selected times.
Thq‘hydrometet is'calibréted'tobread»invgrams per lifre. For
veach sample, the control reading was subfracted from the
'sample-readingvtq give a corrected value. The»corrected
hydrometgr reading gives the humber of pérticles.in suspension_-
and solution At the end of each time interval. Coérée'
particles settle quickly, whereaé fine'parficles took longer
periods of time.'Frdm the hydrbmetef readings and a knowledge
of the settling times for various barticlé sizes, the:aﬁount
of each constituent in the.sediment could be determined.
The‘temperaturé effeéts the rate of_settling, but this was
constant at 20°C, hence mo correction was necessnfy. The
hydrometer feading-of thé hlankkwas 3.0 gm/1. éﬁd rema ined
éongtant throughdut the experiment.

The air-dried soil was found to contain 0.00G%
moisfure. The results of this éxpériﬁent are. presented
in table 1, and demonstrate that thé clay.fraction is small
while the»bulk pf>the éoil consists of sand particles,
therefore, the Foil_used invthis investigation is pfobably
similar to the yellow'énigrey sands described by Marshall

(1964),
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Table 1
‘”Time since Hydrbﬁeter Corrected o Percentage-(w/w)
hak i . eadin hydrometer constituents in
'?minizgs) : (rm?13 g reading * oven-dried soil.
BT , (gm/1)
0.13 12 9
10.23 ’ 8 -5
0.40 7 4 Sand and other
, . R constituents
1.08 6 3 = 96.4%
1.56 6 3
3.10 6 3
5.00 6 3
8.20 6 3
10.47 6 3 'Silt and clay = 3.28%
amount of silt
19.49 6 3 = (3.28 - 2.20)
= o, :
29.38 6 5 = 1.08%
“h3,20 6 3
120,00 5 | 2 Clay = 2.20%

Ovén;dry weisht of soil used was 91,02 gm.
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F. Sterilization and treatment of soil saﬁples‘prior to use.,

Both amended and unamended soil samples were moistened
with L6 mi water then sterilized by autobléving‘ét 15 psi.
for 20 minutes. |

Prior to‘nse; the sterilized soil samples were air-dried

at 28°c in a forcpd-draught oven for at least 12 hrs. unless

' otherw1se stated. /éZZZZfCL$k*°AU¥ L@it’

G. Estimation. of the viable count of bacteria in soil sémples.

Each soil sample consisted of 10 gm of s0il or soil plus a
known Quantity (% w/w) of éméndment (final weight of soil plus
amendment was 10 gm), in a-90 mm diametér glass petri dish.

To estimate the yiable'pacterial populatidn in each soil
sample'followinn the appropriate treatment, the soil-from eéCh
vpetri dish was transferred to a 250 ml Erlenmeyer flasks
containing 95 ml of 1% peptone. The flasks were shaken for 30
seconds on a Vortex-Genie stirrer (Sclentlflc Instxuments, Inc.)
'and allowed to stand for 30 minutes. This was sufficient time to
allow desorption of the bacteria from the soil particles. The
flasks were then shaken for a further 15 seconds before serial
decimal dilutions were made using 1% peptone as diluent. Each
dilution was stirred with the Vofte# stirrer prior to plating in
either duplicate or triplicate on YMA using the Miles-~Misra
(1938) technique. To place the drops on the agar surface, a 50 ul
Oxford sampler was used. The tips were plugged with a small wad
of cotton wool for air filtration, then they were sterilized by

autoclaviﬁg‘at 15 psi, for 20 minutes.

No. problems were encountered with contaminants in experiments

using soils sterilized by this method.
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Colonies were counted after 4 days of growth for the
fast=-growing rhizobia,’and 8-9_dayé for the slow-growing

bacteria.

H. Growth of large quantities of microbrganisms and preparation

for use,

WVhen large quantities of rhizobia were required, the

- growth on slopes of YMA in 100 ml McCértney.bottles ﬁas‘
harvested in sterile water. This was used to inoculate a
sufficient number of 100 ml McCartney bottles (usually 20~ 50)
to produce enough bacteria to carry 0ut an experlment. After
growth (4 days for the fast-grow1ng rhizobia, and 8 days for
the slow-growing sﬁecies), the.baéteria were harvested using
sterile water and glass beads to remove the growth from the
agar surface. The suspension was homogenized to ensure even
mixing by the use of a sterile Ten-Broeck glass homogenizer.

Large quantities of Escherichia coli, Bacillus sp. M7C

Saccharomyces cerevisiae and Staphylococcus aureus were

obtained by growth at 28°C_for 24 hrs. in 1 litre quantities
of the approﬁriate broth medium. The containers used were low
form culture flasks (Corning Glass Works, Nb.hh22), and 3_were
used for each cultuie. A 24 hr. old culture of the appropriate
microorganism was used to inoculate ‘these vessels;.which were
then placed on a gyratory shaker ét 28°C to ensure adequate
aeration and growth. Affef growth, the'midroorganisms were
harvested by continuous flow centrifugation at 12,000-16,000 g.
ﬁsing'a Sorval SS&4 éentrifuge.vAs expefiments using these

microorganisms did not require sterile qonditions, this apparatus
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wvas not sterilized.

Smaller quantities of Escherichia coli were often
required and were obtained by the method outlined above
for growth of quantities of rhizobia using nutrient agar

as the growth medium,

I. Determination of the response of various speéies of'rhizobia

to desiccaticn.

The root-nodule bacteria were.grown on YMA and suspended
in stefile distilled water. Ah initial viaﬁle count of the |
iﬁocuium was carried out, and Q.O ml of inocﬁlum was added
to each of the dried,’stérile soil samples. In most éxperiﬁents
these inoculated soils were placed in a.forcéd—draught oven at
28°C and dried overnight. The effect of desiccation on the
viable count of rhizobia in the inoculated soils was then
estimated. A variation on this procedure was carried out with
R, japonicum QA372 and R.trifolii SU297/32B in which soil:
samples inoculated with these bacteria were dried overnight,
sampled, rehydrated and dried.overnight followed by further
sampling. This Qas repeated seven times and indicated the rate
of decrease of the viable numbers of fast-versus slow-growing
rhizobia with each desicéation—réhydratidn cycle.,

J., Determination of the effect of various additives on survival

of rhizobia when desiccated..

Various substances were tested for their effect on the
viable count of rhizobia subjected to desiccation. The additives

used and their concentrations are shown in table. 2.
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Additivés 1 to 7 (table 2) were added to soil samples, .
in this_way an additive concentration of 5% was obtained by
spreading: 9.5 gm soil pln5'0.5 gm of a pafticular amendment
over the bése of a petri dish. The amended soil samples were
mixed thoroughly and moisteﬁed with water.'Sterilization was
achieved By'autoclaving at 15 psi. for;20 minutes.,

The usual concentration of montmorillonite used was 5% ,
" however concentratiors ranging from 1 to 30% were employed.
In all expefiments the natural.montmofillonjte was used, -no
studies were made with.montmorillonité_hade.hémgionic to a
certain cation. The exchéngéable metallié hases of the natural
montmqrillonjte were - |

meq/100 gm"

Sodium S . 60 to 65
Potassium B 1 to 5

Calcium | 15 to 20
Magnesium 5 to 10.

x Values obtained from American Colloid Co.

The stérilized ameﬁded soils were hsuaily air dried at 280C

in a forced—draughtvoven before the éddition of_root—nodule
bacteria, Occasionally, thisvétép was omitted and the bacteria
" were added to thé sterile, moist, amended soiL samples.

An investigationvofbthe effect of montmorillonite added

as a suspension rathér»than as a dried powder was carried out.
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Table 2

The additives and their concentrations used in studies on the

effect of substances on the SUrvival bf desiccated rhizobia.

Additive o - Concentration

1. Montmorillonite , - “varied X
2. Hydrophobic nerosil + T 5%

3. Hydrophilic aerosil + ' C 5%
h.vﬂaematite : i 5%

5. Gaethite ) ' | v. | . 5%

6. Kaolinite | 5%

7. Illite | | 5%

8, Polyvinylpyrolidone 40,000 | varied x
9., Polyethylene glycol 400 o _ - 10%

10, " " 1500 | 106

1. " " 6000 , 10%

12, Maltose =~ - : 10%

13. Sucrose . | 10%

14, Glucose v - v 10%

15, Glycerol ’ ' . 5%

16, Tetrabutylammonium bromide _' 3%

17. Ammonium acefate ' varied x
18. Inositol : ' 5. 4%

¥ where the concentrations were varied, see appropriate
section of the Results.

+ the hydrophilic and hydrophobic aerosils are colloidal-
size silica particles, Degussa Type Nos. 200 and R972,
respectively. S

Source of additives 1 to 7, see Page 52,



To prepare the suspension; montmorillonite was slowly added
to water that was violently stirred with a Sunbeam kitchen
homonenizer..This agitation was continﬁed ror'jo minutes
after the last addition of monﬁmori]lonite, The final
montmorilionite concentration was 0.035 gm/ml., which was a
very viscous'suspensioh that did ﬁOt,précipaté or flocculate
with time.

To test thé effect of this éuspended clay'dn the ability
of fhizobia'to survive desiccation, the procédure was as
follows: The~sto§k suspénsion of'montmorillOnite and_dilutions
of it, were mixed in fhe.ratio 50: 50 (v/v) with a concentrated
bacterial suspension in test tubes. The tubes were shaken
thoroughly to ensure proper»mixingvof the two suspensions, then
4.0 ml of each montmorillonite-bacterium mixturevwere added to
sterilized air dried,’unamendedvsoil samples; These inocﬁlated
soil sdspensions.were then air dried in the usual waye.

Source of ‘additives 1 to 7 shown in téble 2 were:-
Mgntmoriilonite — Wyoming montmorillonite,

| American Colloid Co, Chicago..
Illjté - Fithian illite, Ward;s Natural Scientific

Establishment, Inc., Rbchester,.New,York.

Kaolinite -~ British Drug House Ltd.
Goethite - Bayer, needle shaped, of average length 1.9 u.

Haematite - nodﬁlar'particles of 0,5 to 1,0 u diameter.
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The procedure followed for the estimation of the effect
of additives 8 to 18, listed in table 2, was similar to that
described for the'montmorillonite suspended in Qater; i.e.
bacterial sﬁspehsions aﬁd additive solutions were mixed in the
ratib 50 50'(v/v).ahd théroughly mixed. Four ml. of the
mixture Qere addgd to stefiliéed air dried soil samples and
these inoculated samples air'driedbin_the_usual way.vThe
numbers of viable bacteria remaining after desiccation were
determined as descriBed previously.

Additives 8 to 18 wefe made up to double the
concentrations shown in table 2, theréfOre the values in
table 2 were the additi&e concentrations in the bactéria-
~additive suspension used to inoculate the soil samples,
therg the_concentration of an additive varied; the final
amount isAshown in the tables and graphs in the.résplts
section., In éll.cases, 4,0 ml of.the bacteria-additive
suspension was added to 10 gm soil, therefbre, the quantity
of the additive per gram of soil can be calculated €. g h ml.
of a 10% solution of maltose = 0.4 gm. maltose 10 gm. soil,
which gave a soil sample amended wlth 4,0% maltose.

Where possible, analytical reagent grades were used,

The nolyvinyipyrrolidone (PVP) used had an average molecular
weight of.ho,OQU. Both PVP and tetrabutylammonium bromide were
sterilized by membrane filtration, the other additi§és weré
sterilized by autoclaviﬁg'for 20 minutes at 15 psi.

The period of air drying of the amended soil sambles was
usually 2h'hrs\,however, one experiment was carried out Qith

R. japonicum QA372 which investigated the effects of various
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additives on the numbers of viable bacteria after 120 hrs.
desiccation.

.Another vnriétion_on thg abové proéedure was carried
out with B.lugini UT12iin which the viéble’éount was estimated
after the‘removal of_é specified percentage (w/ﬁ) of water
ffom unamendéd andimOntmoriilonite—amended soil samples, i.e.
4,0 ml of the bacteriai suspensioh was added to both amended
_and Unamended'soil sampleé. The wet weight was noted aﬁd
after removal of.a known pércentage of moisture, the viable
'coﬁnfbwas estimated. The purpose of this éxperiment'was to
determinevwhether rhizobia began to die at the same soil

moisture content in both amended or unamended soil sémples.

3.>The’effect of an atmosphere of nitrdgen on the ability

of microorganisms to survive desiccation,

Soil samples were iﬁocﬁlated.with bacteria, and driéd.
for 4-5 days in vacuum.désiécators with P205.és the desiccant,
Due to complications, probably introduced by crusting of the
surface of the PZOS,.this'desiccgnf was abandoneq in fanur_of.
silica get.érystals.

Desiccation in an atmosﬁhefe of nitrogen féquired
replacement‘of the air in the desiccatorsiwith nitrogen. This
was achieved by evacuating the Qacuum deéiccators to 700 mm. Hg
with a water vacuum pump, nitrogen was then inffoduced until
the system wgsvat atmospheric preésufe. Pressure.changes were
monitored by a mércury manometer.zThis_procedﬁre was repeated

six times for each desiccator then twice more for every 24 hrs. .

that the soil samples were in the desiccators. The source of
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nitrogen was Commonwealth Industrial Gases (CIG) high'purity

material, no further purification'of this gas being carried

out.’

After h-s days desicbatioh, the 1id of the desiccator

was removed and 10 ml_1% peptone were added to each sahple»

as soon as pbséible. Rapid rehjdratioh was essential to

Aavoid the possible toxicveffects of oxygen. The rehydrated

sample was added to 85 ml of 1% peptone in an Erlenmeyer flask

and the number of viable bacteria estimated as previously

. described.

K. Measurements of water-retentionfby soil with and without

various amendments.,

The percent by weight of water retained by the soil with

and withoﬁt vérious amendments was determihed'by use of:a

‘pressure membrane apparatus. The procedure followed was similar

to that used by Richards (1949). Only one pressure was used

~and that was 218 psi, which is eQual to 15 atmosphereé.

Water retenfiion was measured in the following samples:-

1.
2.

3.

ho'

5.
6.
7.
8.

Soil
Soil
Soil
Soil

Soil

Soil

Soil

Soil

montmorillonite.(powdéred)
montmorillonite‘(as a suspension)
illite |
kgolinife

haématite

goethite

montmorillonite (treated as described
' below)
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All amendment concentrations were 5%_(w/w).ATreatment 8-
in the above table.qonsistéd ofbsoii amended with
montmorilibnite_that had been heated at 600.90 for 2 hrs.
-The efféqt of heating montmorillonité‘was to suppress
interlayef sweliing (Mdrtland and Kehper, 1965) .
Therefore any watervretained by-soil-amended.with this
treated montmorilldnité thch was in excess of thaﬁ
retained by the unamended'soil was-attributed to water
sorbed on the external surfaces of ﬁénthorillonite'
particles, Measureﬁent of this parameter should give an
indication of the iﬁportance 6f interlayered Watériin.
montmorilionite used as aﬁ amendment in this soil.

1, The effects of water activity on rhizobia.

L(i) Growth of rhizobia in yeast mannitol broth adjusted to

various water activities.

The,wafnr activity (aw) of a medium is defined>as:-
aw = saturation vapour préssurg-bf the solution at a specified
temperat ure dividéd by the saturation vapour pressure of
pure water at the same temperature.
It is a measiire of the é#ailability to microorganisms, of water
in an aqueous system, and is related to relative humidity (R.H.)
as a R,H, of 100% = aw'l.OOf
According to’B;JfMarshali (pers. comm,. ) the aw of the
usual YMB is approximately 0,999 at any témperature be tween
25-3060. Yeast mannitol broths withviower water activities
were obtained by the additioﬁ of_various soiﬁtes. The fable of

the amounts of a solute required to give a particular a_ was
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supplied by_B.J. Marshall and are included in table 3.

Media of specified

as were prepared using NaCl as:

the solute, and the growth monitored by the method of

Chowdhury (1965); Ten ml. of each of the.adjusted media

were placed in l.-shaped

test tubes plugged by Cap-o-test

toﬁs andbsterilized by autoclaving. The tesf fubes had been

selected for similar optical properties at 600 nm. A quantity

ofvinoculum'was added to each tube exéept the biank, to which

a similar amount of sterile water was added. Immediately

after addition of the inoculdm; the optical deﬁsity was

measured at wavelength of 600 nm, in a Bausch and Lomb

Spectronic 20 colorimeter. Theitubes were incubated horizontally

on a gyratory shaker at

28°C., The optical density of the tubes

was measured either at various time intervals or after four

days of growth for the fast-growing rhizobia or 8 days for the

slow-growing species. After growth, the contents of each tube

w-ere- : )
wadetested for contamination by streaking onto plates of YMA

and observation of the isolated coionies following incubation.

L(ii) Effect of the water activiﬁy of the growth medium on the

ability of rhizobia to survive dehydration.

The ropt-nodule bacteria were grown at the lowest a

possible either on agar

or in YMB that had been adjusted using

NaCl. The agar slopes were inoculated with rhizobia that had

bgen susﬁeﬁded in water
same a as the agar; At
rhizobia were harvested
rhizobia aftér 6-7 days

agar surface with water

adjusted, by the use of NaCl, to the
a_s less than 0,999, the slow-growing

after 14 days growth and the medic

growth.vBacteria were washed off the

of the same a_ as the growth medium,



Table 3

BASAL MEDIUM 0,999 a

Grams of solutes to be added per 100 gm water to give final.aw 

0.327

0.999 0.997 0.995 0.990 0.980 0,960 0.9%0 0.920 0.900 0.880 0.860
Na Cl1. 0.348 0.700 1.391 3.375 6.857 10.183 13.351 16.385 19,29 22,08
K C1. 0.447 0,900 2,062 4,421 9,160 13.838 18,446 22.98 27.45 31.84
Na, SO,. 0,661 1.321 3.196 7.396 16.522 25.80 34.21 41.67 48.29 54,27
Sucrose 3.782 7.418 16.43 33.58 64.25 91.80 117.65 142,67 167.01 191.17

" Glucose ©1,911 3.839 8.729 18.52 37.62 55.87 73.25 -

Glycerol 1.022 2,042 4,589 9,679 19,85 30,08 40,37 50.78 61.32 72.05
Urea 0.671 1,349 3.077 6.667 14.371 22.7% 31.73 41,10 50.83 60.88
Na C1.(5) 0.167 0.336 0.756 1.630 3.393 5.080 6.719 8.289 9.718 11.229
K Cc1. (3) 0,128 0.257 0.579 1,247 2.597 3.888 5.142 6.344 7,437 8.594
Na, S0, (2) 0.162 0.73%  1.585 3.299 4.938 6.532 8.058

9.447 10,916

The numbers in brackets refer to the proportion

in a mixture to obtain a particular a .
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centrifuged and the pellet resuspended in distilled water.

The suspension was homogenized, and 4 ml. aliquots used to

"inoculate soil samples which were then air dried overnight at

28°C in a forced-draught oven. The initial viable count. of the
bacterial suspension used to inoculate soil éamples'was deférminedo

Following desiccation, thelnumber of viable bacteria were
determined as described previously.

In an attempt to detefmine whether Epe_abili}y_to withstand -

desiccation could be enhanced by acclimatization of bacteria'to lowi

S a y many species of rhizobia were cultured initially in media

of the lowest a_ permittihg growth. After growth, aliquots
were transferred to solutions of slightly lower a . In spite
of numerous attempts, it was not possible to obtain substantial

growth of rhizobia at lower a_ values,

L(iii) The effect of the water activity of the rehydration

medium on sufvival of desiccated rhizobia.

Experiments were carried out in which freeze—dried or
air-dried rhizobia were rehydratéd in water adjusted to various
a_s. with different solutes. |

~ Soil samples were inoculated with rhizobia grown on YMA
(aw O.999),_dried ovefnight at 28°C in a forced draught oven,
then rehydrated in 95 ml of water adjusted to éw of 0,995, 0,940
or 0,860 by the use of NaCl, KC1l or glycerol (see table 3). The
number of viable_bacferia in these suspensions were determined

as Before.
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Bacteria were freeze.dfied for. 12 hrs., using a
ﬁynavac High Vaccuum system, Model No. FD16, by placing
Q.5 ml bacteriai suspensioﬁ in sterilized glass ampoules.
The initial viahle count was determined by conventional
tééhniques. Rehydratioh of the freeze-dried micfoorganisms
was accomplished by the addifionbof l.Oml. of sterile water
or by water adjnsted to a specifiéd a, by the use of NaCl,
suc rose or-glycerbl (see fable 3). Following rehydration, the
suspension was.shaken vigorously using a vortéx mixer and
allowed to stand for 10 miﬁutes before further shaking and
estimation of the viable number of bacteria.

M. The effect of desiccation on the cell surface of rhizobia.

M(i) Estimation of the repairable damage daused by desiccation

of various microorganisms.

The gram-negative bacterial cell wall cohprises an inner
rigid layer ofbpeptidOngcan, which can be'broken down by the
enzyme lysozyme,and a more flexible lipoprotein-
lipopolysaccharide (LFS) component (Salton, 1957) which overlays
the.peptidoglycan.vThe.LPS 1ayer protects the peptidoglycan from
the action of lysozyme, bossibly by prevention of penetration of
the énzyme into the cell wall. Salton (1957) and Noller and
Hartsell (1961) showed that gram-negative bacteria caﬁ_be made
sensitive to lysozyme by certéin treatménts wﬁich'appear to act
by disruptiﬁn of the outer wall'complex-(Voss, 1967; Wilkinson,
1968). Iﬁ seemed.possible thaf desiccation of the root-nodule
bactéria might induce changes in.the LPS~layer and sqch changes

might be detected by the development of sensitivity to lysozyme,
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consequently, the ability of desiccated bacteria to repair such
damage has been studied.

Bacteria used in this investigation were Escherichia coli

~M13 and Qarious species‘of ﬁhe rhizobia (see results section).
Soil samples were not used in these experiments, instead, 3,0 ml.
‘of bacterial suspension were used to inoculate 10 ém:acid
washed (ParkinSon, Gray and Williawms, 1971), sterile glass
beads (0O.44 mm., diameter) in a petri dish. These samples were
air dried at 28°C for 24 hrs. in a forced-draught oven.

The composition of the fehydration medium varied
accordihg to the aim of the experiﬁent and the bacteria
involved. At no time was 1% peptone used.as this caused

precipitation of lysozyme.

Each desiccated sample of Escherichia coli M1l3 was
rehydrated in 95 ml. of medium siﬁilar to that used b&
Hamble ton (1971), the difference being that ferric citrate
was used instead of ferric ammonium citrate. The medium
contained: |

Glycerol _ 10 gm
Ammonium citrate 5 gm
KH, PO, . 3Hé6 10 gm
MgSO,4 ..7H20 0. 5gm
NaC1 0.5gm
Fe citrate | 0.005 gm

Distilled water 1000 ml

This medium was adjusted to pH7, then sterilized by autoclaving -
at 15 psi. for 20 minutes. In some experiments, E.coli M13 was

rehydrated in YMB,
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VDesiccated glass bead sémples-inocuiated with_rhizobia

were usually rehydfated in‘95 ml of YMB but occasioﬁally were
resuspended in Hambletoh's médium. |

In all cases, subsequent dilutioﬁ after réhydration was
in Sorensen's phosphate buffer (1/15 M, pH 7.0). The
seﬁsitivity of desiccatéd bactefié to lysozyme, actinomycin D'b
~and deoxyribonuclease.(theAséleétivg agents) were tested. .
The individual selective ageﬁts were sterilized by mémbrane
filtratién using filters witﬁ a pore size of'O.h5.um{
diameter (Gelman'Cléﬁcéthy.Ltd.) and added to thp-buffer in

test tubes at the following final_concentrations:—

Lysozyme 100 pgm/ml
Actinomycin D 50 Pgm/ml
Deoxyribonclease 50 pgm/ml

* The sensitivity of the dehydrated bacteria to these

. agents was testeoed af variouéltimes after rehydration by mixing
duplicateil.O ml. samples of rahydratgd bacteria Qith either
lysozyme; actihomycin D or deoxyribonucleése contained in the
phosphate buffér used for dilution for'viéble count estimates.
The change in sensitivity with time after rehydration gave a
 measure of the repair of the desiccafion—induced damage.

To demonstrate the temperature depéndence of repéir of

damaged Escherichia coli M13, rehydration was carried out at

10°C (instoad of the usual 28°C.) in Hambleton's (1971) medium.

The time at which repair was completed was noted.
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Three experiments were carried out (which were not

statistically analysable) using Rhizobium trifolii su297/328B,

R.japonicum QA372 and B.meliloti SU45., The purpose was to
bbtain the range of sglective agents that should be-uséd in
these experiments'dn'repair. In these:trial-experiments the
selective agents were sterilized by filtration and added to the
petri dishes before»addition.of the agar.

For R.trifolii SU297/32B the agehts and their concentration

in the agar were:

Giutémate agar »

" "  + rose bengal 33.3 pgm/l agér

" " + cbngo red (3 ml of a 1:400 aqueous solution of

| congo red to 300 ml of glutamate
agar) |
+ polfmyx,in 2 pgm,ml .of agar
" " '+ penicillin 1.0 pgm/ml of agar
For R, japonicum QA372, the selective agents and their

concentrations were:

YMA + chloramphenicol - . 100 pgm/ml
" + penicillin ‘1 pgm/ml
"o+ streptomycinv 0.3 pgm.ml
"  + polymyscin | ’ 2.0‘pgm/m1

" + congo red (3 ml of a 1:400 aqueous solution of congo
red to 300 ml- of YMA. )
For R.meliloti SU4S, the effect oi' desiccation on the

tolerance to high NaCl concentrations in the growth medium
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was studied. The concentration of NaCl in the medium was
1.59 gm/100 gm YMA, which gave an agar with a water activity
of 0,990 (see table 3).

N(ii) Fluorescence of fast-and slow=-growing rhizobia with

l-anilino-8-naphthalene sulphonate.

The fluorescence intensity of the probe l-anilino-8-
naphthalene sulphoﬁate (ANS) in water, is negligible compared
with its fluorescence when»b0und.at-polar/nonapolar
environments (Radda aﬁd Vanderkooi, 1972). In membranes,
these sites ﬁryvinclude lipid-protein, 1ipid-wat¢r or lipid-
protein-wafer contaéts; |

In this investigation the relative fluorescence intensity
of the fastfand slow-growing bacteriaAwhen mixed with ANS has
been measured. The effect of bacterial desiccntipn on the
fluorescence intensity has also been measured.

A stock solution of ANS-(Nutritional Biochemicals-Corp.}
at a concentration of 0,05%’(w/v) in water was made.

The relative fluoreséénce intensity was measured with a
Beckman Ratio IFluorometer Model 772, with uranium glass
" reference bar No.6 and the primary and secondary filters uéed
were Schott UG1l1l and UQZA,Vrespectively. The incident light was
at a wavelength of 360 nm. | .

The fluorescence intensity of bacterial suspensions wefe
measured relative to the fludrescence of a solution of serum
élbumin. Full scale deflection (100% relative flﬁorescence)

of the fluofometer Waé given by the followihg solution:
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1.8 ml. serﬁm albumin sqlution (conteining 10 ugm albumin/mﬁn
plus 0.2 ml. ANS stock solution. The zere setting of the
fluorometer was adjusted uSing 1.8 ml. Sorensen's phosphate -
buffer (1/15 M, pH 7.0) and 0.2 ml ANS stock solution.

| 'To test for iinearity over the fluorescence range used,
the relative fluoreéceﬁce at varieus-albﬁmin concentrations

in the presence of a constant ANS concentration was obtained:-

Volume of Volume of Volume of
albumin - phosphate ANS . Relative
- stock o bhuffer . stock solution .Fluorescence
' solution , (m1) : (m1) . (%)
(m1) '
2,0 o 0.0 o 0.2 100. 0O
1.5 , 0.5 - , 0,2 . 75. 0
1.0 1.0 | 0.2 50. 0O

Because glutamate broth did net flueresce when mixed
with ANS (in contrast “to the fluorescence of YMB caused by
the yeast extract)orhizobla were grown on glutamate agar for
4 or 8 days for the fast-and slow-growing bacteria, respectively.
The growth was gently washed off the agar slope with dlstilled
water and the total count estlmated by use of a Petroff—Hauser
counter. The total coupts were equalized by dilution and the
bacterial fluorescence'intensity (as a percentage) was

determined immediately after addition of ANS,
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Microscopic observation of bac£eria in the presence of
ANS involved a l.eitz microscope Qith an attached Hngapour
lamb with primar& filters ﬁGl (1 mm pius 2 mm) and the heat
absorbing filter KG1 (2 mm) in place. The barrier filter used

) was NO. Kh?o.

N, Determination of the internal osmotic pressures of various

microorganismé.

Thevinternal osmotic pressﬁreé of baéteria were determined
by two methods.
Me thod (a).Microorgénisms were'grbwn in large quantities and-
harvested as described'previously; After éentrifugation, t he
" cell pellgt was resuspended in a minimum volume of water and
the packed cell §01ume determined by standard haematocrit
techniques. Micfoorganishs in the éuspension were disrupted
by sonication and/or autoclaving.‘The=soniéator uséd was an
M.S.E.20 KHz, Ultrasonic disintegrator. During sonication, the
bacterial suspension was kept relatively cool by immersion of
the container in an ice bath..Céll débris was removed by
centrifugation and the osmolality of the supermatant defermined
using a Fiske Osmometer No. G62 (Fiske Assodiates'lnc.) |
The resuits were expressed as milliosmols (.mUsM) per unit
packed cell volume (PCV). |

Due fo t he 1arge amount of extracellular polysaccharide
'produced by many species of Rhizobium, highiy viscous
suspensions of these bacteria Qere common and tﬁese freduently
gave erroneous PCV resﬁlts.vCoﬁséqﬁently, expression of the

results as mOsM /PCV gave incorrect readings. The second method
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.

for determini g the internal osmotic pressure, circunvented
this problem,

Nethod (h). Miizobia were wushed-dff slopes of YNA-by a known,
minimum volum: of distilled water, and the number of viable
:bactéria/Mf drbermined. This suspensidn was froznﬁ at =20°C
prior to lyopﬂi1tzntion. Huctéria driéd in tﬁis'way were
rehydrated in o Rndwn volume of the non-ionic detergent Tfitnn
X100 (m;n'{),which disrupted any bacteria left intact by the
ﬁrgvidus treastments., The resulting suspensidn wés_halved and
one portion wis autoclaved for 20 minntes'%t 15 psi. Cell
debris was remOvcd from 56th autoclaved and un-autoclaved
suspensions hy centrifugation at 20,00ug fdr ZOiminutes and
the osmola1i£y of the supernatantbmeasured. Expression of the
results was, mOsM per unit'loglo'of the viah}c count.

The purpose for nut;ocl;nvj,ng a portion of cach suspension
was prompted by a report hy bDeVries gﬁ al. (197¢), who described
the chemical and physical prdperties of frecezing-point-depressing
glycoproteins isolated from the blood of some fish. An indicQtjun
of whether g]ycoprotéins were involved in the freczing point
depression valﬁes observed for solutions of disrupted rhizobfa
would be obtained if proteins were denatured. Autoclaving was
used as the denaturing agent. 1f a substantial decrease of the
osmolality was ﬁoted after treatment, then aspects of the
glycoprotein status.of rhizobia would he worthy of further
consideratior . DeVries et EL' (1970) also repofted that fhe
osmotically : ctive glycﬁproteiné were not dialygable.

Whe ther the Csmotica]ly nctivé ingredients of either» the fast-or

slow-growing rhizobia could pass thronsh a dialysis membrane was
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determinad, H'niizobia were grown and disrupted, and a known
.volume placed in Viéking_cel.]ulose diélysj.s bubing. ‘The
suépension was dialysed overnight agaiﬁst distilled.water
~at low temperature (ZOC)vin order to stop metabolic éctivity

which caused browning of disrupted bacterial suspensions..

 0¢ Determinati6ﬁ of cell dimensions,

The length and width of individual microorganisms were
measured using an Olympus OSM filar microméter mounted on a
Leitz micfoscoﬁe. Thé_fi]ar micrometer waS'calibrated against
a known gradunted”stage micfoﬁeﬁer.in.thé usuél way.

An averase of 20 measnrehentévofieaéh dimension was
6btained for each bacterial ¢uiture and from these averaged
values, the SJrface areas apd'volumes were_calCﬁlated. Rod -,
shaped bacteria were assumed to be'blosed'cylinders, thus the
formuiae used were: | _ ,.

| Volume = IT r ?h »
Surface area = 2 Iirh_+ 2 TI r 2
where r = the_radius of a cylinder
“h = léngth of the bacteria.
For spherical partiéles (yeasts), thé.fdrmuléé used were :
Voiume =4 TT r 3
3

Surface area = 4 TI r 2

P,Use of nuclcar magnetic resonance spectroscopy to determine
the water permeabilities of various microorganisms.

Because nuclear magnetic resonance (NMR)-spectrOScopy

is an unusual technique for the determination of the water
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permeabilities of microorganisms an introduction is presented
to explain the techniqhe and the reasons for using it in this-

investigation;

Introduction

In 1967, Ffitz andiSmith deféloped a technique using
steady~state nuciear hagnetic reéoﬁancé (NMR) specfroscopy
fwhich enabled them tobdifferentiate betwéen intfa—énd
eitfacellular water in frog nerve trunk cells. Conion.and'
Outhred (1972) modified this technique and used pulsed NMR
to defermine thé rafe at which'watef pasSQd acfoss the membrane
of normél red blood cells. The advantages of pulsed NMR err
steady-state NM! are explained later. The results wvere
reproducible and were within 10% of the published data obtained
b& the more complicafed isotbpe'tracer technique. |
Conlon ah& Outhred (1972) outline the theory to the technique
quite compfehensivei&; A brief deScriptibn will be gi?én here.
| When water proteins are placed in an aﬁpropriate.static
'magnetic figld they are able fo absofb‘energy from a radio-~
-fréquency magnetic field. The absorption and decay'of this
energy can be monitored by the techniques described by Pople,
Schneider and Bernstein (1959) and is described by the spin-
spin relaxation time (’1‘2). If red blood ce.llsvare piaced in a
similar field, the decay time T

2
cells is about 140 msec. This is muéh longer than the rate at

for water proteins within the

which water passes from inside the cell into the external.

solution. This is in the order of 1Omsec. (Paganelli and
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Solomon 1957; Viera, Sha'afi and.Solomon, 1970)., If T, of
the eitracellular water could be madé very.mucﬁ éhofter than
‘the cell-en&ironment exphaqge time (ie. <3:10"5- ) the decay
- qf the_iﬁtra#ellﬁlaf,water Qould'bé dominated by the movement
of water ﬁoiecﬁléé out of the céll. The Shérf Téibf extra-
cellular wéter protonsvpan’be achieQed bi the addition of a
paramaghétic ion sach as ménganesé,'té.wﬁich the cell is
'impermeable over the time course 6f thé éxperiment.
| In this investigétion steady—stafe (or continuous wave)
- NMR spectrﬁscbﬁy was employed.-Ajtypiqal spectrum obtained b?
the use of céntinuous wave NMR is illusﬁrated in figure 1. The
important feature df this spectrum.is the»abrupf change in'the
slope of thé 1ine at pointg X énd‘y. The signal in the shaded-.
jfegion to the left of x and to the righf_of_y.can be attributed
to éxtraéellular water protons. Theée regions_will be'calied'
the broad-line areas, aé it is oﬁvidué that>mﬁch broédening of
the normal peak due tq Qater protqnsbhas been induée& by the
paramagne tic ions. The réﬁsdhs for this effeét‘oflparamagnetiq
ions are given by Popie gﬁ él,(1959)f Briefly, paramagnetic ions
have ﬁmpairedvelectrons and»as fhé magnetic moment of an unpaired.
‘electron is about 103 times_gfeater than the moment of a nucleus,
the water protoﬁs (nuclqi)’in tﬁe vigcinity of paramagnetic ions
experience very large inhomOgenéitigs'in the extermal magnétic
field. Therefqre,_for.ali but the lowest concentrationé of

paramagnetic ions, the proton relaxation time (T2) is substantially

reduced. If the paramagnetic ion concéntratioh is high enough,

such broadening can occur that the line attributed to protons is

no longer "visible" on high resolution NMR,



FIGURE 1

A representative spéctruﬁ obtained
from continuous wave (;teady—statu)
NMR of'a'microorganism.suspended in

a solution containiné raramagnetic
jons (Mn2+)

The distinction between the intra-
and extracellular water can be seen,
ppﬁ = pérté per.million, which is an
arbitrary_scale related to the appiied

field strength.
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Between points x and vy, (figure 1) the signal due to

water protons is quite sharp and can be attributed to
intracellular wiater whicﬁ is not in cbntact'with the
paramagnetic ions. This will be called ﬁhe narfoy’line

of the spectrum. Theoretically, fherefbre,_it is possible

to distinguish hetﬁeen intra;and extracellular water. Now
with steady state NMR spectra, ‘the line width aé half its
maximﬁm»height is proportional tbi/ITTZ (Outhred, pefs coumm., )
_Thus,'estimates of T2 can be obfained»for the nafrﬁﬁ line due
to intracellular water. Compariséns of narrow lin_e,T2 values
‘may then be ma&evbetween different microorganisms. |

As can be seen from the above equation, there is an inverse

2
(see fig. 1) has a very short T

relationship between T, and peak height. Thus, the broad line

o1 relative to the narrow line.
For the'complicatéd'reaSOns outlined'by Popie et al. (1959),
‘inclusion of particulate mattér such as living organisms in the
sample leads to line bfoadening when steady-state NMR is uséd.
Pulsed spectrqscopy avoids these errors. Thus, the e§timates of
T2 obtained in the présent ihvestigatioﬁ are only relative and
not absolute measufeménts of the‘water permeability of cells.
If the rate of passage of water across the cell membrane
approached the T2 value’for the extracellular watgr, the points
of inflection (points x and Yy, figure 1) become less apparent.
Ultimately; thé narrbw and broad lines merge and fhe resultént
spectrum would:appear as in figure 2.'When this occurs it is

not possible to measure the water permeability as it is beyond

the limit of resolution of the technique,
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. FIGURE 2

The representative Spectrum obfained
from.steadf state NMR when the rate

of passage of ﬁatef_acfoss meﬁbrane of
an orgénism is about‘the‘same as T2

for the extracellular water to which

-paramagnetic ions had been added.

As can be seen it beéomesvimpossible
to distinguish between intra-and
extracellular w?ter under thesé
conditions, .

phm = parts per million, and is an

'arbitary-séale related to the applied -

field strength.
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In this study, the method of Conlon and Outhred
(l972)»was applied to various microofganisms in an
attempt to determine the relationship'bgtweeh a vafiety
of cell sizes'and'their permeability ¥ate$._More'
specifically, it was the-aim of-fhese~experiments to
determine if dirferences ih the rafes of water pefméabilitf
existed betﬁeen'the fast-and sldw;gfoﬁing rhizobia and if
thesé differencas could.be feiated to their differential
'responéeslto desiccatioh. | |

Microorganisms used were:- Saccharomyces cerevisiae M6,

Bacillus . sp. M709, Escheriéhia coli M13, Rhizobium japonicum
QA372, R.lupini UTlZ.,B.rﬁeliloti cC131, R.meliloti SU47B,
R.trifolii SU297/31A and _B..trifolii SU2§7/32B. |

Large quantities of cells were Zrown as descfibed previously.
After harvésfing by centrifugation and fesuépensioh of the
cell pellet in‘distilled Water,.the packed cell voluhé was
’measured using a micro-haematocrit Select-a-fuge No.24
(Biodynamics). The intefnal osmotic pfeSsufe was méasﬁfed

by method 1. From this estinatioﬁ of the osmotic bressure,
it was possible to calculate tﬁe concentration of Mn012.6H20
required to yield an isotonic solution. Thé concentrationwof

the Mn012.6H O solutions were made double that required for

2
isotonicity so that the.final concentratioh, when mixed with
'the cell suspension (50% v/v), was thelequivalenf 6f an isotonic
solution. Unlike the red blood cells uséd by Conlon and Outhred
(1972) whe re isotbnicity was vital otherwise cell lysis would

occur the rigidity>0f the yeast and bacterial cell walls allowed



some deviation from isotonicity. In several instances

different concentrations of Mn012.6H20 were used especially

with the smaller cells such as Escherichia coli and~Rhizobium'

'SP

Within 2 minutes of mixing fhe two components; 0.5 ml of
‘the spspeﬁsion was piacéd-in a standard precision high-
resolution NMR tubé, Thé spectometer used was a high-resolution
Japan ElectfonvOptics Laborétbry'Co., Model>N6. &H}OO,”and
operated at 100 MHz, |

It was important to harvest the microorganisﬁs and
coﬁplete the spectral détermination.in as short a time as
possible when dealing with Bacillus sp. M70; because these
bacteria lysed fairly rapidly under the experimentél conditions
thus allowing Mn2+ penetrationvofvthe cell, If there was a
delay in procedings afﬁer éell ha rvest, it was important to
refrigerate ﬁhe suspension. This did not always pre;ent cell
- . 1lysis, which could be observed microscopically and by a
decrease of the packed cell volume.

Q. Water sorption isotherms of rhizobia.

The apparatus used»fo obtain the sorption isotherms
was similar to the silica spring balance describéd by Bateman
et al. (1962) and is shown in figure 3. By variation of the
temperature of the water in the watéf chahber, iwaas possible
to control the:absolute amount of water in the étmosphere
surrounding the bacteria. The ratio of this absolufe amount of

water (the vapour pressure, P) in the air to the total amount

of water that it would be possible to have in the air (the
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saturation vapour pressﬁre, Pq) at the temperature of the
'surroundihg'watvrbjacket is the relatiﬁe Vapbﬁr pressure or
relative humidity. The felatiohshié bétﬁeen’vapoum pressdre
and relativé humidity is such that at aVVapqur‘préssure of
1.60, the relative humidity is 100%. | “ |
The water temperature in the Jacket was kept constant
at 40°C, This rather hlgh temperature was chosen because:-
1. Thetpublished datalovaUII (19&&)'for serum -
albumin used to check the proper functioning
of the upparatus»Was obtained at 40°C,
2. This high tempéréture preventéd'groﬁth of
microorganisms,'éspeciélly'fungi, on the
bacterial mass at-relétive humiditiés_higher
than about 80% |
3. It was found to be easier to control the 1ow
temperatures of the water chambervto achiev§

low P/Pd values.

The quartz weighing spring used'was Reférence No.
T/A95/72 No. 11 supplied by»Jencohs (Séientific) Ltd.

It had a maximum load of 0.5 gm and a sensitivity of

35.1" cm/gm. This sensitiv1ty was only approximate, and
Calibration was required to»determihe the_exact relationéhip_
between spring ektension and ﬁeight added.'Thé;extenéion of
the spring was measured by aﬁ ipdependently mounted'travelling
-micréscOpe (Swift Vernier;Micros§Ope, Thomas Optical Co.) by

observing the movement of'the end of the spring relative to a
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FIGURE 3

Diagram of thé'silica-spfing_balance
used to-meésufe equilibration of
bacteria with water at different
vapour pressurés. The Béctefial sample

is located in the aluminium foil

bucket.
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tﬁin reference line mounted on the spring suspension frame
(see figure 3.)

Following calibration and confirmtion that the
relationship befween spring extehsion.and wéightAwas linear,
an equation for the rélationship for that particular spring
was obtained. If the Spring was broken or another used,.this
procedure had to be repeated. |

Wa ter adsorpfibn isotherms fqr'the bacterialcultures
were obtained as folldwé: approkimately 6.1 gm. dry weight
of the bacterial culfure was placed in a small,vaccurately
weighed aluminium bucket and freeze'dried for ét least 24 hrs{
As soon as possible after 1yophilization, the dry weight of |
the bacteria plus bucket was éccﬁratelykdetermined and the
true dry weight of bacteria was obtained. it was found that
thié was the most crucial part of_the operation, as an efror
in the bacterial dry Qeight was magnified r¢sﬁlting in
apparently meaningless water sorption results,

The tewmperature—of—the water in the water chamber (seé
figure 3) was cooled to betweeﬁ -3 and'-7°C prior to positioning
the spring frame, spring and freeze dried sample. Temperature
control of this water chamber was achieved by a Colora-Kryo-
Thermostét type WK5, the water bath in‘this instrument was an
ethylene-glycol/water solution whicﬁ had a freezing point of
-40°C (Handbook of Chemistry and Physics, 28th Edition, page

1739, Chemical Rubber Publishing Co.).
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The detailed water adSorptioﬁ isotherm’for the first
‘batch of rhizobia was obtainedtby warming the water in the
'_water chamber by increments of 2°C. Subsequenfly, inc rements
vdf 4°C were used, beginming at 0°C. Sufficient time at all
>temperatﬁres'wéé allowed_fbr equiiibration between the watér.
adsorbed by'ﬁaét;ria and theZSUrrbuhding'relaﬁive humidity
(R H. ) At 1ower R, H.s this took only 2-3 hours, however, at
higher vapour pressureg, lonper tlmes were requ1red because of
the greater amoﬁnts ofbwater transferred. Collapse of the
"fluffy" structure of.the sémple.upon rehydration also slowed
the rate of equnlibration. it wés observed that the’collapse-.
of the "fluffy" structure with the slow-growing rhizobia was
invariably more completefthan with the'fast-growing root-
nodule Qacteria. |

Because of the time”inkolved, complete adsorption-
.desorption isofherms for all bacteria have not been obtained
and only the adsorption isotherms are presehted.»That hysteresis
is involved in_thé adsérption-desorption'cycle for rhizobia

has been shown for Rhizobium japonicum QA372.vRoderick and

Demriel (1966), workiﬁg withvmontmorillonite suggested that the
adsorption isotﬁerm was the true éduilibrium curve for the
v'hyd:ation of this ciay. Similarly Walker et al,(1973) appliéd
the Bradley isotherm eduation(Adamson, 1967)t§ their
adsorption data for the proteins myosin A and B,
The adsorﬁtion isotherm of calcium éaturatéd moﬁtmorillohite
‘"was also obtained.»Preparation of_fhé sample was as follows:-
About 5 gm'ﬁontmoriilonité wﬁg added to 200—300 ml distilléd

water in a 600 ml beaker. Disperéion of the clay in water was
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achieved by usiné a.kitcﬁen homogenizer for about 20 minutes.
-The suspensibn was.then.transferred to centrifuge bottles

and céntrifuggd at 2,000 rpm fofr80 minutes. The supernatant
_wés separated from the pellet and the éentrifugation repeated
_Qn'fhe supernatant. A reéin colum, 1 inch diameter and 3
'feét long, was set up and the résin soaked in électrolyte
(1NCa012), for 5 minutésfvOne_hundredvgrams of resin was
poured into the column, and about 100 ml distilled‘water was
paésed th:ough.the resin till the electrolyte éoncentratioﬁ

was about 10_2

- 10-3M. The montmorilionite suspension was
passed through the column once, thenvthe column was washed

wifh distilled water, the electrolyfe,'folléwed by,diStilled
vwater'(abOut 100 ml of each was passed through the columm). The
montmorillonite sﬁépension was passed through the column for

a second time, The volume of the éuspenSion was measuréd, then
placed in pfessure membrane (Visking,sausage membrane, Visking
Corp. Chicago), until only 50-100'm1'remained; The suspénsion
was then removed and the ng;.montmorillonite scraped from the
me mbrane and.dried in an oven,

Measurement of the water adsorption isotherm of C§+;
montmorillonite involved.thé same procedure as outlined above,
for the bacteria. v _

Adaméon.(l967) has reviewed the theories dealing with

gaséous adsorption to solid surfaces. The theory of Brunauer,

Emmett and Teller (B.E.T.) (1938) deals with multilayered
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adsorption of gases on solid surfaceés. These authors derived

the equation:-

P/Po__ = (C erz'v"P/ﬁq ¥ o1

W(1-P/P0) . WmC T WmC

where V=the amount of water vapour sorbed at a préssﬁre,'P.
Po =the saturatidn'vapour bressure{

’va=thé,amount of water reqUired to form a monblayef‘over

the adsorbing surface.
C=a constant from which the a#erage'heat‘of adsorption

for the monolayer can be obtained.‘

If the term _P/Py is_plotted against P/Py, a straight line
W(1-P/Po ) -

should be obtained (figure,ﬂ) f;om théh fhe values of Wm and C
can be calculated. The B.,E.T. theory ha#-been applied_to'thé
results of water sorptibn isotherms for both faSt-énd-slow-
growing rhiéobia and for ﬁbnﬁﬁorillohife.

Apart from the B.E.T._theory, there are many qthér'
equa tions put forward to describe.thé adsbrpfidn ofvgéses to
solids (Adamson; 1967). One used for biological material by
authors such as Ling (1965, 1972), Hoover and Mel lon (1950)
and Walker et gl.(1973), is that dééivgd by Bradley for
 the adsorption of gases with permanent dipoles~6nto charged
surfaces. Water is avmoléculé with a pérmanent &ipolevand many
biological solid surfaces are charged. Ling (1972) has used the
dloseness of fit of adsorption isotherm data to the Bradley

theory as circumstantial evidence for his theory that water
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FIGURE 4

Model diagram of the_abpliéation of
B.E.T. théory té'ﬁater adsorption
isotherms.

W:the amount of water adsorbéd at a

" vapour pressure, P,

Pp =the saturation vapour pressure.

Wm=the amounf of water required to
form a monolayer over the-.
adsorbing surface.

C=a constant from which the average

heat of.adsorpfion for the monolayer

can bé obtained.,
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exists in cells as multiple polarized layers. 1t is
Suggested that the Bradley theory providés a mechanism‘
wheré:by dipolar forces are. propagatéd thfough the
dipolar water molecules.

The Bradley isotherm equationbisz-

log (Po/P) = Ky Ky v

Thus log (log Po/P) = W log Ky + log Kz

whe re |

W=the amount of water sorbed at pressure)P

Po=thevsaturation vapour pressure

K, and K, = constants which are functions of the field
of the sorptive polar groups, the dipole moment of the sdrbed
gas, the polarizability of the sorbed gas and of the |
temperéture;

A plot of log log (Po/P) verses W shoulq give a étraight
line as demonstrated by'the model diagram in figure 5. The
intercept on the pressure axis when W=0 gives log K2, and
the slope of the line gives log Ky. The Bradley theory'haé
been applied to the sorption isotherms for both the fast-and
the s;ow-growing rhizobia to test the closeneés of fit of the
equation with the éxperimentally derived data. However,
application of both the Bradley theory and the B.E.T. equation
to biological systems must be viewed with caution és the
theories have been derived for "pure" systems; and need not

describe water ndsorptioﬁ to complex bhiological systems.
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FIGURE 5

Model diagram of the application of
the Bradley theory to water adsorption

isothe ms.

W=zamount of water sorbed by solid

surface at a vapour pressure P,

Pp =saturation vapour. pressure.



Amount of waterﬁadsorbed-

Intercept = 1og'K2
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Several authors have determined the change in free
energy involved when proteins (Bull, 19&4) or
montmorillonite (Roderick and Demriel, 1966) adSorBed
water vapbur by abplicétion of Raﬁgham's (1937) frée

energy equation to the isotherm data. The equation can

be expressed as:

AF = -t | w/r/ro 4 (»/Po)
MA ' ’ v _
o .
! = the gas constant
T = the absolute temperature
M = the molecular weight of ‘water
A = the specific surface area of the
adsorbing material
W = the weight of water adsorbed at a
pressure, P.
Po = the saturation vapour pressure
OF = the change in free energy involved

with wetting
The equation.states that &OHF is proportional to the area

under the curve obtained by a plot of __W__ versus P/Po.
P/Po '

Therefore, A F can be evaluated by grarhical integration

of a plot of W

versus P/Po as illustrated in the model
?/Po ’

diagram (figure 6). The free energy of wetting of fast-and .
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FIGURE 6

~Model diagram demonstfating the

appiicafion of the free energy
equation of Bangham (1937).to
water adSorptionAisotherm data.
Evaluation of AF is obtained by
ﬁeaéuring the érea under the curve

of a plot of W versus P/Py (shaded
: P;Po

area)
W=zamount of water adsorbed at a vapour
pressure, P,

P =the saturation vapour pressure.
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slow-growing rhizobia has been determined by application of
this equation to the water adsorption iéotherﬁ data in an
attempt to decide whether the enérg& sfate of the adsqrbed
water molecules in the two groups of_fhizoﬁia was similaf.
Bull (1944) stated that-a-measuie of the free eﬁérgy of .
wetting described ﬁhe affinity.of the adsorbing material>for
the gas. Thefefbre, application of this eQuatién to the
isotherm data for the fast—and sl ow-growing rhizobia could
describe the affinity of these bacteria for Qétér during
desiccation. | | |

The re.ports by Bull and Breese (1970), Walker et al.
(197j) and Steer (1973 ) noted that the.presenbe of residual
. salt markedly affected the wafer sbrptioh isotherms of
various proteihs. To determine whether fhis_was an<imp§rtant
factor in the water sorption characteristics of fast-and slow-
growing rhizobia, the isotherms'of salt-free suspensions of
rhizobia weré obtained. Rhizobia were grown and disrupted as
described previouél&. The suspension wa$ placed in Visking
cellulose dialysis tubing and dialysed 6vernight against tap
water. Further dialysis was against a.lérgg volume of distilled
water for 24 hrs. The disrupted suspensions of the slow-growing
rhizobia were dialysed at 2°¢ tovprevent metabolic activity
which caused browning of sﬁSpensions at room temperature. After
dialysis, the suspensions were freeze-dried and the water
sorption isotherms determined as deséribed ébove.

R, Statistical analyses

All statistical analyses were carried out on the.

" logarithms of the viable counts. Viabiiity is expressed as



ol

Log viable count per ().()5 ¢tm of so0il, i.e. no corrections
.were made to ucéoubt for Lhe fact that the number of
viable bacteffa in.SO ul was deterhingd.
ThrOUghodt_thisvthesis the levels of'éignificancé
have been:denbted by the following:
x | P <<).05
xx . P <Q.01

xxx P <0.005

Determination of the significance of differences be tween
means was achieved by Duncan's nrew multible-range test

(Steele and Torrie, 1960) at P <p.05.



4, RESULTS



A, Survival of various species of Rhjzgbhium in desiccated soil.

Experiments were carried out on a variety of rhizobia to
test the generalization that Marshall (196’4) predicted,

i.e. that the slow-growing rhizobia were inherently more
resistant to dehydration than the fast-growing rhizobia. A
sandy so0il was utilized in these experiments because the
report by Marshall (1964) demonstrated substantial protection
of bacteria by certain fine particle materials,

Results of experiments determining the relative ability
of the three groups of root-nodule bacteria (i.e. the fast-
and slow-growing rhizobia, and the medic bacteria) =
to survive desiccation are presented in figures 7 to 9. The
results confirm Marshall's (196“) prediction that rhizobia
differ in their ability to survive dehydration. Invariably,
the fast-growing specieé were more suéceptible than the slow~
growing bacteria and, frequently, the strains of R.meliloti
fell somewhere in between these two'groups. The fast-growing

Rhizobium sp. SU343 (ex. Lotus corniculatus L.) was similar

to B.trifolii in its response to drying (figure 8). Results in
figure 8 show the similarity of response of seven slow-growing
species to the applied stress. Generally under the conditions
employed, the log viable count per 0.05>gm soil after
desiccation was 6.0 - 7.0 for slow-growing bacteria, 3.0 = 4,0
for fast;growing rhizobia and between 4.0 and 6.0 for
R.meliloti. From figure 9 it should be noted that two species
of Remeliloti (strains SU45 and SUA7A) exhibited poor survival

when desiccated, This is in contrast to the result in figure 7
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In all the figures following where the
results are presented as histograms,
unless otherwise stated, the broken
histogram represents the log of the
initial viable count and the solid
hisfogram'represent thellog'of the

viable count after desiccation.,

96.
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FIGURE 7

Response of various rhizobia to desiccation.

A=R.trifolii SU297/31A (fast-growing rhizobia)

B=R.trifolii sU297/32B (" " )
.C=£.leguhinosarum TA101 ( ": " "o )
D=R.meliloti SU47D (medic rhizobia )
E;B.lugini UT12 | (sloﬁ—growing rhizobia )

Detailed results and analysis of variance. are

given in appendix table I.
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FIGURE 8
Response to various rhizobia to desiccation.
A=Rhizobium sp. SU343 (fast-growing rhizobiagm)
B=R.,meliloti CB112 (medic rhizobian)

C=Rhizobium sp. CB421 (slow—growing rhizobiagm)

D=Rhizobium sp. 3Ghplo ( "  n " )
E=Rhizobium sp. 3I1bl17( " " " )
F=Rh1zobiuﬁ sp. 3I1b125( " " " )
G=Rhi zobium sp. 3C1f1 ( " "o " )
H=Rhizobium sp. C.B.756( " " : " )
I=Rhizobium sp. UT53 (" " " )

Detailed results and analysis of variance are

.given in Appendix . table 11,
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- FIGURE 9
Response of various species of rhizobia to
desiccation.
A=R,meliloti SU45 (medic rhizobia)
B=R.meliloti SU47A( " " )

C=R.trifolii SU297/31A (fast-growing rhizobia).

D=R,trifolii €U297/32B ( " " " )
E=R.trifolii SU298/531B( " " o )
P=R.trifolii SU298/534C( " " )

Detailed results and analysis of variance are

given in Appendix table 1i11.
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FIGURE 10

Response of two species of Rhizobium to
alternate dehydration-rehydration cycles.

NI = R. japonicum QA372
B - R.trifolii SU297/32B

The treatment numbers are:-
1, Initial viable counts.
2. Log viable counts after first dehydration.

3. " " " " s0il samples had been

rehydrated and dried.

4.

5+ | 'repeats of number 3.

6.
7o

Detailed results and analysis of variance are

given in Appendix Table 1V,
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which shows relatively good survival of R.meliloti SU47B,
That the strains were not contaminants was demonstrated by
their ability to nodulate Medicago truncuiata,Desr;

A possible reason for this is that the two strains of

B.meliloti came from different laboratories and, as reporfed
by Sanderson (1962) and l.uscombe and Gray (1973),

laboratory cultivation decreased the ability of bacteria to
withstand sfresses.

The reéults presented in figure 10 emphasise the greater
resistance of the slow-growihg'rhizobia relative to the fast-
growing species to alternate dehydration-rehydration cycles.
Clearly, R.,trifolii SU297/32B was more susceptible to the

continued application of this stress than was the slow-growing

R, japonicum QA372.
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B. Water retention characteristics of the sandy soil with

and. without amendments.

,A pressure membrane apparatus was used to determine
the effects of’various soil améndments on the water retention
'characteristics.of the sandy soil. - The amounts of water
rétained at 15 bars pressure by the sandy soil with and
without amendments afe presented in table 4. The addition
of powdered montmorillonite to the soil almost doubled the
~weight of water retained by the unamended samples. Ir,
however, interléyered swelling of this expénding 2:1 lattice
" clay was prevented by heating at 600°C for 2 hrs. (Mortland
and Kemper,-1965) prior to addition to the soil, thé change
in the wéter retention characteristic was negligible. This -
suggested that most of the water held by the expénding
montmorillonite was within the expanded clay lattice. This
was also suggested by the fact that soils amended with illite
did not retain very much more water than the uhamended soil.
Illite is a non-expanding 2:1 lattice clay ,therefore, water
retained by these soil particles would be restricted to the
external surfaces.

An important finding was the effect of the physical‘state
of montmorillonite oh the amount of water retained by the
amended soil. When added as a dried powder, the additive
increased the amount of water retained by 96%; however, when
the clay was added as an aqueous suspepsion to the soil (the

final] montmorillonite concentrations were the same in both

cases), the amount of water retained was increased by about
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The effect of wvarjious additives on the amount df water

retained by a sandy soil.

Weight of water retained

(gm-Hzo/loo gm. sample )
Individual

Soil tests
sample o

average

Unamended soil 2.12

1.99
2.70

2,27

Soil + montmorillonite (powder) 2.38
15

4,36

L,4y

4,30

4,69

4,47

L4,bs

Soil + montmorillonite (suspension)5.49

5.39

Sell

Soil + montmorillonite (heated 3.03
at 600°C for 2 hours) 2.96
' 2,60

2.70

2,83

Soil + illite _ 2.60
' 2.40

2,38

2.27

2,41

Soil + kaolinite : 3.50
3. 40
3.14
3.14

3.30

Soil + haematite 1.50
s 1.50

1.61

1.67

Soil + goethite 2.21
: 2,11

2,12

2.15
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ot, TIn subsequent experiments, this was found to have
drastic effects on the survival of rhizobia when desiccated

with montmprillonite in these two physical states.

Soils amended with S% kaolinite retained approximafely
1% more water than the natural soil, and goethite had no
~effect. The effect of 5% haematite was to decrease the

quantity of water held by the soil.

C. The effect of various additives on the ability of root-

nodule bacteria to survive desiccation,

Of all the additives studied during this investigation,
the effect of montmorillonite upon the response of all.
groups of rhizobia to dehydration, has been of prime interest.
Basically, the reason for determining the effects of other
 additives was to help explain the effects of this clay and,
if possible, form generalizations as to which substances
afforded prbtection in the system used. The results of the
influence of montmorilloni te én survival of desiccated fast-
grnwing rhizobia hafe been presented first, followed by the
response of the slow-growing species., Finally, the results .

using other additives have heen presented, first for the
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fast-growing species and subsequently for the slow-growing

rhizobia.

Results of the survival of wvarious species of
fast-growing root-nodule bacteria desiccated in soil samples
amended with powdered montmoriilonite are presented in
figures 11 to 16, Included in this group of bacteria were
species ranging from R.trifolii (figures 11, 12 and 13),

Rhizobium sp. SU343 (figure 14) and R.,]Jeguminosarum

(figures 15 and 16). The results are in agreement with
those presented by Marshall (1964) for R,trifolii, as in
all cases a greater proportion of the bacterial populations
bwhich were dried in montmorillonite amended soils sufvived
dehydration than of those dried in unamended samples.
Montmorillonite had the ability to protecf fast-growing root-
nodule bacteria from some of the effects of dehydration.
General ly, there was a linear inc rease in survival with
increasing montmorillonite concentration. Above a concentration
of 10%, however, further increments had little effect, although
survival of R.trifolii TAl was significantly (P<<§.05) greater
at aﬁ additive concentration of 204 (figure 11),

Included in fiéures 12, 13 and 14 afe the effects of
maltose and PVP on the ability of two strains of R.trifolii
and Rhizobium sp. 811343 to withstand dehydration. Both

maltose and PVP increased the survival of the two strains of
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FIGURE 11

Effect of various concentrations of
montmorillonite on the survival of

desiccated R.trifolii TAl,

Detailed results and analysis of
variance are given in Appendix

Table V.
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FIGURE 12

Effect of PVP, maltose and various
montmorillonite concentrations on

the survival of desiccated

R.trifolii SU297/31A.

For detailed results, see Appendix

Table V1.
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FIGURE 13

Effect of maltose, PVP and various
concentrations of montmorillonite
on the survival of desijiccated

R.trifolii SU297/32B.

Detailed results and analysis of

variance are presented in Appendix

Table V11,
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FIGURE 14

Effect of various addifivés on the survival
of the fast-growing Rhizobium sp.SU343
when desiccated.

Detailed results and analysis of variance

are presented in Appendix Table V111,
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FIGURE 15

Effect of various montmorillonite
concentrations on the survival of

desiccated R.leguminosarum TA1l01.

Detailed results and analysis of
variance are presented in Appendix

Table IX.
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FIGURE 16

Effect of montmorillonite concentrations on

the survival of desiccated R.leguminosarum

TA101,

Detailed results and analysis of variance

are presented in Appendix Table X.
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R.trifolii (fiuures 12 and 13). A larger proportion of
"Rhizobium sp. SU343 Qéré;éble to withstand dr&ing in the
presence of maltose, however, the effect of PV? was not
significantly different from the control (figure 14). The
results of subsequentbexperiments (presented in figures
>27 and 31) demonstrated that the result with PVP was
anomalous, as the additive increased the ability of
Rhizobium sp. SU343 to survive water loss.

As illustrated in figure 17, notlall particulate
-s80il amendments protectéd bacteria. Only the 2:1 lattice
clays (montmorilloﬁite and illite), afforded protection
to_B.trifolii SU297/31A, a result similar to that reported
by Marshall (196&). The additives kaolinite, goethite énd
haematite significantly decreased (P<0.05) the ability of
this qlover bacteriamto sgrvive desiccation. Marshall (1964)
obtained similar results, with the exception that haematite
was reported to ﬁrotect the fast-growing rhizobium.

The‘results presented'in figure 18, show that R.meliloti
CC131 varied in the response to additions of montmorillonite
to the soil. Significant protection (P <0.05) was af forded by
concentrations of 1,2,3,4 and 207 montmorillonite, but not at
5 or 104, Both PVP and maitose protected this medic rhizobium
from desiccation stress. This result was similar to that
reported for the fast-growing rhizobia.

In marked contrast to the above results, the slow=growing
root-nodule-bacteria were not protected by montmorillonite at

any concentration. This lack of protection was an unexpected
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FIGURE 17

Effect of kaolinite, goethite, haematite,
iilite and monfmorillonite used as soil
amendments, on the survival of desiccated
Rotrifolii sn297/31A{ All additive

concentrations were 5% (w/w).'

Detailed results and analysis of variance

are presented in Appendix Table X1.
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FIGURE 18

Effect of maltose, PVP and various
montmorillonite concentrations on the

survival of desiccated R.meliloti CC131,

Detailed results and analysis of variance

are presented in Appendix Table X11.
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result, In fact, the survival obtained when.bacteria were
dried on montmorillonite amended soil wasvsometimes less

than the control. This finding is illustrated in figure 19
ifor R, japonicum QA372..The addition of powdered monfmorillonite
to the so0il decrecased the ability of this hacterium.to

survive dehydration; A simi]ar result for R.lupini UT12 is"
presented in figure 20,>alth0uﬁh with the species,
montmorillonite had no significant effect and did nbt decrease
number of bacteria surviving desiccation, The ability of

PVP andvﬁaltose to protect R.lupini UT12 is clearly |
demonstrated by the results presented in figure 20,

The results in figure 21, show survival of R.lupini
vUT12 in both amended and'unamended soils, as a function of
water lbst from tﬁe samples. Once agaiﬁ, the lower final
viable count in amended soils upon complete removal of
water was evident. Death of R,lupini 1Ti2 dve to desiccation
in the montmorillonite-~amended soil, hégan at a lower
percentage water loss than in the unamended samples (fﬁgure
21). This provided circumstantial evidence that, although
the montmorillonite-amended samples retained more water than
the unamended soil (see table h), the availability of the
water to desiccnted R.lupini HTiZ is lower than the water in
the unamendecd samplcs;

Several cxperimentsvwefe carried 6ut in which bacteria
were mixed with aqueous suSpensions of montmorillonite prior

to the addition to soil and desiccation. The purpose of these
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FIGURE 19

Lffect of various montmorillonite

1concentrations on the survival of

desicc: ted R. japonicum QA372,

Detailed results and analysis of

variance are presented in Appendix

Table X111,
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FIGURE 20

Effect of I'VP, maltose and various

montmorillonite concentrations on the

survival of desiccated R.lupini UT12,

Detailed results and analysis of variance

are presented in Appendix Table XIV,
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FIGURE 21

Effect of the amount of water removed
on the viable count of R.,lupini UT12 in
both montmorillonite~amended and unamended

soils.

Detailed results and analyéis of variance

are presented in Appendix Table XVa and XVb,
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investigations was to compare the effect of an hydrated

suspension of montmorillonite on survival of desiccated

fhizobia with the results obtained when soils were amended

with the powdered clay. The results éresented in figure 22

. show the effect of variéus monfmorillonité concentrations

added as a suspension,and as a powder, on the survival of

dried B.luéini UT12. The dnly treatmenf that significantlf

(P<<©.05) affected survival was‘desiccation of bactgria from

a suspension of montmorillonite containing 17,500‘ygm/m1.

This decreased the ability of R.lupini to withstand desiccation.

The results presented in figure 22.were in agreement with those

reported inlearlier graphs for the effect of montmorillonite

on the survival of dried, slow-growing root-nodule bacteria.
Unexpected results were obtained for the effect of

aqueous suspensions of montmorillonite on the fast-growing

R.leguminosarum TA101 (figures 23, 24 and 25). The results
presented in figures 24 and 25 clearly show the marked
difference in the effect of montmorillonite added as a

suspension compaired with the effect of the c¢lay when added

as a powder., The ability of R,leguminosarum TA10l1l to survive
desiccation was not affected by montmorillonite added as a
suspension up to concentratiéns of 2000 jugm/ml (figure 23), or
lhoo,pgm/ml (fiqure 2&). Qcéasionally, montmorillonite added
as a suspension decreased the ability of this bacterium to
survive the effects of desiccation (figure 25). The results

in figure 24 for the 5% S treatment, were obtained as follows:-

The addition of 14.3 ml of the stock suspension of montmorillonite
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FIGURE 22

Effect on survivalvof desiccated Relupini
UT12 of montmorillonite added as a suspension
and as a powder. The concentration of the
clay in thg suspension is‘given as‘pgm/ml.,
and the concentration of powdered montmor-
illonite 2dded to the soil is given as a
percentage (w/w).

(Four ml. of 17500 ugm. montmorillonite/ml.
gave an anmnended soil containiﬁé 0.7%
amendment . |

Detailed results and analysis of variance

are presented in Appendix Table XV1.
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FIGURE . 23

Effect of various montmorillonite
‘concentrations (added as a suspension,)
on the survival of desiccated

R.leguminosarum TA1O0l.

Detailed results and analysis of
variance are presented in Appendix Table

XV1il.
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FIGURE 24

Effect on survival of desiccated

R.leguminosarum TA101 of montmorillonite

added as a suspehsion and as a powder.

The concentration bf the clay in the

suspension is given as jgm./ml., and the

concentration of the powdered montmorillonite

added to fhe soil is given as a percentage

(w/w).

(Four ml. of 1400 ngm. montmorillonite/ml,

gave an amended soil containing 0.056%

amendment).

5P%=montmorillonite added to soil as a powder.

58%=montmcrillonite added to soil as a
suspension, then air-dried prior to the
addition of rhizobia(sce text). |

Detailed results and analysis of variance

are presented in Appendix Table XV1ll.
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FIGURE 25

Effect on survival of desiccated

R.leguminosarum TA101l of montmorillonite

added as a suspension and as a powder.

The concentration of the clay in the
suspension is given as mgm/ml., and the
concentration of the powdered montmdrillonite
added to the soil is given as é pérceﬁtage
(w/w). |

(Four ml. of 17500 pgm. montmorillonite/ml.
gave an amended soil containing 0.7%

ame ndment ).

Detailed results and analysis of variance are

presented in Appendix Table XIX,
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to 95.0 gms. of unamended soil gave air dried soil samples
containing 5% dried montmorillonite. The soil amended by
this method was dried before the addition of bacteria, and

the effect on survival of desiccated R.leguminosarum TA1lO0l

is presented in the column marked 5% S, figure 24, Tﬁere
was no significant difference (I“<©.O5) between the enhanced
survival obtained when the clay was added by this me thod,
and when it was added as a dried powder (figufe 24).

When montmorillohite amended soil'samples were air
dried priér to the addition of bactéria, a hard_crust
formed over the surface of the sample. [t was thought that
this might decrease fhe availability of montmorillonitebfor
envelopment of added rhizobia and the protection of desiccated
bacteri# might be minimal, To test this, a series of
experiments were carried out in which the montmorillonite
amended samples were not air dried prior to the éddition of
bacteria i.e., the soil samples were moist. The results
presented in figure 26 demonstrated that the ability of

montmorillonite to protect desiccated R.leguminosarum TA101

was completely removed by this treatment. This result was

similar to those for R.leguminosarum TA10l presented in

figures 23, 24 and 25 when the bacteria were dried in the
presence of montmorillonite added as a suspension,
The same trend was shown by the results for the fast=-growing

Rhizobium sp. U343, presented in figure 27.



144

FIGURE. 26

‘Effect of various additives on the

survival of desiccated R.leguminosarum

TA101,

. PEG = polyethylene glycol with molecular

weights of 1500 and 6000,

Clay = montmorillonite

Detailed results and_analysis of variance

are presented in Appendix Table XX.
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The conclﬁsioﬁ drawn frﬂm tﬁis series of experiments
was that in order to obtain protection of desiccated fast-
growing rhizobia, montmorillonite must be added as a dried
powder, not as an hydrated suspension,

Included in figures 26 and 27 are the'résults of the
effects of a variety of additives on the survival of

desiccated R,leguminosarum TA101l and Rhizobium sp. sSuU343,

respectively. For both species, protection was afforded by
the following substances:- PEG 6000; the sugars (glucose,
maltose and sucrose); dfied clay; and the macromolecule PVP.
Other additives, such as the hydrophilic aeroSil,.PEG MQO,
PEG 1500 and glycerol, decreased the survival of these
desiccated fast-growing rhizobia (figures 26 and 27). Such
additives as inositol, ammonium acetate (at various
concentrations), PVP at 104, and the hydropholic aerosil,

had no effect on the survival of desiccated R.leguminosarum

TA101 (figure 26). Rhizobium sp. SU343 waé not affected by
the hydrophobic aerosil, but ammoniumvacetate (at various
éoncentrations), and PVP (10%) significantly (P<L0,.05)
increased the ability of this specieé to survive dehydrétion.

Presented in figures 28 and 29 are the results of
experiments designed to determine the effects of vafious
additives on survival of the slow=-growing R.japonicum QA372
and R.lupini UT12, respectively. Protection from desiccation
was given to both species by PVP and the sugars, (maltose
glucose and sucrbse). The a&ditives ammonium aéetate,

glycerol, PEG400 and PEG1500, the hydrophilic aerosil, and
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FIGURE 27

Effect of various additives on the survival of
desiccated Rhizobium sp. SU343,
Detailed results and analysis of variance are

presented in Appendix Table XX1.
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FIGURE 28

Effect of various additives on'thé survival
of desiccated R, japonicum QA372

Clay = montmorillonite

Detailed results and analysis of variance

are presented in Appendix Table XX11.
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FIGURE. 29

Effect of various additives on the
survival of désiccated R.1lupini UT12,
Clay = montmorillonite. |

Detailed results and analysis of variance

are presenied in Appendix Table XX111.
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bacteria added to moist soil samples amended with
montmorillonitc, all decreased the ability of
R, japonicum QA372 to ourvive desiccation (figure 28).
The hydrophobic aerosil, PEcsooo, and bacteria added
to air dfied soil éamples amended with ﬁontmdrillonite,
had no effect on rﬁizobium survival when desiccated.
Decreased survival of R.lupini UT12 (figure 29) was
obtained when it was desiccated with both the hydrophilic
aerosil and montmorillonite, whereas soils amended with
the hydrophobic aerosil did not have an effect on the
sufvivai of driéd.B.lugini UT12, When either R.japonicum
QA372 (figure 28) or R,lupini UT12 ('figure. 29)1 w@ added
to moist montmnrillohife amended soil samples é;;or to
desiccation, they were more susceptible to.dehydration than
when dried in similarly amended samples that had been air-
dried'prior to the addition of the bacteria. Siﬁilar
results to this have been presented for the fast-growing
bacteria in fi;rures 26 and 27.

The diffeoeﬁt effect of PEG 6000 on the survival of
desiccated fast-and slow;growing rhizobia is noteworthy.
It was similar to the response of these two groups of
microorganisms to the presence of montmorillonite, i.e.
both PEG 6000 and montmoriilonite protected the fast-=growing
root-nodule bacteria, but not the slow=growing rhizobia from
the effects of drying. Another finding arising from results
of all experimonts dealing with_thé effects of additives on
desiccated bacteria was that the sugars invariably gave the

greatest protection to both groups of root-nodule bacteria.
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Klotz (1965) reported thatvtetrabutylammonium bromide
in solution was able'to structﬁre ad jacent water_molecules.
The effect of this chqmical upon survival of desiccated fast-
growing rhizobia was determined. The results are presented

in figures 30 and 31 for R.leguminosarum TA10l and Rhizobium

sp. SU343, respectively. Both.species died rapidly when dried
with tetrabutylammonium bromide and, from Appendix tables
XXiV and XXV, it cén be seen that it was toxic to undried
bacteria,

The remaining resuits in both figures 30 and 31
demonstrated previous'conclusidns,li.e. that PVP,
montmorillonite, and maltose protected the fast-growing
bacteria from the effects of desiccafion, Because of this
enhanced survival in the presence of PVP of montmorillonite,
it was thought that baéteria dried with’PVP and montmorillonite
combined might be protected even further. Tﬁis was not tﬁe

result for R.leguminosarum TA101l, as there was no significant

difference (P~<:0.05) between this treatment and the control
(figure 30). The combined additiveg (PVP and montmorillonite)
did protect Rhizobium sp. SUth 5ut the effect was not as
great as for FVP alone (figure 31).

Figure 32 illustrates the results of the effects of
various additives on survival R. japonicum QA372 desiccated
for several dnys, Samples were taken at the time intervals
shown ih the (:raph and the viable count estinated. After 24

hrs. desiccation, maltose and PVP were the only additives



FIGURE __30_

Effect of PVP, montmorillonite (clay),
montmorillonite plus PVP, tetrabutylammonium
bromide (T), and maitose on the survival of

desiccated R.leguminosarum TA101,

Detailed results and analysis of variance

are presented in Appendix Table XXIV,



r~ - v - [} N -

110S wbS0'0/STIH FMVIA 90T

MALTOSE

CLAY + PP,

CLAY

CONTROL

ADDITIVE



157

FIGURE 31

Effects of PVP, montmorillonite (clay),
montmorillonite plus PVP, tetrabutylammonium
bromide (T), and maltose on the survival of

desiccated Rhizobium sp. SU343.

Detailed results and analysis of variance are

presented in Appendix Table XXV.
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that protected the strain of R, japonicum. The additives,
montmorillonite, tetrabﬁtylammonium bromide, and the |
combination of montmorillonite plus PVP, were all
detrimentailtq the survival of desiccafgd R. japonicum

QA372. This result is in agreement with thdse presented
above for short term storage (2h hrs.) in the deéiccafed
state. The results presented in figure 32, after a period
,of 2h.ﬁrs. desiccation were essentijally the same as the
results after the bacteria had been in ﬁhe dried state for
120 hrs. A linear regression aﬁalySis was carried out on the
.data‘presented in figure 32, obtained after the initial 24
hf. period of dehydration for each of the additives. The
regressién coefficients and the significahce of tﬁeir
differences are shown inbtable 5. The only resulf that was
significantly different (P<:p.001) from fhe control was

that obtained when the bacteria were driéd in the presence
of maltose. The results of this analysis‘(table 5) suggested
thét the action of all the additives, except maltose, occurred
during the period of dehydration (or perhaps rehydfatioh)
rather than during the period of storage at a low water
cohtént. Onée dried, the rate of decréase of viaﬁle

R. japonicum QA372 was constant whether or not an additive
was present. This effect of maltose was éimilar tb that
described by Vincent et al. (1962)for R.trifolii, where
considerab;e protection was obtainedvduring both dehydrétion

and storage.
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FIGURE 32

Effect of montmorillonite (clay), PVP,
maltoSé, tetrabutylammonium bromide, and
montmorillonite plus PVP, on the survival

of desiécated R. japonicum QA372 sampled over

a period of 120 hrs. in the desiccated state.

Detailed results and analysis of variance are

presented in Appendix Table XXVl.
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Table 5

Regression coefficients calculated from the results

presented in figure .32 for the decrease in the viable:

count of desiccated R, japonicum QA372 between 24 and

120 hours dehydration.

Regression Significance
-Additive . coefficient of difference
- - from cont rol

Control ~ ~0.0099 -

Maltose -0,0023 xx
PV P -0,0099 NS
Montmorillonite :

+ PVP -0,0070 NS
Montmorillonite -0,0085 NS
Tetrabutyl-

ammonium -0,0079 ' . " NS
bromide .

The statistical significance of the regression lines
from the control was estimated by thé me thod of

Steele and Torrie (1960), page 173.
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D, Effect on survival of desiccation of rhizobia in

atmospheres of nitrogen and air.

There have been many reports in the literature
emphasising the toxic:naturekof oxfgen in the air, to
dehydrated microorganisms. The purposé.éf these
experiments was to determine the effect on survival 6f
dehydrating various rhizobia under atmospheres of nitrogén.

Becaﬁse many investigations in the literature have

reported enhanced survival of EscherichiaAcbli when
dehydréted in thoSpheres of nitrogen, thislmicfoorganism
was used in some experiments tovfest the.functioning of
the apparatus used and the procedure followed.

The results in table 6 and 7 show that Escherichia

coli Mlj'and several species of rhizobia survived dehydration
Iin atmospheres of nitrogen better than in air. The significant
block effect of the results presented in table 6 was obtained
because'the results were obtained at diffgfent times using_.
different cultures of E.ggli (the initial numbers were
probably diffe rent but were not estimatéd). The result;
presented in tables 6 and 7 suggested that oxygen may have
been toxic to bacteria dried in air. It was not possible to
determine whether E.trifoiii SU297/31A was more susceptible
to the toxic effects of air than R. japonicum QA372 because
the initial numbers were not estimated and were probably

different in each case.
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Effect of desiccation on the survival of Escherichia coli

M13 in atmoqphéfes of air and nitrogen,

Log viable count per 0,05 gm., soil,

Block Replication Air Dried Nitrogen

Number Number : Mean Dried Mean
"1 ' 5.06 6.07
1 2 5.61°  5.26 5498 6.03
3 . 5.12 6.0k
2 | 1 1.74 3.43
i 2 2,22  2.%d 3.41 3.37
3 . 2.63 3.27
Analysis of variance on above log data.
Source of D.F Sums of .  Mean F
Variation Squa res Square
Replication 2 0.121 0.0605
Block o 24 . 596 24,596 286.05%*%
Treatment 1 2,822 2.822 32,817
Error 7 0.602 ‘ " 0,086

Total L1 28.141
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Table 7

Effect of desiccation on the survival of various rhizobia

in atmospheres of air and nitrogen,

Log viable count per 0.05 gm. soil.

~Bacterium . Air dried Nitrogen dried
Replication No, : Rebiiéation No.
1 2 Mean = 1 2 Mean
- , L'.___.‘

| R.meliloti  2.69 3.57 3.32  4.91 4.98 4.95

I SU47

. R.japonicum  3.62 3.07 3.43  4.60 4.57 4.59
| QA372

CR.trifolii  5.47 5.13  5.33 5.73 5.76  5.75 |
SU297/31A : 1

Analeis of variance of above log data.

Source of "~ D.F Sums of Mean F
Variation , Squares Squa re
Replication,‘ 1 0,0 - 0,0

Bacterium 2 6.182  3.001  13.993°%%
Treatment o1 4,083 - 4,083  18.48%**
Error ' 7 _' 1,546 | 0,2209

Total 11 11.811
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The results presented in tables 6 and 7 were obtained

using two vacuum desiccators only. An experiment was

carried out using Re.leguminosarum TA101l desiccated in the
presence‘and absence §f mqntmorillonite, and under
atmosphereé’of air and nitrogen. This involved the use of é
greater number of desiccators which infroduced larger errors.
A summary of the results is presented in table 8. There was
a trend towards enhanced sﬁrviVal under nitrogen, but,
because of the 1argé value of the error mean square between

desiccators, this was not significant for R.leguminosarum

TA101l. There wné a significant increase (PL0O,005) in
survival in the presence of montmorillonite. However, there
was no interaction between the presence or absence ofbthe
clay or the zmas. This suggested that the protective effect
of montmorillonite was independent of the presence or
absence of air.vTherefbre, the mechanism of montmorillonite
protection was not vié the exclﬁsion of air from dehydrated:
‘bacteria.

Apart from the variability of results obtained from
different desiccators, there seemed to be a great deal of
variability asgociated with the source of nitrogen. Frequently,
the results obtained by the use of nitrogen from one cylinder
varied greatly from thése obtained when a different cylinder
was used, even though the soﬁrce was C.I,G. high-purity
nitrdgen in.boih ins tances.

To eliminate these complications, further purification

of the nitrogen source would be required. Webb (1969) has
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TableA8

Effect on survival of desiccation of R.leguminosarum

TA101 in atmospheres of air and'nitrogen, both in unamended

and montmorillonite—~amended soil samples.

The values in this table are the averages of replications.

For more detailed results, see Appendix Table XXVl1l.

Log viable count per 0.05 gm. soil

Air-dried samples ' Nit rogen-dried
: ' samples
Plus . No. Plus
No. .
Montmorillonites Montmorillonite Montmorillonite Montmor-
: g illonite-
Desiccator A Desiccator C
4.11 4.69 5.28 5.87
Desiccator B ' Desiccator D

5.26 5.79 5.41 5.92

PE PNV I0Y DN SIS JNUN S

+

Log initial viable count per 0.05 gm. soil = 8,48
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suggested that impurifies in tﬁe nitrogen used to generate
aerosols was a cause of the lack of agreement between many
results reported in the literature. Because of the large
error between desiccators, either many more would have to be
used in suBseqﬁent experiments or, preferably, containers
with larger volumeé should be employed.

Because of the lack of equipment andfthe time fequired
to purify andvUést the hitrogen gas it was not péssible to
improve the quality of these expérimenfs. Consequently, the
results.obtaiﬁed need to be interpreted wifh care. .
Nevertheless, there is the suggestion thét dehydrated rhizobia
were susceptible to the toxic effects of air{_

E. The effects of water activity on rhizobia

(i) Growth of ﬁhizobié in veast mannitol broth adjusted to

various water activities,

Chen and \lexander (1973) suggested that growth of
microorganisms on media of low water activity (ay) enhanced
the ability of bacteria to survive desiccation. Before
conducting experiments tovdeterminebthe effect of growth at
low a, values on the ability of rhizobia to survive desiccation,
it was necessary to'determine the lowest a at which the
various root-nodule bacteria would grow., Ffequently, the results
are presented as either a plus (indicating-growth) or a minus
(no-growth) for a barticular species of Rhizdbium'at a given a .
However, results are also presented as the change of the
absorbance reading after time had been allowed for growth.vSome

growth curves have been obtained for various rhizobia.
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The—regsutios—in £able 9 presents data which indicates
the presence or absence of growth for various bacteria at
given-aws. As a group, the fast-growing rﬁizobia were unable
to grow at an? Ay less than 0.999,which is the water activity
of normal YMB. Growth of R.lupini UT12 (table 9), R.lupini
uTr2 (table lO) and R, japonicum QA372 (table 10) wés consistenf
at a, 0.997 and only marginal at a, 0,995, The pigmented, slow-
growing Rhizobium sp. CB736, consistently gave 1owef absorbance
changes (table 10) relative to other members of-the_slow-grdwing
group; This may be because 251322122 sp. CB736 did not produce
extracellular polysaccharide which would be a factor contributing
to.the absorbance changes measured for strains of Relupini of

R.japonicum. The results in table 10 indicated that growth of

Rhizobium sp. CB736, R.lupini UT2 or R.japonicum QA372 was
similar at a plrtiéular a,; whether the medium was adjusted by
the use of either NaCl or KC1,

In contrast to the rélatively poor growth of the fast-
and slow-gfowing rhizobia af ays of 0.999 and 0.997, all
strains of R.moliloti were able to grow at a  levels of 0,980
(table 9). This was also typical of those cultures of

Agrobacterium tested (table 9), which is not surprising because

many authors (e.g. Vincent and Hdmphrey, 1970) have demonstrated
that the agrobacteria and medic rhizobia are closely relatéd to
each other.

That R,trifolii SU297/32B and the slow—-growing Rhizobium
sp. 3C1fl were Sensitivé to high salt concentrations as well as

the water activities created by them, was demonstrated by the
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Table 9

Growth of various species of Rhizobium in yeast mannitol

broth of different water activities.

The presence or absence of growth was tested by thé change
in absorbance (at 600 nm) 140 hours after inoculation. The
solute used to adjust the media was NaCl,

) Water activity )
Bacterium 0.999 0,997 0.995 0.990 0,980 0.960

Fast-growing R.leguminosarum

rhizobia TA101 _ x - - - - -
~ R.trifolii Ur6 x - = = - - -
mo TA1  x - - - - -
" ] UT’»H(% ' x . - - - -
" " sU297/32B x - - - .- =
"Slow=growing R.lupini UT12 x x - - - -
rhizobium _
‘R.meliloti SUA5 x x x x . x -
Medic- "o " . CBl112 x. x x b4 x -
rhizobia " " CCl131 x x x x x -
" " subk7 x x x x X . -
" " Cl-n x x x x X -
Arrobacterium sp.x x X x x nd
strain 10
Arrrobacterium sp.
strain 24 x x x x x nd
Arrobacterium sp.
~ strain 150 x x x  x x- nd
A;rrobacterium sp. ‘
strain 152 x x x x x nd

x indicates thi«t there was growth
‘= indicates that no growth took place
nd indicates that no test was done
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Table 10

Growth of various rhizobia in yeast mannitol broth adjusﬁed

to different wihter activities with either NaCl or KC1,

The presence or absence of growth was tested by the chhnge
in absorbance {at 600 nm) 140 hours after .inoculation of

each water activity.

Bacterial species

Rhizobium sp. R.lupini R, japonicum:
CB736 - UT2 'QA372

Water Solute" A absorbance A.absorbance Aabsorbance
Activity

0.999  Nil . 0:128 ~ 1.084 ~0.705

0.997 NaCl ' 0.122 | 1.079 0.731
KC1 ~0.148 1.026  0.661

0.995  NaCl 0.000 0,000 . 0.058
KC1 - 0.030 0.000 0,057

x different solutes were used to adjust the aw'of the

medium to the:desired‘level.

s
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results in table 11, When media were adjusted to different
a s by the use of sucrose, adequaﬁe growth took place at
all a s studied fo? both the fast-and slow-growing rhizobia.-
The re wgs virtually no growth at any a value whgn fhe
medium was adjusted by the use of a mixture of salts (table 11).
This suggested that both R.trifolii SU297/32B and Rhizobium
sp., 3C1fl were very sgnsitive to high cohcentrations'of salt
mixtures. When glucose was used to adjust the media, growth
was apparent at a_ 0.997 for both rhizpbiq, bﬁt did not occur
at lower a_s for Rotrifolii SU297/32B. Some growth of
Rhizobium sp. 3C1fl was apparent at a_ 0.995 in glucose
adjuéted media, bﬁt none‘occurred at a_ 0,990, Rhizobium sp.
3C1f1 wasvable to grow at all a_ vaiues when glycerol was used
as the solute, growth of R.trifolii SU297/32B in glycerol
adjusted media was not determined. These results emphasised
that the solute used to adjust the a of the growth medium was
an important factor involvgd in whether growth was possible at
a partidular a_ . | |

vThe results presented in figure 33 and 34 show the growth
curves of strains of gffrifolii at various a se Abundant growth
of all straiﬁs was possible at a, 0.999. However, only
R.trifolii lﬁiwﬁ was able to grow at a 0.997 using NaCl to
adjust the medium (figura 33). Neither R.trifolii strains

SU297/31A or SU297/32B grew at any a  lower than 0.999 (figure

34).
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Table 1i

Growth of varius species of rhizobia in yeast mannitol broth

ad justed to di“ "ferent water activities by the use of different

solintes,

The presence o~ absence of growth was tested by the change in

absorbance readings 140 hours after inoculation of each growth

medium,
Bacterial species

R.trifolii Rhizobium sp,.
Wator | sU297/328 3 C1fl
Activity Solute Zabsorbance A absorbance
0.999 CNil 0.210 0.748
0.997 . Sucrose "1.079 0.528
0.995 0.751 0.398
0.990 | 0.491 0.318
0.997 Salts™ 0.000 0,04k
0.995 | | 0,000 0.000
0,990 0.000 0,000
0.997 Glucose B 1.123 0,724
0.995 | 0.009 - 0.154
0.990 | 0.000 0,000
0.997 ' Glycerbi | ; nd 0.727
0.995 o . ‘nd 0,678
0,990 nd 0.589

— o

x the salts were NaCl: KC1: Nag$0u in the ratio 5:3:2, (see
téble 2). - nd = not dome. '\ '
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FIGURE 33

Growth curve of R.trifolii UTA8 at a s

of 0.999, (1,997 and 0,995, obtained by the

use of NaCi.

Detailed results are presented in Appendix

 Table XXV1il.

Absorbance values were multiplied by 10 prior |

to conversion to logarithms.
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FIGURE 34

Growth curves of two strains of
R.trifolii at aws of 0,999 and
0.997, obtained by the use of

NaC1,

Detailed results are given in

Appendix Table XXIX,

et

Absorbance values were multiplied by 10 prior

to conversion to logarithms.
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The ability of the mediévrhizobia to grow ét low
water activities obtained using NaCl, is shown for |
R.meliloti strains SUh5vand SU47A in figures 35 énd
36 respectively. As the.resjlts in table 9 indicated,
growth of”B;meliloti was possiﬁie at a  0.980. This
was shoﬁn.by the strain SUL5 (figure 35), however
growth was only marginal at this a, and was not apparent
for R.meliloti SUM7A (figure 36). Growth at all the water
aétivities tested above 0,980 was abundant and Qas
f&eqﬁently as prolific as at aw-0.999..Th§Aresu1tsvin
figures 35 and 36 indicate that the lag and log phases
of growth of R.meliloti were only affected by a_s 0;996
and ﬁelow. Above these a valges, the growth curves during
the log phase are essentially parallel to the cﬁrve obtained
in the normal YMB. At a 0.980 R.meliloti SUAS5 exhibits a
longer lag phase, decreased gfowth fate énd the final
biomass obtained is much lower than the yield from growth in
higher aw.vélues. |

Results of growth at vafious aw values (obtained using
NaCl) of strains of the slow-growing R,lupini are presented in
figures 37 to 39, and of R, japonicum QA372 in figure 40,

Rhi zobium lupini UT2 was able to grow at a s 0.999 and 0,997

(figure 37), whereas R.lupini UT12 exhibited margimal growth
at a, 0,995 (figure 38). This was,éléo typicélzof R. japonicum
QA372 (figure 40), as it grew adequétely at a_ 0.997 but only
marginally at a 0.995. More abundant gréwth atva'w 00995 was

evident for R.lupini 1A425 than was shown by the other slow=-
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FIGURE 35

‘Growth curves of B.meliloti‘SUMS in
YMB at a_s of 0.999, 0.997, 0.995,
0.990 and 0.980, obtained by the use

of NaCl_.

Detailed results are given in Appehdix

c e

Table XXX\

Absorbance values were multiplied by 103]

prior to conversion to logarithms. 1
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FIGURE 36

Growth curves of R.meliloti SU47A in YMB
at a s of 0.999, 0.997, 0.995, 0.990 and

0.980, obtained by the use of NaCl.

Detailed results are presented in Appendix

Table XXXl1l.

——— U P

Absorbance values were multiplied by 103j

. . . !
prior to conversion to logarithms.
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growing rhizobia (figure 39), however, the reasons for-

this are not known. Generally, the effect of a on the

growth of the slow-growing rhizobia was to decrease the

growth rate below that in unadjusted YMB. This is

particularly evident for R.lupini UT12 (figure 38) and

, B;Jagonicum QA372 (figure 40),

1.

The results from this section indicated that:-

if NaCl was used to adjust the a , of YMB, the fast-

zgrowing root-nodule bactéria would not grow at any of

the_aws'tested below 0.999., If other solutes, such as
glucose or sucrose were uéed,_then growth was possible

at lower aw'values.

the slow-growing rhizobia were able to grow at aw_0.997
and generally showed growth at aw_0.995 (when NaCl was

used as the solute to adjust the a, of the YMB growth

'medium).

‘the medic rhizobia grew adequately at all aws down to

0,990 and offen exhibitgd marginal growth at aw' 0.980
(Nacl uSed). It is nbt known why'fhese fhizobia were
able to grow at markedly lower aw values than the other
root-nodule bacteria, it may be related to tplerénée of
such factors és.highvosmotic pressure and/or high salt

concentrations,
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FIGURE '37

Growth of R.lupini UT2 in YMB of a_s
0.999, 0.997 and 0.995, obtained by

fhe use of NaCl,

Detailed results are given in Appendix

Table XXX11.

Absorbance values were multiplied by 10 prior

to conversion to logarithms.
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FIGURE 38

Growth curves of R.lupini UT12 in YMB
of a s 0.999, 0.997, 0.995 and 0.990,

. obtained by the use of NaCl,

Detailed results are given in Appendix

Table XXX111,

Absorbance values were multiplied by lO-2 prior

to conversion to logarithms,
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FIGURE 39

Growth cirves of R.lupini 1A425 in YMB
of a_s 0.999, 0.997 and 0,995, obtained

by the use of NaCl,

Detailed results are given in Appendix

Table XXX1V,

1 Absorbance values were multiplied by 10 prior {

to conversion to logarithms.
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FIGURE 40

Growth curves of E.jagoﬁicum QA372 in
YMB of a s 0,999, 0;995,:0.995 and 0.990,

obtained by the use of NaCl.

Detailed results are given in Appendix

Table XXXV.

Absorbance values were multiplied by lO3

N
v
(P

prior to conversion to logarithms.
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E(ii) Effect of the water activity of the growth medium

upon the ability of rhizobia to survive desiccation.

'Many attempts were made to adapt representatives of
the fast-and sLow—growihg rhizobia, and the medic-bacteria,
to growth at water activities lower than the minimum values
reported for growth of each gfoup in the previous sectiong
Jt was not possible to obtain substantial growth of‘any
rhizobia at such lower wéter activities. Consequeﬁtly, it

was not possible to determine the effect of aw of the growth

medium for straihs of Retrifolii or B.legﬁminosarum. However,
it was possible to compare the sﬁrvivallof desiccated
5.jagonicum QA372 grown on media at a 0.999 with the survival
of bacteria grown on aw'0.997. Similarly, comparisons were
made between the effects of fhe a of the growth medium on

the ability of R.meliloti to survive desiccation.

The results presented in table 12 compare the survivai
of desiccated R, japonicum QA372 which had been grown at aw
0,999 with bacteria grown on media with aw'0.997 (the a, of’
the média was adjusted using NaCl). The results indicate
that, after having taken into account the differences in the
initial viable count, the decrease in the viable count caused
by desiccation was less when R.japonicum QA372 was grown at a_
0,997, than when grown at_aw 0-999. However, this result was
not consistent because the results in table 13 suggest the
opposite, i.e. bacteria grown at a, 0.999 survived desiccation

better than rhizobia grown at ag 0.997.
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Table 12

Effect of growth in media of different water activity upon

: ’, ’ : .
the ability of R. japonicum QA372 to survive desiccation in

sandy soil.

Log viable count per 0,05 gm soil.

Replication ‘Water acfivity of initial growth medium
Number :
0.999 - 0,997
7.02 N ' 6.36
1 . 7.03 . 6.26
| 6.95 6.32
6.99 _ - 6,40
7.03 6.3h
2 - 7.00 - _ 6,34
6.95 6.34
6.90 ' 6.36
Means | 6.9q + 0,047 6.34 + 0.C4

Log initial viable counts were:-

+
(=
o

=)
&

8.53
| (2) " " 1" aw 0.997 " — 8.15

(1) for growth on a, 0.999 medium

1+
C
.
(@]
&
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Table 13

Effect of growth in media of different water activities -

upon the ab1]1ty of R, ]annlcum QA372 to survive de31CCdt10n

in sandy soil.

Log viable count_per 0.05 gm soil.
Water act1v1ty of the initial ggowth

medium
Replication 0.999 - 0.997
Numbe r , ‘ S
5,043 'h.96
1 S sas  h.ok
'5{50. : o 4h.91
5,42 o Look
5.45 S 5.02
2. 5,43 " 5,00
5. 38 o he95
5.20 EE h.96
5.51 B 4.92
3 | | 5.48 o 4.97
5.56 4.83
5.52 .91
5,48 | 4,85
L 5.51 | 4,84
5.57 4,91
5. 49 . k.93

Means 5.46 + 0, 09&7 h.93_: 0,061

Log initial viable count was:-
% for cell: grown on medium with water activity of 0,999=

7.92 + 0.079

(2) for cell: grown on medium with water activity of 0.,997=

7.19 + 0,079
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Similar expériments were carfied out with strains of
R.meliloti. The results in table 14 indicate that, after
having taken into account the differences in the initial
viable_cdunt, R.meliloti CC131 grown 6n media with a, 0.980
survived déhydratiﬁﬂ better than when grown at'aw 0.999.
However; the results in table 15 demonstraté‘fhat sQrvival
of R.meliloti SU47A grown at a, 0,990 was fhe same as when

grown at a 0,999,

The conclusionS‘derived from the results presented in
tables 12 to 15 are that the effect of the a_ of the growth
medium upon the ability of rhizobia to surviv§ dehydrat ion
is neéiiéible. Although statistical differences were obtained,
the effegt_of the a of the growth médium was not consistent
from one experiment to another. Statistically significant
differences may not necessarily reflect.biological
significance, und.if is suggested that because of the
very low standnfd deviations involved in.theseAexperiments,
the statistical differences obtained did not reflect real

biological effects.

E(iii) Effect of rehydration of dehydratéd rhizobia in media

of difforent water activities,

Cox (1966:a3b? 1967: 1970¢ 1971), Cox and Baldwin (1966)
and Leach and cott (1959) have emphasised the importance
of the rate and degree of rehydration; as ﬁell as the
composition of the rehydration medium, as factors involved in
the survival of bacteria, i.e. dehydration resulted in the
death of many microorganisms, but the method of rehydration

employed could result in the death of many .nore bacteria.
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Table 14

Effect of growth in media of different water activities upon

the ability of B.meliloti.00131 to survive desiccation in

sandy soil.

l.og viable count per 0,05 gm soil

Replication Water activity of the initial growth medium.
Number .
0.999 | 0.980
4,88 | - 4.83
| 4,90 - 4,95
1 - 4,76  4.80
w0 4;76 
4,89 b.75
2  u.87 . b.72
. | 4,85 r 4,76
4,90 o 4,76
u.85 .76
3 - 4,89 4,90
. ” 4,90 ' 4,81
4.86 k2
4,88 4,90
4 5,81 | 4.83
| L,92 ' 4,81
4,89 | h,72
Means | h;87 + 0,040 | " 4.80 + 0,059

Log initial viable count:- |
(1§ bacteria grown on a 0.999 medium = 7,92

(2) ® "o "a 0,980 " = 7.47

0.053
0.053

I+ 1+
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Table 15

Effect of growth in wmedia of different water activities upon

the ability ovaQmeliloti SUL7A to survive desiccation in soil.

Log viable count per 0.05 gm soil.

‘Replication Water activity of the initial growth medium,

Numbex 0.999 | - 0.990
5.30 - ~ 5.15
. 5.30 -~ 5.15
1 - | 5.2 . .95
5.34 . h9s
5.30 . 5.38
2 s . 5.34
5.26 l - 5,28
5.26 5,38
| 5.38 | 5.42

3  5.98 536

| | 5.42° - 5.40 \
5.43 5.40
5.32 - '5.30"
4 | - 5,00 . 5.26
' 4,90 | 5.32
| 5. 04 . ~ 5.42
Means 5.30 . 5.26

8.35
a, 0,990 " = 8,30
Because of the similarity of the initial viable counts and

the means of the viable counts after dehydrqtlon, no analysis
of variance was carrled out. .

(1 bacteria grown on aw 0 999 medium

lLog initial wviable count :
(2? " " "
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Therefore, the effect of the water activity of the
rehydration medium on the viability of desiccated rhizobia
has been studied, |

| The results presenfed in figure_hl were obtained when

air-dried R. japonicum QA372 and R.trifolii 297/323 wére
rehydzéted in media with diffefenf water activities obtained
by the use of i variety of solutes. Rehydration of

R, japonicum QA3}72 inAmédia adjusted to different water
activities by the use of glycerol, showed no effect of a
however, high concentrations of salts such as NaCl and KC1
were détrimehtal. The means of log numbérs.of R, japonicum
QA372 surviving rehydration show a graded range of_differences
(Appendix Table xxXVIé) and it is difficult to determine true
biological differences under such circumstances. Prdbably, the
only real differences are between the log survivors at the
extreme a, values obfained using NaCl. Rehydration at water
activities between these values did not significantly decrease.
the viable count_of' R. japonicum QA372 (figure 41).

A similar result was obtained with R.trifolii sU297/32B
(figure hl), alfhougﬁ there was a consistent statistically
significant decrease (relative to rehydration in water, aw =
1,000)o0f the vLable.count with glycerol adjusted media below
a 0.,995. This suggested that the:water availability of the
rehydration medium was important in'detérmining the survival
of this fast-growing root-nodule bacterium. However, this was
probably minimnal bécause there was no significant difference
be tween survival of desipcated bacteria, rehydfated at a, 0.995

or aw'0.860 in glycerol adjusted media (figure 41),
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FIGURE 41

Survival of air-dried R. japonicum QA372 and
g.trifoiii §U297/32B rehydrated in medié
adjusted to different water activities.with_
dif ferent solutes.,
Letters above each histogram denoté the water
activity i.e. | | |

a % a 0.995

‘b = a 0.940

w
‘e = a 0,860
w S
water = a 1.000.
w

Detailed results and appropriate analysis of
variance are shown in Appendix, tables XXXVIa

and XXXVIb.
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Rehydration of R.trifolii SU297/32B in media of aw
0,995 when either NaCl or'KCI werg used to adjust the
medium did not have'a significaﬁﬁ'effect upon survival.
However, 'rehyd ration in media with a  values of 0.940 and
0.860, obtained by the use of high concentrations of NaCl
or KC1l, were detrimental to this fast—growing.rhizobium
(figure hl), Therefore, as with R.japonicum QA372, the solute
used to adjust the a_ of the rehydration medium was an
important factor involved in thé survival of desiccated fast-
growing rhizobia.

The'results presented in figures 42 and 43 were obtained
by rehydration of freezé-dried bacteria in mgdia of different
a_ values obtained by the use of a variefy of solutes. The
effect of rehydration of R.trifolii SU297/31A at a_s 0.995 and
0.940 was not significantly different from rehydration in water
when the solutes used were either sucrose or glycerol (figure
42), Similarly, rehydration in NaCl adjusted media at a_ 0.995
did not affect the viable count. However, at a 0,860 in
sucrose and.glycerol adjusted media, there was a significant
decrease, and media_adjusted with NéCl to a s 0.940 and 0,860
were detrimentil to the surfival of rehydrated E.trifolii
SU297/31A (figure 42). The results in figure 42 for this fast-
growing rhizobium demonstrated that it was susceptible to the
toxic effects of high NaCl concentrations at a values of 0,940
and 0,860, This was demonstrated by the significantly lower viable
count obtained when tﬁe bacteria were_rehydrated in tﬁese salt

adjusted media, compared to the viable count when rehydrated in
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FIGURE 42

Survival of freeze-dried R.trifolii SU297/31A
rehydrated in media adjusted to different
water activities with different solutes.
Letters above each: hist'ogram denotes the

water activity i.e.

b = aﬁ 0,940
c = a 0.860
w

Detailed results and analysis of variance

are presented in Appendix Table XXXVII.
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media with corresponding as obtained by the use of sucrose
or glycerol.

The results presented in figure 43 illustraté the
effects of the a of tﬁe rehydration medium on freeze;dried
R.trifolii SU297.31A, R.lupini UT12 and Rhizobium sp. CB736.
Rehydration of Rhizobium sp. CB736 in media with a 0,940 had
no effect (relative to the contrél), regardless of.the soiutev
used to obtain this aw,valué. Statistically éigﬁificant
increaseé were obtaihed for a, 0.995;(g1ycérol,\éucrose and
NaCi used as solutes). However, because of the low error
variance in these éxperiments (Appéndix table XXXVIIIc), the
statistical significance probably did not reflect biologically
significant di fferences. That this was the case, is suggested
by'the similarity of the histogramé for Rhizobium sp. CB736 at
a 0,995 (figure 43). Therefore, it is conc luded tﬁat.e*cept for
the toxic effects of.high NaC1 concentratidns in media with a
0,860, the water availability of the rehydration medium had no
effect upon survival of the dried, pigmenfed Rhizobium sp.CB736,

The slow—growing'B.lugini UT12 was more suscepfible to the
a, of the rehydration medium than Rhizobium sp. CB736, as
rehydration in media with a O.9h0 or below, decreased survival
relative to sufvival at a_ 1,000 (figure 43). The tpxic effect
of NaCl on R.lupini UT12 at a 0,860 was again obvious.
Rehydration at a 0,995 had.no effect upon SurviVal of these‘
slow-growing bacteria no matter what the solute used.

Alqualitétively similar result to that‘réported for

R.lupini UT12, was obtained for R.trifolii SU297/31A, as
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FIGURE 473

Survival of freeze dried R.trifolii SU297/31A,
R.lupini UT12 and Rhizobium species CB736
rehydrated in media adjusted to different water

activities with different solutes.
Letters above each histogram denote the water
activi_ty ie.

a =a_ 0,995

o
1}

aw o, 9“»0

(¢]
i

a 0.860
w

Detailed results and anal.y.;sis of variance are

in the Appendix tables XXXVIIIa, b and c.
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rehydration of the desiccated bacteria in media with a
values below 0,995 decreased survival (figure‘43). The
effect ofvsalt toxipity on B.trifolii SU297/31A at a, |
0.860 in NaCl adjusted media was ver& ob?ious as there was
virtually no sufvival; There was np.significaﬁt effect of
Vrehydration in a_ Q.995 regardless of the solute used,

From all the results in figures 41 to 43, it is
apparent that at alliaws, no matter which solute was used,
the siow—gfowing rhizobia survived rehydration better than
the fast-growing bactefia. Gengrﬁlly; rehydration at water
tensionévbeiqw 1,000 and certainiy below 0,995, were
detrimental to survival of strains of R.trifolii, especially
when NaCl was the solute used to adjust. the a, of the medium.
This has been-attribgtéd-to the toxicity of high salt
‘concentrations. Frequently, when dried fast-and slow=-growing
rhizobia weré rehydrafed in media with a 0.860.using sucrose,
the decrease in the viable'qount was greater than when
glycerol was employed. From the effects of NaCl, KC1,
sﬁcrose and gjycerbl, therefore, it can be said thaf the
sélute used to.adjuét the a_ of the rehydration medium was an
“iﬁportant factor determining the survival of dried rhizobia

rehydrated in media with differeht water avaiiabilities.
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F., Effect of desjiccation on the surface characteristics of

rhizobia.

F(i) Fluorescence . of fast-and slow-growing rhizobia with

l-aniliro-8-naphthalene sulphonate.

Radda and Vanderkooi (1972) have stated that the
probe 1faniljno-naphtha]ene sulphonate (ANS)'waS bound
at polar/non—polar sites.in membranes. These sites may
include lipid—profeiﬁ, linid-water or lipid-protein-
water contacts. More specificaliy, Radda and Vanderkooi
(1972) suggested that ANS was bound at polar/non-polar
regions within membranes that contained charged groups
as well as water. Therefore, the amount of ANS bound to
5ioloaicél méteriai depends on the charge distribution
of the adsorting surface. Radda and Vanderkooi (1972}
concluded that ANS‘was_most useful for making structural
comparisons rather than for qbtaining absolute morphological
data. The probe was'used in the present.investigations to
giVe an indicnation of relative, rather than absoluté,
differences of the surface features of the fast-and slow-
growing rhizobia and the medic rhizobia.

Initial microscopic examination of.th f'luorescence
of dried and undried bacteria.suspended in an ANS solution
gave the datu. in table 16. None of the undried slowégrowing
or the medic rhizobia fluoresced. Followiﬁg desicc?tion,
however, all bacteria tesfed fluoresced when rehydrated in

a solution of ANS. In contrast, all the fast-growing rhizobia
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Table 16

Effect of desiccation on the fluorescence under the microscope’

of various bacteria when mixed with ANS,

Bacterial | ‘Not
Group Bacterium Dried Dried
- Rhizobium sp. CB736 - x
Rhizobium sp. 3C1fl - x
Rhizobium sp. 3I1b .- X
Rhizobium sp. UT35 - x
Slow-growinthizobium sp. CB756 - x
rhizobia Rhizobium sp. UT53 - X
R.lupini 1A8 - x
R.lupini VUT12 . - x
R.lupini T2 ' - X
R.japonicum QA372 - - x
Medic ~  R.meliloti SU45 - x
rhizobla g meliloti SU47A -
R.trifolii UTLH X X
R.trifolii SU297/31A x x
- . SU297/32B x x
rﬁdl?ym»wq a SU298/533A x x
bie o SU298/534C x x
Pl SU298/536D x x
TAl _ X x
R.leguminosarum TA101 x x
Escherichia coli M13 X b 4

x designates fiuqrescence under the microscope
- designates no fluorescence under the microscope
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(as well as Escherichia coli M13, table 16) fluoresced
both befofe end after desiccation,
The results presented in tables 17 and 18 confirmed
the observations that undriedlmedic or slow-growing rhizobia
did not fluoresce'when reacted with ANS, The.inﬁensity of

fluorescence of undried R trifolii and R. legumlnosarum was

_h to 5 times greater than elther the medic or the slow-
growing rhizobia. It is noteworthy that the undried, fast—

growing Rhizobium sp. SU343 isolated from Lotus corniculatus

L. fluoresced as intensely as undried strains of R.trifolii

-and B.leguminosarum.

Several experimente were carried out to}test the change
of fluorescence of rhizobie after desiccation. The reeults
_presented in table: 19 show that at any bacterial concentration
the intensity of fluoresCeﬁce of both dried and undried
Retrifolii SU297/323 was simllar. The resulfs in.tables 20 and
21 also demonstrated the similarity of fluorescence of both
-dr1ed and undried clover bacterla. The fluorescence of
desiccated slow-growing or medic rhizobia, however, was very
dlfferent from the inten51ty of fluorescence of the undried
bacteria (tables 20 and_Zl). Although the fluorescence of

undried R.meliloti, B,japonicum and B.lugini was marginal, it

increased dramatically after dehydration and was similar to that
of the untreated fast-growing rhizobia (tables 20 and 21).

This finding demonstfated fhat removal of intracellular water
drastically altered the surface propertiee.of the slow—growing

and medic rhizobia. Similar changes to the surface of fast-
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Table 17

Relative fluorescence in the fluorometer of variance species

of rhizobia when mixed with ANS,

Bacterial ' : " Relative

Group Bacterium ' _ Fluorescence
(%)
Rhizobium sp. 3C1fl 8.0
Rhizobjum sp 3I1b 5.0
Rhizobium sp. CB756 5.0
Slow=- Rhizobium sp. CB421 0.0
sﬁg:ggga Rhizobium sp. UT35 0.0
' Rhizobium sp. UT53 5.0
Rhizobium sp. CB736 0.0
R, japonicum QA372 0.0
E.meliloti,CBllZ 0.0
. S " CcC131 0.0
Medic o "o SUL7A U0
rhizobia " " SU47B 0.0
R.trifolii SU297/31A N 25.0
" LI SU297/32B 30. O
Fast- . n’ " - UTé6 _ 25.0
growing - R. _leguminosarum TA101 20,0
rhizobia : » '
The total-count for all bacteria was adjusted to
5.109 bacterii/ml, Volume of bacterial suspension used was

0.5 mls. Volume of buffer used was 1.5 mls., Volume of ANS

used was 0.2 wmls.
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Table 18

Relative fluorescence in fluorometer of various species of

rhizobia in the presence of ANS,

Bacterial ' : Volume Volume ~ Relative
Group Bacterium : bacterial of buffer Fluorescence
: suspension (mls.) (%)
(mls ' :
Rhizobium japonicum 1,0 . 1,0 ‘6.0
- growing _ .
rhizobia R.lupini UT12 1.0 1.0 . 8.0
' 2.0 000 1600
R.trifolii © 1.0 1.0 34.0
Su297/32B 2.0 0,0 62.0
R.trifolii . 1.0 1.0 39.0
| SU297 /314 2.0 0.0 ~70,0
Fast- » '
growing ' K A
rhizobia B.trifolii TAl 2.0 _ 0.0 SU.Q
"Rhizobium sp.SU343 1.0 1.0 33.0
: 2.0 0.0 66.0
R,leguminosarum TA101 2.0 - 0,0 - : 56,0
Total count for all cells was adjusted to 2 to 3 x 107 bacteria/ml.

Volume of ANS stock solution used was 0.2 ml. in all cases.
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Table 19

Relative fluorescence in fluorometer of various concentrations

of dried and undried R.trifolii SU297/32B at several

concentrations of ANS,

Log total v '~ Relative Fiuorescence (%)
Bacterial Volume ANS stock solution ( m 1)
Concentration o . ,
per ml. Treatment 0.0 0,1 0,2 0.3 0.4 0,5 0.6
Not dried 2,1 >100 >100 >100°>100 >100 >100
8.48 - Dried 2.1 3100 >100 >100 >100 >100 >100
Not: dried - 0.0 20 4o 42 4O 4O kO
7.48 Dried 0.0 20 Lo 42 41 KO 42
Not dried 0.0 1.0 22 31 32 33 .29
6.48 Dried 0,0 1.0 20 31 31 .30 30
, Not dried 0.0 0,0 16 20 28 27 26
5.48

‘Dried 0.0 0,0 16 21 28 27 26
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Effect of desiccation on the relative fludrescénce in

fluorometer with ANS of various species of rhizobia.

Bactefium Treatment Relative
' » o Fluorescence (%)
Not dried 7.0
Not dried. 7.0
R, japonicum QA372
o .Dried 32,0
Drled 35.0
Not drled "11.0
Not dried- 12,0
Re.lupini UT12 o
Dried 23.0
Dried 21.0
Not dried 52,0
. - Not dried 50,0
"R.trifolii SU297/32B :
’ Dried 49.0
Dried 51.0

(a) Total count for all bacteria were adJusted to

2,109 cells/ml.

(b) Volume of bacterial suspension’

Volume of phosphate buffer

Volume of ANS

naun

0.5 ml, .
1.5»ml.0
002 ml,
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Table 21

The effect of desiccation on the relative fluorescehce in

fluorometer of various rhizobia when mixed with ANS,

Volume Volume
of bacterial of Relative
_ suspension "buffer Fluorescence
Bacterium Treatment (m1s) (m1s) ' (%)

R, japonicum Not dried 1.0 1.0 13.0
QA372 Not dried 2.0 0.0 26.0
Dried ’190 l.o 60.0

R.lupini Not dried 1.0 1.0 7.0
UT12 Not dried 0,25 1.75 Z0
’ Dried 1.0 1.0 55.0
B.meliloti Not dried 1.0 1.0 19,0
suk7B Not dried 1.0 1.0 19,0
Dried 1.0 l.o Lll.O

R.trifolii Not dried 1.0 1.0 - >100
SU297731A Not dried 0,25 l.75. 23.0
Not dried 0.1 1.9 12.0

Dried 1.0 1.0 ">100

Dried 0.5 - 1.5 >100

Dried 0.25 1.75 30.0

B.trifolii Not dried 1.0 1.0 82.0
SU297732B Not dried 0.25 1.75 26.0
‘ Not dried 0.1 1.9 11.0

Dried 1.0 1.0 9800

Total count for all bacteria ﬁas adjusted to 7.109
bacteria/ml.

Volume of ANS stock solution used in all cases was
002 ml. v .
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growing rhizotia probably occurred, however the high
fluorescence intensity of these undried bacteria,
méi}ked any changes that mipght have been induced by
desiccation,

Occasionzlly, thé fluorescence of the ﬁedium (water)
used to rehydrate,desiccated rhizébia, was meaéured after
_the removal of bacteria by centrifugation. invariably, the
fluorescence was high (50 to 60%) relative to the fluoresceneé
of water. The results have not been reported because very
few experimenté were carried out. However, the increased
fluorescence of thé rehydrating medium after the removal of
bacteria suggasts that, desiccation induced leakage of
internal contaents of bacteria,

F(ii) Estimation of desiccation-induced repairable damage -

to Eschorichia coli and various species of Rhizobium,

The purmose of this investigation was to determine
whether there was a difference in the stability of the cell
envelope of either the fasf—or slow-growing root-nodule
bacteria to duhydration. Damage to the cell_enveloﬁe (or
lipopﬂlysacchmride layer of the cell wall) caused by drying
was estimated by induced susceptibility to agents such as
llysozyme, tovmhich the undried bhacteria were resistant. The
extent to whish this induced susceptibility was removed haé
been attribﬁtad to the action of active repair medhanisms.

Repairable damage has been reported for aerosolized,

frozen and freeze-dried Escherichia coli. Consequently, this
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organism was used as a>check that the téchniques employed
were capable of detectihg such damage to the bacteria.

' The results in figures bt to 46 demonstrate that,
immediately after rehydration, E.coli M13 was very sensitive
to 1ysOZymé. However, within 0.5 to.Q.75 hr.'most of this
lysozyme—seﬁsitive damage had been repaired. As sﬁown in
figure 45, rehydrated bacteria were not equaily susceptible’
to éll selective agents. Thus, ﬁhe effect of deoxyribonuclease
on the viable count was muéh iess than the effect of lysozyme;
The results in figuresbh& to 46 indicate that, at room |
temperature all repair was completed within 0,75 hr.

When rehydrated at low temperature (1000) however, repaif

took much longer fb_reach completibn (figure h7).‘ The results
in figure 7 show that when rehydrated at 10°C it took 2.0 hrs.
to complete the fepair of dehydration-induced damage of

E.colj M13, This was the case whether the selective agent was
lysozyme or actinémycin D, even though their effects on the
viable count'immediately after rehydration were different
(figure h7). The results presented in figure 47 suggested

tﬁat physiological activify.waé fequired for rapid repair.

The medium used to rehydrate E.coli M13 Qas that suggested
by Hambleton (1971).'BecaUSe the wmedium used to rehydrate |
rhiiobia was yeast mannitol broth two experiments werec carried
out which E.coli M13 was reh&drated iﬁ YMB., The purpose of this
was to ensure.that lysozyme was not inacfivated by the yeast
mannitol brofh{ The results presented in figures 48 and 49

indicate that F.coli M13 was sensitive to-leozyme when
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FIGURE A4k

" Desiccation-induced susceptibility to

lysozyme and repair.of dama ge: by

‘Escherichia coli M13.

Detailed results and analysis of
variance is given in Appendix Table

XXXIX.
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FIGURE 45

'Desiccation-induced suSceptibiliﬁy to

lysozyme and deoxyribonclease, and repair

of the damage by Escherichia coli M13.

Detailed results and analysis of variance,

Appendix Table XL. |
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FIGURE 46

Desiccationéinduced susceptibility foAlysozyme

and repair of the'démagé by Escherichia coli M13,

Detailed results and énalyéis of variance are .

presentéd in Appendix Table XLI,
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FIGURE 47

Effect of low temperatufe'(looC) on the.

repair of desiccation-induced susceptibility

of Escherichia coli M13 to lysozyme and:

actinomycin D,

" Detailed results are présentéd in Appendix'

Table XLIT.
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rehydrated in YMB, Therefore, the activity of the 1ysozyme
was not affepted'by yeast mannitol broth. The results in

~ figures 48 and 49 indicatevthat the time taken to complete
the repair of dama ged E.coli M13 was 1.0 to 2.0 hours. This
is longér than the time taken when desiccétéd bacteria wefe
rehydrated in Hambleton's (1971) mediuﬁ.

The condlusion'from the'experimeﬁts presented‘in“
figurés L4 to 49 is that desiccation-induced repairable
'susceptibility of E.coli M13 to lysozyme (and other
Selective agénts)ﬁrobably occuré by.alteratiohﬁ of the
cell envelopg; Thc tedhniqués used were able to detect
the damage and follow the time course of its repair.

The resu]té presented in figures 50, andv51 for

Rhizobium lepuminosarum TA101l, rehydrated in YMB, suggest

that the effect of dehydration on bacterial susceptibility

to lysozyme was small, Immediately after rehydration, some
bacteriavwerevsusdéptible to lysozyme (P<:0.05). Howevér,

this was overcome within l;Ovto 2.Q_hours by rebair mechani sms.

When R.leguminosarum TA10l was rehydrated in the medium

- suggested by Hambleton (1971) for Escherichia coli, the results

were essentially the same (figure 52), i.e. typically low

desiccation-induced susceptibility to 1y§ozyme occurfed.
When desiccated'ﬁ.trifolii.SU297/32B was reh&drated in

YMB and exposed to lysozyme, the bacteria werevunaffected by

the enzyme (tables 22 and 23). It was concluded, therefore,

that desiccation of B.leguminoSarum or R.trifolii did not
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FIGURE 48

Repair of dehydration-induced susceptibility

to lysozyre by Escherichia coli M13 when

rehydrate in yeast mannitol broth instead

of Hambleﬁonls‘(l97l) me di um.

Detailed -esults and analysis of variance .

are presented in Appendix Table XLIIL.
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FIGURE L9

Repair of desiccation-induced susceptibility

- . to lysozyme, by Escherichia coli M13

rehydrated in yeast manmnitol broth instraad

of Hambleton's (1971) medium.

Detailed results and armalysis of variance

'are presentcd in Appendix Table XLIV,
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'FIGURE 50

Repair of desiccation~induced suéceptibility

to lysozyme by B.leguminosarum TA101.

Detailed results and analysis of variance

are given in Appéndix Table XLV,
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FIGURE ‘51

Repair of _desiccatibn-induc'ed_ suscevptibility _

- to lysozyme by R, leguminosarum TA101,

‘Detailed results and anélysi's of variance are

presented in Appendix Table XLVI,
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FIGURE 52

Repair of desiccatioh-induced'suSCeptibility

. to lysozymé by B.legumindsarum7RA101. The

rehydrétion medium was that suggested by

Hambleton (1971) for Escherichia coli.

Detailed res:ults ahd_analySis of variance

are presented in Appendix Table XLVII.
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Table 22

Repair of desiccation-induced susceptibility to lysozyme

by R.trifolii SU297/32B.

.Log viable count pér 0,05 gm glass beads.,

Time after : Control Lysozyme

rehydration Replication - No. o Replication No,
( hours ) . 1~ 2 _ 2
0 550 6.2 . 5.99  5.66
0.5 -_: 5.56 . 6.17 | 5.26 6.12
1.0 5.65  6.31 - 5.55  6.36
1.5 | 5.64 6.23 3 5.64 6.29
2.0 5.65 6.35 _.5;68- 6.22
2.5 5;56 6.38 o 5. 68 6.20

Analysis of variance (based on log daﬁa)

Source of D.F Sum of Mean ' F

Variation » ~ Squares i Square

Replication. - 1 -A2.0709 - 2,07  43.40%%X
Lysozyme ' '1, a _ 00,0092 l  | 0.0UQ 0.193
Time 5 0.1489 0.0298  0.621
Lysbzyme x Time 5 , "'-0.0266' .~ 0.0053 ~0.111
Error 11 Co.s2h9 - 0.0477

Total . . 23 2.7805
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Repair of desiccation-induced susceptibility to lysozyme

by R.trifolii SU297/32B.

l.og viable count pér 0.05 gm. glass beads.

Lysozyme

‘Time after _ Control
rehydration Replication No. Replication No.
(hours) 1 2 1 2
0.5 5.56 - 5.37 5.42 5¢25
1.0 5.66 5456 5.64 5.40
2.0 5.65 5.56 5.68 5.21
3.0 5. 54 5.63 5.40 5.55
Analysis of variance (based on log data)
Source of D.F . Sum of Mean F
Variation Squares Square
Replication 1 0.0898 0.,0898 6.01%
Lysozyme 1 0.0460 0.0460 3.085
Time N 0.2105 0.0526 3. 524
Lysozyme x Time 4 0,0167 0.00418 0.2799
Error 9 0.1344
19 0.04975

-Total



drastically affect the permeability of the lipopolysaccharide
layer of the cell wéll to lysozyme. |

The fesﬁlts preseﬁfed'in fiqure 53 for B.meliioti
CC131 and figure 54 for ﬁ.japoniéum QA372, suggésfed
-simiiér resﬁ]ts'to the above, i.e. that rehydrétioﬁ of
these bhacterin did not dfastically alter the permeability
Of_the lipopolysaCCharide layer to lysozyme.

‘The low desiccation induced SUSééptibility to lysozyme
did n§t imply that.the'stressed cells were not made
sensitive to other éhemicais. Therefore, various substances
were écreened for.fheir toxici£j to rhizobia éftér desiccation,
These expérinnnt§ were designed té screen for various
- chemicals to which bacteria demonstrated deéiccntion—
induced repai rable damage, therefore replicates wefe-not
inclunded and statistical analysis of the results was not

possible. The results for I}, japonicum QA372 and E.trifoiii

SU297/32B are presented-in»tables 24 and 25, respeétively.
Desiccated B.jagbnicum QA372 did not become éuSceptihle to
thbrémphenicol, streptomyéin, congo red,'penicillin or
polymykin (téble 24). Similarly the.effects of rose bengalf
congo red, polymysin.or pénicillin on desiccated &;trifblii
(table 25) did not warrant further investigation as the results
wére similar to the effeét of'lysbzymg. Thus, the_cOnciusions
drawn above.stiii applied, i.é. desiccation of the rhizobia
does not drastically alter the permeability to various.anti

bacterial agehﬁs.



FIGURE = 53

Repair of desiccation—induqed susceptibility.to

lysozyme by R.meliloti CC131.

Detailed results and analysis of variance are

présented in Appendix Table XLVI1lL.
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FLGURE 54

Repair‘qf desiccation-induced susceptibility

to lysozyme by R. japonicum QA372._

" Detailed results and .analysis of variance

are presented in Appendix Table XLIX.
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Table 24.

Possible repair bylg.jagdnicum QA372 of desiccation-induced

susceptibility to various antibacterial agents.

l.og viable count per 0,05 gm. glass beads.
‘ : : : : Congo : A
Time after Control Chloramphenicol Streptomycin Red Penicillin Polymyxin
rehydration ' , , ' ,

(hours)
o - 6.99 6.90 6.87  7.00  6.98  6.92
1.0 7.00. 6.93 | 6.93 6.95  6.91 - 6.86
3.0 6.9k 6.93  6.92  6.92  6.86  6.87
6.0 6.89 6.91 6.88  6.91  6.93  6.85
8.0 6.89 6.87 . 6.87.  6.90  6.91 6.92

25.0 6.89 6.91 | 6.87 6.87  6.86 6.95

hhe



Table 25

Repair of desiccation-induced susceptibility to various -

" antibacterial agents by B.trifolii‘SU297/32B.‘

Log Viable-count'per 0,05 gm. glass beads. .

Time after Glutaméte Yeast- Glutamateagar Giutamateagar Glutamateagar Glutamateagar
rehydration agar Mannitol + o + + +
(hours) - S Agar - rose bengal congo red ‘polymyxin  penicillin
0 5.21 4,98 4,17 . 5.10 4,92 . 4,76
1.0 5.39 5.04 2.55 5.09 5,04 o nd
3.0 5.31 ' nd 3.31 | 5,17 5,02 ~ nd
4,0 5,20 5,13 nd nd " nd | 4,82
6.0 5.24 . 5,30 - 3.9 5.09 4.89 . 4,50
9.0 5.22 5,20 3.91 5,01 5.03 " 4.98
24,0 '

5.35 nd 3.31 nd » nd ' nd

nd = viable count not done.

cHe
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Hurst et al. (1973) noted alteration of the osmo-

tolerance of heated Staphylococcus aureus. This was not
the . case wifh.desiccated Remeliloti Suhs (table 25) as-
the ability of this bacterium to grow on media of low

water activitY'(aw Q.990)“was not affected by,dehydratidn.

‘The conclusion of thiﬁ series oF‘expﬁrimenfs was that
desiccation to rhizobia did not induce repairable
susceptibility to lysozyme. Theréfore, damage caused by
desiccation did not involve altofations of the infegrity
0f the‘lipopoiysaccharidé léyer as determined by sensiti?ity
-“to lysozyme.'This~is_in éontrast to the.results.obtained for

Escherichia coli, as desiccation was found to alter the

'sﬁsceptibility'of these'bactefia to lysozyme.
Furthor,~damagé'to the lipoﬁolysaccharide laYer induced
by désiccntinn (as detecteﬁ by lysozyhe sensitivity) was
abﬁut‘the same for both the fast-and'thé'slbw—growing rhizobia,
'i.e. differential susceptibiiity of théHlipoblysacchﬁride
1ayer'fd daﬁaée by dehydrétibﬁ'hetween the fast-and slow-
growiﬁg rhiznbia, was not an explanation for thé difference
in survival of the two groupé of hacteria when subjacted to

desiccation.
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Table 26

Possible repair by R.meliloti SU4S5 of NaCl

susceptibility caused by desiccation.

l.og viable count per 0.05gm. glass beads.

. Dried , Not Dried
Time after i . : ————————
rehydration Control Water .Control "Water
- : Activity _ : Activity
(hours) . =0.,990 _ =0,990
0 . 6.40 6.29 9,00 | 8.75
1.5 , 6.29 6.31 : 9;02 - 8.78
2.5 6.26 6.22 9.02 9.00
4.0 - 6.30 6.11 ~9.20 8. 74
6.0 - 6.35 6.20 9,07 8.82
8.0 6.29 - 6.16 9,31 ~ 8.86

13.5 . 6.28 . 6.18 9.19 8.88




248,

G. Use of nuclear magnetic resonance (NMR) spectroscopy

to determine the water permeabilities of various

microorganisms.

in this study NMR spectros¢0py‘wés used to determin9 
;the relatiéhship between>a3§ariety of cell sizeé and the
rate at which watgr passed aéross the hembrane. Mofe'
specifically, it was the aim of these investigations to
.fihd'éuf if differences in the water perheability existéd
betweéh fasf—and slow-growing.rhiZobié, and if this could
be’cdfreléted with their differentiﬁl respoﬁseé to desiccatiOn;-

/Dick (1966) obtained a good correlation between cellular

water permeabilities and cell surface to volume ratio,
Measurements of the dimensioﬁs of various bacterial célls-
aﬁ@ yeast, are presented invtable 27, togefher with
calculations .of the surface-to-volume (s/v) ratio. Thé

results show that the s/v increased in the 6rder Saccharomyces

cerevisiae M6, Bacillué sp. M70 followed by Staphylococcus

aureus M3 and gram-negative bacteria including Lscherichia

coli M13 and vafious species of Rhizobium.

The results presented in figures 55 and 56 are the

spectra'obtained using steady—étate NMR for Saccharomyces
. ( - .
perevisiae M6 and Bacillus sp. M70 respectively. The-

significant features of the spectra for Saccharomyces

cerevisiae M6 (figure 55) are the lines attributable to

extracelluiafvwater whiéh have been broadened due to contaét
with the paramagnetic ions (Mn2+); and the relatively narrow

line which was derived ffo@.intracellular water (not in contact



Table 27

Calculations of the areas, volumes, surface/volume ratios,

and water pefmeabilities-(Tz) for various microorganisms.

Organism - . Length Width Volume . Surface S/V Line width Relative
o B o (a) ) w3 area ‘ratio at half - - T2
' ~ ' Quz) gp2(p3ﬁ peak Measurements
: height . :
(ppm)
Saccharomyces o .
cerevisiae M6 h,72 4,72 5,08 70.02 1,27 2.5 0,127
Bacillus sp. L,.55 1.59 9,00 26.67 2.97 7.0 0.0455

- M70 S o o - o o o
Escherichia 1.54 0,86 0.895 = 5.31 5.93 - ~ -
coli M13 : o ' ' SR - : : ’
Staphylococcus = 1,10 1.10 0.70 3.81 5.45 0 - B -
aureus M3 . _ : ’ o ’ v
Rhizobium lupini 2.13 0.60 0,60 k.58 @ 7.63 - ‘ -
UT2 : : ' _ _ ‘
‘R.japonicum QA372 2,04 0.68. 0.74 . 5,08 6.86 - . -
R.trifolii TAl 2.31 0.79 1.16 ' 6.82 5.88 = - B -
R.trifolii ' . : L S _ : S
SU297/31A 2,28 - 0.92 1.52 7.91 5.20 - , -
R.trifolii . S o :

SU297/32B 1.96 0.76 0.59 ' 5.58 . 9.46 - . -

" R.trifolii 2,23 0.95 1.61 8.17 5.08 - : ' -
S17298/536D R , . , } o
R,leguminosarum 2.85 v 1.06 2.51 . 11.25 L.4u8 - : -
TA101 : , , o

see Page 250

6he



Table 27 continued

Values for all rhizobia were obtained from K.C.Marshall (pers.comm;).
T, estimates were derived from figures 55 and 36.
- indicates that a distinc tion between the extra-and intracellular

water could not be made, therefore, no estimates of T2 could be
obtained. '
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with Mn2 )

. The'sh;rp discontinuity between iptra-and
extracellular water was obvious at all Mn2+ concentrations,
This enabled gstimation of the-relatiVe T2 value, the water
.permeabilify; of the yeast by the me thod descfibed in Methods-
and-Materials. The results are'breseﬁted in table 27. |
Steady state NMR spectra.fOr Bacillus sp. M70 are
presented in figure 56.»0nce again a distinction could be
made between the intra-and extracellular water due to‘thé_
- marked diséonﬁinuities in the spectra at about 4 and 5 ppm.
This enabled calculation of T2, Fhe results of which are
preéented in téble 27. As can be seen from figure 56, the
disconfinuity Qas nof és marked at low concentrations (60_mM)
of.Mn2+, h0wever; it.beéame'appﬁrent aé the_concentratipns
of these“iOns was inc reased. Presumably, at a concentrati;n

',6f 60 mM MnC]2.6H 0O the concentration of parahagnetic_ions

2
was not high enough to induce sufficient line broadening of
the signal_due to gxtracellular water to enable differéntiafion
from the signal due to intracellular water. Consequently,
'merging of thé two lines bécame appafent (figure 56, spectfum>
A). |

A comparison of the spectra in figures 55 and 56
revealed that the line due to intracellular water from

Bacillus sp, M70 was broader than the corresponding line for

Saccharomyces cerevisiae M6, The line widths at half peak

height were 7.0 and 2.5 ppm for Bacillus M70 and S.cerevisiae,
respectively. As there is an inverse relationship between line

this result demonstrated that the passage of water

width and Tz,

across ‘the bacterial membrane was faster than across the yeast
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" FIGURE 55

Steady-state NMR spectra from studies on

water permeability of Saccharomyces

cerevisiae M6.

Lines A,B and C demonstrated the effect on

the spectra if different-MnCig.6“20

concentrations were used.

A = 60.mM  Mn??t
2+

B=72mMAMn

c =84 mM Moot

Note the sharp discontinuity which enabled a
distinction to be made hetween int ra-and

extracellular water.
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FIGURE. 56

égeady-State NMR spectra from stgdies On.thév
wafer perméaﬁility of Bacillus sp. M7O
vegetatiVe cells. | |
Lines A,B éﬂd C demonstraﬁé the‘effect on the
spectra of different concentrations of

paramagnetic ions (Mn012 .6H20)‘were used..

A = 60mN Mn2+:
= 84mM Mn2*
C = 72mM Mn?*

Note the discontinuity which enabled distinction

between intra-and extracellular water. This point

of inflection was not as pronounced with Bacillus .

sp.M70 as it was‘with Sadcharomyces_cerevisiae.M6:

(figure 55).
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. membrane. The ratio of the T

5 values (table 27)-

for yeast relative to Bacillus sp. M70 was about 3.0,:
therefore, the rate of passage of water molecules

across the membrane of the hacterium was three times.

greatef than ror'Saccharoﬁycés cerevisiae M6. For the
complicatgd reasons given by Pople et ﬂl-(1959) |
estimates of TZ obtaihed by the use of continuous-wave

NfR are Subject to error, only pulsed techniques giving
quéntitatively accurate results: Becaﬁse the sbectra inb
figures 55 and 56'were obtained_by thé use Of continuous—

" wave NMR, the values of T, in table 27 are'not accurate

2
and, represent relative differences between ﬁhe microorganishs.
Unfortunately thew was no pulsed NMR equipment available

at this University.

The spectrum presented in figure 57 was typical of

those obtained.for.Escherichia coli M13, and Staphylococcus
éureusAMB at all Mn2+ concentrations employed; Therefore,
only a representati§e Spectrum has been presented. This was
bbtained using E.ggli M13 at a Mn°' concentration of LOmM.
Unlike the spéctra typical of either Bacillus.sp. M70 or

Saccharomyces cerevisiae M6, it was not possible to distinguish

between intra-and extracellular water when either Escherichia

coli M13 or Staphylococcus aureus M3 was used. Consequently,

it must be concluded that the passage of water across the

membranes of E.coli and S.aureus was too rapid to be determined

by this technique. Because of this it was not possible to

estimate T2 values for E.coli or S.aureus. Similar results
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FIGURE 57

A typical steady-state spectrum obtained for

either Escherichia coli M13 or Staphylococcus’

aureus M3 .~ This figurelis the specfrum
obtainéd for E.coli. Spectra for other celis‘
were not shown because of their similarity to
this line.,

Concentration of MnC1l 6H20 = 4O mM.

2 °
Note that the distinct point of inflection
characteristic of the spectra in figures 55

and 56'is absent. Thus no differentiation

could be made between intra-and extra-

cellular water.
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were obtained for all species of rhizobia and representative

spectra are presented in figure 58 for R, japonicum, R.trifolii

and g.meiilogi. Clearly, these were similar to the spectra

of FEscherichia coli and Staphylococcus aureus in that’if-was.
not possible to distinguish betwveen iﬁtra-or extracellular
water. Thus estimates of T2'c§uid not be obtained. In an
attempt to ovcrcome»thisbproblem, Various species of
Rhiéobium wéreﬁseht_to Dr.R.Outhred at the Uni?érsity of

New South Wales, Sydney, wh§ had acéess to a pulsed NMR
spectrome£er. H6wever, even with this'eqﬁipment, it was not

" possible to distihguish between intra-or extracellular

water anq T2 estiﬁatés éouldbnot hbe obtained. It was
estimated by R.Outhred'(pers. coﬁm.) that, at a Mn2+
concentration of 50mM, the raté at which water passed

across the membrane would be in the order of 0.5 to l.Omsec.

'Therefore,~it appears that for rhizobia, Escherichia coli

and Staphylococcus aureus, the membrane offers very little
resistance to the movement of water molecules between the
cell interior and the external environment.

From the results in table 27, it was possible to

obtain T2 values for Bacillus sp M70 and Saccharomyces

cerevisiae M6, but not for other microorganisms. This

suggests that estimation of water permeabilities of cells
by this technique is liﬁited to microorganisms with a s/v

ratio smaller than, or equal to 2,96 (thev§élue for Bacillus

sp. M70, table 27).
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FIGURE 58

cteady-state NMR spéctra obtaiﬁed_fof various
species of Rﬁizohium. |
A =.B.ja20nicgg QA372, packed 6eil volume was
 34% and Mn012.6H20 concentfation waé 50mM
B= R,trifolii SU29f/32B,‘packed cell volume was -
18% and-Mn012-6H20 concentratiqn'was LomM.
C= E.melilotiA00131,_packed cell volume was.so%
and MnCl,,6H,0 concentration was 60mM,
-"Note thaf-the distinct points df‘infleétion
obvious for yeast and.gaciilus sp. M70 (figures
55 and 56) was absent for all“sﬁeéies_qf
Rhizobiuﬁ. No diffefence could be detérmineq

between intra-and extracellular water.
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The results in figures 59 and 60 show the
effect df the addition of a suspension of montmorillonite

on the steady-state NMR spectra of Saccharomyces cerevisiae

M6 and Bacillus sp. M70 in.the pfesence of anf. The very_
slight broadening of fhe.peak attribntahle to.intfacéllulér
watef upon the addition of ﬁontmorillopite could ihdicate
an affect'upop water permeabilities. The éffect was slight;
however, ahd_could be attfibuted to the increased viscosity
of the‘montmqrillonite;ofganiSm‘mixtufe."Also, erroré |
resulting from adsorption of Mn2+ to montmqrillonite 
particles could_be involﬁed. Pulsed NMR techniques would
probably be required to determihe the  true effect of
montmorillonife upon the exchange of watér.molecules
béfweeﬁ'the'mic:oorganism and its environment.

bThe cqnclusions reaqﬁed from this series of experiments
was that; at any particuiar dehydration rate, there waé no
difference between the fast-and slow-growing rhizobia in the
rate at which water left the bacteria. Similarly, if
réhydration were considered, the re wogld be no significant
diffcrence hetween the effective rates at whicﬁ water entered
any spéciéé.of rhizobia. Consequently, the reason for the
greater ability of the slow-growing rhizobia. to survive
desiccafion relative to fhévfasf—grOWihg species, is not
related to any differeﬁces in water perﬁeébiligy between the

two bacterial groups.



263

FIGURE 59

The effect.of the addition of montmorillonite'

_on the stcady-state NMR spectrum obtained for

Saccharomyces cerevisiae M6,

MnC1,.6H,0 concentration = 80 mM for both

spectra.
Line A = ﬁ.cerevisiaeiplus montmofillonite
at a‘concentration of 3001pgm./ml.
Line B = ﬁ.cerevisiae without montmori;lonite.
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FIGURE 60

The effect bf_ﬁhe addition of montmorillonite
on the steady-state NMR spectrum-ébtained for

Bacillus sp..M70.

Mn012.6H20 concentration = 60 mM.for both

spectra.
Line A = Baci]ius SPe M70'p1us'mohtmori116hite
at a concentration of BOOJpgm./ml.
Line B = Bacillus sp. M70 without 'n.xontmb.ri‘llonite‘
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H. Internal osmotic pressure of various species of

Rhizobium.

Chen and Alexander (1973 ) suggested that there
may be an inﬁersevcorrelation between the internai
osmotic pressure of a microofganiSm and its ability'to
withstand dehydfation i.e. the lower the osmdtic pressure
of the internal confents, ﬁhevgreater the ability of
hactérié to survive dehydration. Because of the greater
, aﬁility'of slow-growing root-nodgle haéteria_ﬁo $urvive
dehydrétion relative to the fast-growing rhizobia, it was
of interést to determiﬁe whether ' the suggestion of Chen and
Alexander (1973) applied to these bacteria.

The results presented in table 28 represent the
estimates of the internal solufe'conceﬂtration of various
species of Rhizobium, relaiive to packed cell volume (PEV¥)
measurements. It must be pointed out that all these values
would underestimate the true value as no correction has been
made for the dilution effect pf the suspending medium, To
eliminate this erfor,_measu;ements would have to be made
of intra-and extracellular water vélumes, enabling expression

of the results as per unit intracellular volume. This has not

|
been carried out, Although not correct in an absolute sense,

the resulté obtained gave an indication of the relative
differences in internal osmolality between the fast-and slow-=

"growing bacteria and the R.meliloti group.



Table 28

"Relative internal osmotic.pressures of various species of ihizobium expressed

as per unit packed cell volume (PCV.).

PCY ~ Osmolality Osmolality  Average for

. (%) (mOsmols. ) (mOsmols/PCV)group
wroup vac rerium » ‘ ' Ctiie siio s, oGy
Fast-growing R.trifolii SU208/534C 18.0 30.5 ©1.69

- R.trifolii €U297/32B (1) 18.0 28,0 1.56

T 2) 12.0 28.0 2.33

R.trifolii SU297/31A (1) 20.0 20,0 1,00 1.49°

- - (2) 6u.0 40.0 0.67

R.leguminosarum TA101(1) 10.0  15.9 1.50

' (2) 6.0 12,0 . 2.00

Rhizobium sp. SU343 20,0 22,5 1.13

Medic R.meliloti SU47A - 15.0 32.0 2,13

rhizobia R.meliloti SU47B 20,0 47.0 - k2.353
Remeliloti CC131 (1) 17.0 56,0 3.29 - 2,36

‘ (2) 7.5 20,0 2,67

235 5.0 10,0 2.00

, 4) 51.0 88.0 1.73

Slow-growing R.lupini UL12 10,0 100, 0 10.00
R. japonicum QA372 (1) 2.0 36.0 18,00 11.69

, 23 3.5 30,0 8.57

3}/ 3.0 30.0 10, 00

L9z
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'Thé fesults in £able 28 shqwed_that>the osmolality
per unit PCV for the slow-growing rhizobia was about
eight times that of the fast-growing rhizobia and about
five times that_of the R.meliloti group;

As méntioned in Methods and Materialé thersmolality
'also_was.éxpressed'as per unit 10510 of thé viable count.
These'results ate,pfesentedvinjtable 29, Once aéain the
'slow-growiﬁg bacteria had éonsistently higﬁer internal
OSmotiq pressures ‘than tﬁe fast-growing root-nodﬁle bacteria. -

The results preésented in table 30, list the osmol