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DEPARTMENT OF
SOIL MICROBIOLOGY

Bl H. (;. THoRr.. ruN

ORrctN oF THE soIL uICRoBroLocy DEPARTUENT

The present department was formed during the period under
review by amalgamation of the earlier Bacteriology and General
Microbiology Departments, shortly after the death of Mr. D.
Ward Cutler, in January, 1941. The loss that his death entailed to
Rothamsted and to soil microbiology in general is well appreciated
by all who are acquainted with his work and particularly by those
who had the honour to be his colleagues. Under his leadership the
General Microbiology Department, started in l9l9 for ttre particular
study oI soil protozoa, had exteaded its interests, as was inevitable,
to cover otier component groups of the soil micro-population, so
that by 1941 no logical distinction in fields of work divided it from
the Bacteriology Department and fusion of the two departments
was a reasonable development.

This fusion $as greatly lacilitated by an important ltet'
enyironmental lactor; in that year Bacteriology moved from its
old home in the James Mason Laboratory into the new labora-
tories which had been built for it in the New Wing and which were
designed to be continuous with those oI the General Microbiology
Department- These new laboratories, though completed in 1930,
were not in Iact occupied by the Bacterioloty Department until
1941, because they were taken over until then by the Department
of Public Health as an emergency war-time measure. Moreover
the new combined department lost the use of four of its rooms.
Two of them provided temporary quarters to Professor J. B. S.
Haldane, F.R.S. and the Genetical Department of London
University, welcome guests whose laboratories in University
College had suffered bomb dama6e. One room similarly helped
to house the Leather Research Association workers who were in
the same plight. The fourth room was occupied by Dr. J. H.
Quastel, F.R.S., Head of the A.R.C. Unit of SoiI Metabolism.
With the retum of these rooms for the use of the Department
a considerable increase in the number of workers has been possible.

STAI.F

The lollowing Scientific Stafl have worked in the DepartD€nt
or in the trivo Departments from which it arose, during the period
under review, and are still rvorkin8 here unless otherwise stated.

Permatent StalJ
D. Ward Cutler, M.A., formerly Head ol the Department of

General Microbiology, died January, 1941.
H. G. Thomton, B.A., D.Sc-, F.R.S., formerly Head of the

Bacteriology Department, norv of the combined Soil Microbiologlr
Department.
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Irttice 1t{. Crump, M.Sc.

Jane MeiHejohn,-Ph.D. Joined the W.A.A.F. November, 1942.

Demobilised, 1945.
P. S. Nutman, B.Sc., Ph.D , A.R.SC.

lVo*ers r*ebirg gllnts fron tfu Agricultrrol Research Cottncil

Janina Kleczkowska, Eng.Agric., Ph.D., came in 1939.

Dagny Oxford, B.A., came in 1944.
B. l{. Singh, }l.Sc., Ph.D., came in 1938.

Janet Mollison, B.ft., Ph.D., came in 1944.
P. C. T. Jones, B-Sc., A.R.Sc.. came in 1944.

W or hcrs rccefu h g s clnlar shi P s

H. K. Chen, B.Sc., Ph.D., came in 1937, lelt in l9O.
A. \'asco Garcia, Eng.Agric., B.Sc. (British Council Scholar),

came in l$44.
S. Bhaduri, M.Sc. (Ghosh Scholar), came in 1944.

In addition to the above the Department is grateful for valuable
help Irom a number of temPorary and part'time workers especialJv
lrom Mrs. Kalmus and l\{rs. Derrv.

SCIENTTFTc rvoR K

In the account which follows no attempt is made to seParate
ttre work of the combined Soil Microbiology Department from that
of its two predecessors because the latter were already working on
lines compiementarv to each other at the time of their amalgama-
tion so that no radicd change in Programme was then found to b€

needed.
In the Soil Microbiology DePartment and its precursors,, two

main lines of rEearch havi beei followed, first the study of the
soil micropopulation as a whole and of the inter-relationshi- ps. oI
its main ioristituent grouP6, and secondly investigations dealing
with the nitrogen-fixing bacteria of leguminous Plants. Other
srrcial investis;tions have been concerned wit}t organisms that
aitack resinoG substances incorporated in soil lor making roads,

with the occurrence of mycorrhizal associations in croP. P-lants,
with the assay of thiamin-in potatoes, and with the toxicity to
plants of 2 : 4dichlorophenoxyacetic acid.

A. Sorr UICRoFoPULATIoN

ln studvhs the soil micropopul,ation there is need for knowledgc
ol the intei-reiationships of tfre aifferent groups and ol the " micro-
emlogv " oI tle soil einerallv. Classical iesearches on soil bacteria
have"l"arselv dealt wilh isolations studied in pure culture and too
often asiuriptions have been made as to the production of chemical
changes in fhe soil by organisms producing such changes iz urfzo,

some-time even without evidence that these organisms are actlve
in soil. A proper understanding oI biochemical changes in soil
must, however, te based on further knowledge as to which organisxns
are in fact active in field soil and why they are able to maintain
their active existence in the face of acute competition from other
groups. For this reason the Problem of comPetition between different
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groups oI the soil population o"Jl* ""*,*u, borne in mind in
pLinning research.

The developrnent ol adequate methods for countint the
individuals of different groups of the soil population is an obvious
prdiminary to the study of soil micro-ecology so that special
attention has been paid to the development of new, a.nd improve-
ments in existing, technique.

l. Dilect microscolic cxtuitalitm of soil

The fact has long been appreciated that the errumeration of
bacteria, actinomycetes and fungi in soil when based on a plating
technique necessarily gave counts that represented but a small
fraction of the soil population. This is because no medium will
support the growth oI all the physiological. groups of organisms
diflering so much in their Iood requirements. Mormver, in the case
of fungi and actinomycetes the diftcuJty of knowing whether colonies
arise from hyphae or from spores invalidates such counts as a measure
of active mycelium in the soil. To meet this difficulty various
methods have been.evolved for the direct microscopic exa.mination
of stained films of soil and for the counting of bacterial cells in
them. These methods have usually involved the staining of filrns
of soil suspension dried on a slide or cover-slip and stained t'ith one
of the eosin dyes. The only method that had given satislactory
results on statistical tests $,hen applied to the enumeration of
bacterial cells in soil was the ratio method of H. G, Thornton and
P. H. H. Gray (1934, Proc. Roy. Soc. Ser.8., Vol. lI5, p.522).
This is based on an estimate of the relarive numbers of bacterial
cells and indigo partides, a known number of the latter having been
mixd with a suspension of tbe soil sample. The erythrositre dy€s,
however, give a weak stain to many organisms in soil and arc
unsuited to staining fungal and actinoml.cete mycelium, while
drying of the film makes it diftcult to observe all the bacterial cells
embedded in small soil agtregates. A new quantitative method
has now been evolved by Miss J. Mollison and Mr. P. C. T. Jones in
which films o{ a suspension o{ the soil in agar are mounted and
examined in euparal. The method at present used is as follows.
A known quantity of sorl is shaken with a lgrown volume of melted
I.5 per cent. agar. A drop of the mixture is allowed to solidify on
a haemocytometer slide bf 0.1 mm. depth to produce a filrir of
known thickness. '[he rcsulting film is transferred to a microscope
slide, staingd in acetic aniline blue and examined in euparal. Counts
of micro-organisms are made in 20 random microscope fields on
each of 4 replicate slides. The volume of the 20 fields is readily
calculated and from this the number of bacteria per gram of soi
can be obtained. In a test oI the method, bacterial counts from
duplicate samples of soil each examiEed independently by two
workers gave a mean count o{ 3,334,000,000 bactCrial cells pei gram
with a standard error of 5.9 per cent. Whea a previous\r counted
suspension of bacteria rp'as mixed with sterilised soil the numbers
" recovered " were 08 per cent. oI those added.

The method can also be used to estimate frurgal and actinomycete
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mvcelium, which stains excellently by it. Here the fragnents o,
hyphae are counted and measured. In a test comParison oI replicate
siii samples, a mea.n lengtlt of 393 metres of mycelium was fourd
per grani of soil, this estimate having a standard error of 10.45 per
Lnt] sotn the above estimates iere made from Rothamsted
dlotment soil. That for bacteria is of the same order as those
previously obtained fiom the soil by the ratio method with added
indi"o ,i.ti"I".. No previous esti;lates of fungus mycelium in
soil'6v itirect measurernent have been made. The estimated lengtl
of 395 metres represents a total volume of 0'69 mm.8 assumhg the
mvcelial hwhaeio have a mean diameter of l.5rr. This compares
wl-tt tUe a.d mm.t per gram represented by the 3.3 x lOt bacteria
found in the same soil.

,. Platirg kclu.iqu.
Althoush €stimates oI total numbers oI bacteria and quantity

of mvceliuim in soil cau be obtained ouly by direct examination,
such inethods do not enable the organisms to be isolated and stugied'
Nor can any d.ivision into physioto-gical groups be obtained by them'
For this reison the complinientary information lelded by plating
and dilution methods is sfrll needed. A &esh study has therefore been
made bv Mr. A. Vasco Garcia of the statistical errors inherent first
in takin'g samples from the fietd and secondly in the various stages

of the plating technique.

3. St$t€! ol lhe miao-foftfuliott ol dtflerc*ly ,rurtwcil llots
This survev has been undertaken with the object of determiniag

what differenies occur in the soil micro-population in plots given
farmvard manure and artificials. Bacterial colony counts on two
olatine media. and estimates. based on dilutions, of cellulos+
Ittactling otgat is*t and of amoebae have so far been made from
plots oi Bainfield (mangolds) that received (c) no .manure or
iertiliser. (D) farmvard manure and (c) complete minerals and

^-m.,nium 
irrlrhtt". The results indicate that whereas farmyard

manure has con'siderablv raised the level of the soil micro-population
oq'ins doubtless to iti suppty of energy materia-I, the treatment
gdth"artificials ha-s also iri&iased numbers of both bacteria and

amoebae relatively to the no-manure- Plot. This.confirms data
oreviouslv obtained bv direct counts of bacterial cells, in shotrng
[n t "r.ti..tifi.i.t 

manuring, after many years of application, has

increased rather than decre"ased the population level of the soil
micro-orsanisms.'---n" 

"f.mot ii beine made to divide the bacteria found on platings
torn it ."" piots, into"physiotogical groups, using a modification o(

the methodi devel-rped in Canada by Lochhead.

4. Charactuisdiol of cannwn soil bwleria
A survev has been made bv Miss L. N. Crump df the commouly

occurring bicteria that appear on dilution platings oI soil. Fifty-thre-e
soil samples comprising botb arable and pasture were exiuruned'
Sixteen itrains oi bacti.ia rvere found to occur in at least ten ot
these samples, seven of them occurring in at least lwent-y samPles-

Different itrains tended to be predominant in arable and Srassland
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respectively, although a few strains were commoa in both situations.
The soil reaction also affected the abundance of certain strains.
The cultural characters of these sixteen common strains have been
compared with those of a number of rela.tively rare strains obtained
from the same soils. But the abundant could not be separated from
the," rare " !We9 fy any common Ieature in their morphology or
in their physiotogical behaviour.

The problem of whv these particular bacteria predominate in
soil in the field raises the important question o{ competition
betwegn groupg o{ the micro-population. Dr. B. N. Singh has deter-
mined the multiplication rates in soil of a number of common and
rare soil bacteria. There is a tendency for the former to have
higher rates of increase in sterilised soii, but there are exceptions
to this rule. Other factors must also be looked for and compelition
or inhibition by other organisms is obviously suggested. This
problem is being studied wiih regard to several gioups"6f organisms.

5- DilferertiaL Jeedi*g oJ soil frotozoa
It rvas known from the work o{ Cutler, Crump and their col-

leagues that the numbers oI bacteria in soil are kept down bv
protozoa and that their numbers fluctuate inversely-to those of
soil,amoebae. (D. lI'ard Cutler, L. M. Crump and H. Sandon,
!9?2j Phil. Trans. Roy. Soc. London, Ser. 8., Vol. 2tl, pages
317-350). Dr. B. N. Singh has found that amoebae and holozoic
flatellates obtained from soil are very differential in their bacterial
food_ requirements 06, 16, I7). Some bacterial strains are readily
edible by all soil protozoa tested, others are inedible to some or ail
of these protozoa, which will die if suppiied v.ith a pure cultue of
such bacteria. Bacteria producing pig-rnents other ihan yellow or
orange were nearly all found to be inedible to amoebae (10). Some
bacteria are not only hedible but produce secretions tfrad are triehlv
toxic to amoebae (18, l9). The existence of bacterial strains edibld,
inedible and toxic to protozoa clearly means that the latter can
affect both the total humbers and ilso the qualitv of the soil
bacterial population by differential feeding.

6- Estimation of protozoal ntmberc ir soil
This discovery of edible and inedible bacteria has enabled Dr.

B. N. Singh to develop a much more reliable method for estimatins
numbers of protozoa in soil than the method previously used, whicfi
consisted in applyrng a range of soil dilutions to poured plates of
"_n {rient " (peptone-meat extract) agar and counting the number
of plates that produced a growth of protozoa. The b'acterial food
was derived from such bacteria as developed from the soil sus-
pension. An evident source of error lay in the possibilitv that a
protozoan added to a ptate might come ro [e imonest 

-bacteria

inedible or toxic to it. In the preient technique, plates df phin agar
are poured and a pure culture of an edible bacterial strain is spriad
on the plate surfa.ce in the form of patches each surrounded bv a
glqss ring. These patches are then inoculated from the soil dilutions.
Eight such_-patches can be fitted into one petri dish thus giving
a good replication with an economy of platis. By this metirod i
protozoan if present in the inoculum is assured of a iuitable bacterial
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Iood and will not be exposed to toxic bacterial secretions, The
nlmber oI protozoa is estimated by the number of patches in which
they develop at each dilution. A'statistical examiiation has been
made of the results oI this method with satisfactory results.

7 . Occurtcltce of gianl rhizofod,s in soil

- Certain grant multinudeate rhizopods have from time to time
been observed in soil by previous woikers, but were belieyed to be
rare and of little importance in the soil €conomv. The use bv Dr-
B. N. Sin-gh oI edible bacteria for cultivating-and countin[ soil
protozoa has now realed the occurrence of iuch a rhizodd in
the soil of our classical plots in numbers of the order of l.(i30 per
gram. Since this organism can attain a volume some 2EO,OOO *i."
that of a soil amoebae it seems likely to be of some importance in
affecting the bacterial population of ihe soil.

8- Distrib*tion atd belwaiau of Aoasdeae ht sctil

--This very interesting group of organisms was known to occur in
soil, but was previously believed to be adventitious and derived
from manure: nothing was known of its distribution. Dr. B. N.
Singh's method of culture has enabled him to study the distribution
oI Acrasieae and roughly to estinate their numb-ers in soit. Ttriv
occur in nearly a.ll arable soils examined both from our own ploti
and elsewhere, but are much less abundant in gra-ssland ioils.
Their occurrence in plots treated over a long period-with artificials
only shows that they are normal soil iniab-itants and not duns
organisms. They can pass through all the stages o{ tbeir life-cvcli
in sterilised soil inoculated with edible bacteria. and causc a mar-ked
reduction in the numbers of the latter. Both .{crasieae and eiant
rhizopods are differential in bacterial food requirements, but differ
in some cases Irom amoebae in the tlpes of bicteria that are edible
to them. _ The type of bacterial lood so greatly affects both the
shape and the colour of the sporangium produced by Acrasieae as to
invalidate the present classificati6n of'lhese orginisms, which is
based on these characters.

MSzxomycetes have also been fouad to be easily obtained from
soil by Dr. B. N. Singh's method.

9- Soil ,rryrobacletio

The great interest of this group oI organisms owing to their
morphology and life-cyde has latelv aroused t-he active interest of
a number of workers in different couatries, Dr. B, N. Sineh has found
that certain sFcies are readily cultivated from soil bv*his method
and can be found in many soils. As with the Acrasieai their occur-
rence in plots treated only with artificials disproves the cornmon
opinion that they are derived from dung. They occur in soil in
mrmbers of the order of 70,00O per gram. llre species studied.
produce extremely active proteolytic and bacterioil'tic enzvmes
which can lyse many species bo[h of gram-positivi and e;am-
negative Eubacteria. \Vhen grown on agar medii, tbe myxobaiteria.
can readily attack liwing bacteria including gram-netative types.

https://creativecommons.org/licenses/by/4.0/


This work is licensed under a Creative Commons Attribution 4.0 International License.

https://doi.org/10.23637/ERADOC-1-87 pp 8

71

lO. Soil adirrorrycdrs
The actinomvcetes form a numerically important section of the

soil's micro-pop-ulation. but technical difrculties have so far pre-
vented us fio.i knowing much about their numbers, habit of life
or ohvsiolocical activities in the soil. On agar media they show

strii<irie diffirences in habit of Hrowth and pigment formation, but
in the Joi.t itselt their sroEth is quite different and uncharacteristic.
Dr. Dagny Oxford, in- a study of their habit of growth in soil and
sand cuitrire, fiods that this depends chiefly on physical properties
such as particle or crumb size and moisture content. ln the sub-
stance oi the soil they occur as straggling mycelia with- occasional
soorins branches, while on the soil surface tults of aerial mycelium
aie fo"rmed, rvhich are quite different in appearance from t]reir
colonies on an agar surface. Under dry cond.itions in soil there
is al enhanced de-velopment of aerial mycelium and spores, bot ol
which oossess a waxv coat which doubtless assists survival. This
*axv ioat makes i dispersed suspension of spores dimcdt to
obtin and thus alfects tlie counting of actinomycetes by the Ptate
method.

Dr. Oxlord has also studied the nutrient requirements o{
actinomvcetes in a synthetic " soil " composed of sand and benton-
ite, and iourd that tley need orily very dilute solutioDs of nutrient
salts and can obta"in nitrogen from a highly resistent or8anic source.

Manv of the soil actinomycetes secrete bacteriolSrtic substances.
Mosi of these act only on- gram-positive bacteria. The nature of
this specilicity is being investigated.

ll, Mvcorrhizal associatiotts itt ctoh llanls
It tias been claimed that common agricultural crops benefit

from mvcorrhizal associations. There is, however, very little known
as to tie lrequency of occurrence or lunctions of mycorrhizae -ia
apricultual crop plants. Dr. -Janet trlollison has made a search for
tf,em in clover- and in wheat. She found a phycomycete fungus
forming such associations in nearly all clover plants examined which
were oltained from widely scattered localities in Great Britain'
Similar mycorrhizae have also been lound in wheat roots although
in this case their occurrence seems to be more seasonal.

B. Tnr xoourB BAcrERra (Rhizobfuml oF LEcuulNous PLANTS

The work on this subject has dealt mainly with the diflerences
between strains of nodule bacteria, particularly those infecting
clover, and with the problems arising therefrom. It was known that
straini of these bacieria derived kom a single host species differ
sreatlv in the benefit that they confer on the host plant. Some
itraini produce nodules that fix very small amounts of nitrogen
and conier no visible benefit on the host when grown in a nitrogen-
deficient medium. 'l\ese inelfectitte strains are particularly prevalent
amongst dover nodule bacteria, and our preliminar5r survey sug-
eested'that such ineffectiYe strains were to be found especially
in poor hill pastures- An investigation was therefore commenced
witi the uttimate obiect of improving the clover content of such
Dastures, either by inoculation with beneficial (i.e. effective)
itrains of bacteria, or by so changing the soil conditions as to
encourage more beneficial strairs to develop.
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t. Dishibutiatt o! ,t orr" 
"1 

a-)) *dyle bactcria isr Great Bribitt
The first need was a knowledge of the geogmphical distribution

o{ ineffective strains of clover Rhizobfum, in order to know in what
districts inoculation might help and also what soil conditions
encourage the development of beneficial and ineffective strains,
respectively. A survey of the distribution of stra.ins of clover
Rhizobiun over Gceat Britain has therefore been undertaken. Clover
plants have been collected fiom districts covering most of Great
Britain, and from the nodules on these plants isolations of the
bacteria were made. Each strain isotated has been tested for
effectiveness in fixing nitrogen on clover grown aseptically in
nitrogen-deficient agar medium. So far 4ti3 strains have been
isolated and tested and 126 others are under test. From 290 isola-
tions obtained lrom Scotland, Wales and from the North and West
of England, 28 per cent. were ineffective, 12 per cent. rvere inter-
mediate in effectiveness and 6O per cent. were effective. From the
South, Centre and East oI England 173 strains have been tested ;
of these 9.2 per cent, ryere ineffective,4.6 per cent. intermediate
and 86.2 per cent. effective. The ineffective strains were mostly
obtained from hill pastures, but so far it has been impossible to
correlate their occurrence xith any particr:lar soil type.

2. Serohgical cluracters of tndule bacteria

During the course of the geographical survey described above
a study was made oI the serological behaviour of the strains isolated,
The object of this investigation rvas to develop an additional means
of cla-ssifying and identifying the strains, and also to see wbether
ttre effectiveness of a Rkizobhtm strain in fixing nitrogen was
correlated with any serological character that might then be used
as a quick means of selecting effective strains. In colLaboration
with Dr. A. Kleczkowski (8), 16l stra"ins of Rhizobium from clover
and 29 strains from plants of the pea troup were tested for agglu-
tination with antisera against four strains of dover Rhizobium al;,d
two strains from pea.

The bacterial strains tested were found not to contain ary
antigen common to the whole goup. $me strains reacted with
none of the antisera, some with several of them, but none with all
oI them.

Strains entirely unrelated in antigenic structure could be
Iound amongst those isolated either from dover or pea. On the
other hand some strains from peas showed close resemblance in
antigenic reactions to some derived from dover. Classification
by antigenic structure thus fails to support the separation of the
clover artd pea nodule bacteria into different species. Nor was
any necessary association found between ttre antigenic structure
and effectiveness in fixing nitrogen or susceptibility to bacterio-
phage. Indeed an effective strain and a very ineffective variant
from it were found to be serologically identical. The knowledge
gained oI the serological behaviour of clover and pea nodule bacteria
has since been of much use in identifying strains introduced into a
field soil and picked out again, as will be described later.

The serological relationship between clover and, Wz Mizobium
suggested that strains might be found that would infect both host
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olants. Tests ol a number of strains were there(ore made by Dr'
F. S. N"t-* and Dr. J. Kleczkowska at Rotharnsted and by pr'

nA .t Cl^xo* (?1. These tests revealed several strains capa'ble

of inie"ti"e 6tt, tbit ptants, although in no case were the strains
effuctive on the " wrong " host.

3. Cornfdition behoeer stra,ins

Before there is much hope of improving the gror*th -of clover
t,, ihe inoculation of soils infected with ineffective strains, there

#e 
-ai 

i.a.t two diffrculties that must be surmounted-namely
Li --o"tition of the " wild " bacterial flora with the strain used

i.'iro.rifLt" the soil and (6) lack oI stability of effective strains

in ccrtain soils. These difficulties will be separately consrdered'

When a pea or clover plant is supplied rvith a mixture ln. equal

numbers of iwo strains oI Rhizobium both caPable ol utectlng rt,
some 80 to 95 Der cent. of the resulting nodules are usualy Produced
fr" """ "I the iwo strains. ln an investigation of this phenomenon

r. tt. Nicot and Dr. H. G. Thornton (12) showed that ft resulted
from a corresponding comPetition between the two strarns rn the
.,'-",-ai"". '*ttidt"th. plant roots. No evidence of a differential
;iri;; i. infection by the Plant roots could be found, but the

"io"n." 
,i tt "." 

roots siimulaied tlte bacteria to multiP-ly in their
I"i"fr-U.*t tta, whereupon the strain having the higher^initial

-uYtiptiotion rate suppressed SroMh of the other strarn Srmuar

".i"itiil". between 
' iacterial' strairs could be induced in the

"*"'nce 
of roots by the addition of a source of energy---iir;. .ompetiti6n tpp"^t. to be specially acute between strains

"^o"ble 
of iirfecting thi same host plant. It has a'n important

t.l..inn on the use of inoculation in tie case of soils beanng in€ttec-

ii"";i?"i"t. in the past, practical success with legume inoculation
ii". *.tt *""Uv Ueeir oUtiined in cases where it was used to supply
;1";;" 

".op 
"rtith nodule bacteria capable of infecting it, in a

soil irom whiih these were absent often because the croP was ol

ieLti*fv recent introduction. Here, of course-, there is no Problen

"i- "..ri:tition 
with other strains capabte of infecting the croP'

ihe ca-s'e is verv different where we seek to replace a wild PgPulation
of inelfective itrains by a relatively small inoculum- of a-benehcral

but otherwisc very similar strain that \rill at once be subrected to

inter-strain compitition in the soil."'--iJunatelv ^when choosing strains fur such inoculation under

fi"il.onaiiio,i. use can be Iiade of the fact that strains differ
t*.itl".U" in their ability to comPete with others in the soil A

sirain fould to be thus successful in Iaboratory tests has Pr-oved
iimilarly abte to maintain itself in the field' The study of the
,:omoetition between two pure stiains placed under laboratory

".lr'iir i.,t s is relativelv east. But when a strain is used to i[oculate
.".a-ft," *moetition"to which it is exposed in the field soil is much

rnoii Oim"rrtit" investigate. The main difficulty is that of- idetr-ti-

fwino the individual strain inserted into the soil rn lhe mldst ol a

iii# 
"ra 

unknown number of wild strains most o[ *'hich will be

ffirti"*ittt Uf" from it in culture. The extensive survey of
I[to.iEJ i"..tions of clover bacteria outlined abose has norr given

;;;-;";. of identification. For it is norv possible to select, for
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seed inoculation, strai s belonging to uncommon antigen groups
and against which an antiserum has been prepared. After the clover
has grown, isolations can be made from random nodules taken from
inoculated and uninoculated plots and those isolations which are
of the same strain as the seed inoculum can be identified by agglu-
tination with the appropriate antiserum. In this way one can
determine what percentate oI the nodules in a lield plot sown with
inoculated seed has in fact been produced by the strain used to
inoculate that seed. Experiments of this nature have been carried
out at four centres in widely scattered districts with different soil
tJrpes. Two stralns of clover nodule bacteria were tested, both
equally effective in pure culture. One of them produced an average
of 59-l per cent. of tlte nodules in plots sown n'ith seed inoculated
with it, the other strain produced an average of only 12.9 p€r cent.
of the nodules, in competition urith the wild strains.

Such results have an important baring on the issue oI cultures
for seed inoculation for they show that, in choosing strains Ior
this purpose, effectiveness in fixing nitrogen under Laboratory or
glasshouse conditions in pure culture is not an adequate criterion ;

a suitable strain must also be able to suryive competition with other
strains in the field soil. The exact characters that give a strain
this competitive superiority need investigation, but we have found
that initial multiplication rate in sterile soil supplies a rough
measure of a strain's competitive strength.

4. Ckarges if elfectiaeness itt fure slrains
The second dificulty confronting our attempts to improve

clover by inoculation is the instability ol Rhizobium strains in
some soi]s. It has long been known that bacterial strains often
show a marked tendency to change their characters, Our present
knowledge of bacterial genetics is still primitive and such changes
have the appearance of being of two kinds-slow adaptive changes
and sudden changes resembling mutations. Changes in effectiveness
of strains of RlrzoDr'nnr had been observed before, and it was claimed
that a slow adaptive change in effectiveness could be brought about
by repeated passage of a strain through the host plant. If this
were proved to be so it would have an important bearing on crop
rotation. A very extensive test was made by Dr. P. S. Nutman
in which an effective strain A was passed thirteen times through the
clover plant, and during these passages attempts were made to
change the strain b], selection and isolation Irom large and small
nodules and lrom plants deriving more or less benefit from the
bacteria. Neither frequent plant passage nor deliberate selection
had the smallest effect on the bacterial strain or on its action on
the plant whether judged by its effectiveness in benefiting the plant
or by the mean size of nodule-a character rvell correlated with
effectiveness.

A sirnilar series of plant passages likewise failed to produce
any change in an ineffective strain.

The strains ol Rhizobium used in the above extensive series of
experiments were thus very thorouguy tested for purity and
constancy of behaviour. Nevertheless when the elfective strain A
was afterwards stored for nine months in sterilised Woburn soil,
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platings made from these 
"ou "lir*", produced colonies, SS per

cent. of which consisted of a highly ineffective mutant strain which
retained its new character in culture for seyeral years. Dr, J.
Kleczkowska has been investigating such mutations in soil culture
and finds that they occur readily in some soils, but not in others.
At present we do not know what character in the soif determines
ryhether mutants of the nodule bacteria will appear in it. Addition
o, NPK or changes in reaction do not alter the soil's natural
tendency in this respect, The problem is one of great importance
to the practice of legume-seed inoculation since it is clearly of lit e
use to add effective nodule bacteria to a soil in which they wifl
turn into ine{fective strains.

Similar mutant forms have also appeared in old agar-slope
cultures and when cultures have been stored at a low temperature-
Until recently all such variations in effectiveness have been less
effective than the parent strain, and by no means could the effective-
ness of a strain be inceased, although when passing the ineffective
mutant SB, obtained from soil, through the plant a very small
percentage of effective mutants appeared. During the past year,
however, Dr. Kleczkotska in. her work with bacteriophage (see
below) has obtained an interesting series oI mutant types arnongst
the 'phate-resistant survivors left after treating the ineffective
mutant strain S,Q with bacteriophage. These mutants not only
iadude remarkable rough and pigmented forms, but also a propor-
tiou that have regained their effectiveness towards the host plant
characteristic of the original strain A from which the ineflective
mutarrt S,Q was obtained by storage ir soil. These variants from
strain A, some ineffective, some that have regained a lost effective-
ness and others with aberrant types of growth on media, all resemble
the parent strain in their serological reactions.

6. Tfu causc of hrclfectiomex

When the existence of ineffective strains of Rhizobi*m was
first discovered, it was generally believed that these strains lacked
the ability to utilise nitrogen gas owing to some defect in their
eDzJ.mic constitution. This could not be demonstrated owing
to the difrculty of getting any strain, whether effective in the
plant or not, to fix nitrogen ;n t itto. lt had, however, been
noticed that ineffective nodules tended to remain small, and it
thus seemed possible that their ineffectiveness might be related to
the aJtatom), or ph.vsiologv of the nodule as a whole. The anatomy
and development of nodules produced by effective and ineffective
shains were therefore investigated by Dr. H. K. Chen and Dr. H. G.
Thornton (2). This investigation included nodules developed on
dover, peas and soybeans,

The main diflerences between effective and ineffective nodules
were fouad to concern the central tissue whose cells contain the
bacteria and which is here called the " bacterial tissue."

The conclusions may be summarised as follows.
Firsl. ln effective nodules the bacterial tissue attains a much

greater volume than in ineffective nodules. In soybean noduJes,
ttrere is, in additions, a mucb larger percentage of infected host-
plant cells within this tissue in effective than in ineffective nodules-
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Saotd.lv. It ellective nodules the bacterial tissue has a uruch
loneer active li{e. In all nodules, by whatever sfrain they are
proiuced, the bacterial tissue linally disinte8rates. This-is due
io ttre bacteria becoming activcly Parasitic and destroying- the
nodule tissue. The details of this remarkable phenopenon have

been elucidated by earlier Rothamsted work (W'- E. Brenchley
and H. G. Thornton, 1925. Proc. Rov. Soc. Ser. B. Vol.39, p.373:
H. G. Thornton, 1929. Proc. Roy. Soc. Ser. B. 1'ol. 106, p. fl0).
In elfective nodules this disintegrition of the bactedal tissue begins
when the nodule is three to four months old and is complete iu a
further one or two months. The tissue thus has an active life of
perhaps four months. In ineflective nodules the stnall volume oI
bacterial tissue is completely disinte$ated whcn thc nodule is two
weeks old. Effective'nodr es thus- differ from ineffective ones
both in the volume and in the duration of the active bacterial
tissue. The total volume (o) of bacterial tissue in a nodllated plant
can be estimated, as well as its mean duration (l) before it disin-
tegrates. If we determine the increase in nitrogen content (t)
of"such a ptant grown in a medium lacking combined nitrogen,
it is possibie to dtimate the quantity of.nitiogen {ixed by a unit

volume of bacterial tissue in a unit time (+ - t) It was found

that this quantity (/) was the same lor an effective as for an iaeffec-
tive strairi, hence, iinongst the strains studied, the ineifective-nes1
was due not to an inabi.[ty to fix nitrogen, but to the bacteria of
the ineffective strain being unable to ;rdtiPly suffrciently or to
last for lons enoush withln the plant's tissues. Some evidence
has been prSduced"that this inability is related to the productior
in ineffect'ive nodules of some subst-ance in the root iuice that is
toxic to the nodule bacteria (3). There is another noticeable differ-
ence in fresh material that distinguishes eflective from ileffective
nodules. The remarkable haemaglobin pigment is as a rule easi.[y

seen in effective but not in ineffective nodules. This fact has been
recentlv stressed by Virtanen: it seems explicable by the very
short <iuration of tlie bacterial tissue in ineffictive nodules, which
could scarcely give time for visible amounts oI pigment to
accumulate.

A. Variation in tle rcs|o$se oJ the lnst fl+nl to inlcdiott

We have so far cousidered the changes in effectiveness due to
variitions in the nodule bacteria. But;ince the cause of ineffec-
tiveness lies in a failure of the correct adaptive balance between

the host DLut and the bacterium, we should expect the Plant also
to exhibiI variation a{fecting this balance. Indeed, during-the extlD-
sive tests of bacterial straiis on dover and especially during Dr.
Nutman's iavestigation of strain stability on plant- Passage, the
verv larse numbelr of reDl-icates examined and analysed brought
out" the iact that a consiberable variance both in nodule size and
effectiveness was attributable to variation in the host Plant. Further
tests showed that when seedlings hom a commercial sarnple- of
red clover were supplied in replicate with a uormally elfective
bacterial culture, onibr two per ient. of them showed an inellective
response. On the other hand when a bacterial strain of low ellec-
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livenq;s was used a few of the replicate ptants showed a response
much above the average. With the highly ineffective strains tested,
however, uniformly ineffective responses have been obtained.
This variance in efiectiveness attribritable to the clover olant has
been shonn to be hereditary by Dr. P. S. Nutman (Nafwe:Vol. 147,
p. tl{i3) who has carried out a genetical analysis of some of the factors
concerned. Recessive genes in red clover produce ineffective res-
ponses when their homozygotes are infected with the normally
effective bacterial strain A. -These 

genes are higl y specific in theii
action towards certain bacterial strains, for the same recessive gene
in the host plant will produce an ineffective response with the paient
bacterial strain A, but will allow other unrelated strains and even a
bacterial mutant derived from strain A to produce an effective
resPonse.

7. Factors cortrollhg infeetion and nodula ttumbers

The work ot Rhinbiun alreadv outlined was either concerned
with or arose directll from the s[udy of di{ferences in the effec-
tiveness with which 

- 
nodules fix nitiogen. But not only is the

effectiveness of nodules, when formed, determined by ahe joint
action of factors in the bacterial strain and oI genes in the host
plant, but a simitar joint control also determines-whether the root
shall be infected and the number oI nodules that are produced.

On the bacterial side, in a number of cases, strairrs ol Rhizobium,
some effective and some ineffective, have lost their power of produc-
ing nodules on the host plant. Drs. H. K. Chen arid P. S. Nutman
studied some of these avirulent variants and found that they were
unable to inlect the root hairs, but were able to producL that
characteristic deformation or curling of the root hairs which is the
preliminary state of infection. The sludy of the bacterial secretions
produ-cing. this curling and the investiiation arising hom this is
described in a later section.

- 
The number of nodules produced by a gir.en bacterial strain is

sublect to an upper limit. This limit is, o[ course, affected by the
plant's physiology as will be seen, but also by some factor ii the
bacteria, since Dr. H. K. Chen (l) has found that the number of
nodules per gram of root is a rharacteristic of the bacterial strain
used.

- On -the plant side a case of the complete inhibition of nodule
lormatron due to genes in the clover host plant has been investigated
by Dr. P. S. Nutman. .{ plant compleiely resistant to infition
SPPearcd amongst some clover seedlings supplied with nodule
bacteria- _This was grown to maturity, "and a'genetical analysis
made.of its offspring. Resistance to iifection hire depends on a
recessive gene which can. however, cause the resistance only if
ljrmozygous in a female plant of a particular genetic constitution.
I hrs very rnterestrng ty?e of inheritance, of course, results in such
resistant plants being very rare in nature. Other genes in the
clover plant have alstbeen-found by Dr. P. S. Nutman" to influence
the time at which the first nodule appears and the number of nodules
produced by a giv.en strain of bacteria. The time of first appearance
of nodules is typically coincident with the openins of th6 'first leaf
as found by Dr. H. G. Thornton in lucerne, but-genetical factors
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in the plant can delay their aPPearance considerabl.v. Both the
first appearance and number of nodules are controlled by factors
in the 

-p-lant 
that produce a blending tyPe of inheritance suggestive

of a cohplex genetical picture not yet analys€d.
The r;llation between the rooting habit of the clover Platrt and

the number of nodules formed has been studied by Dr. P. S. Nutmar,
using lines of dover plants selected to form differing numbers.of
nod es at maturity. In this material the mean number of nodules
oroduced bv the effective strain A was found to be correlated with
ihe rate ofiateral-root formatioE, but not with the total length of
the root svstem. Moreover, inoculated seedlings developed fewer
lateral roots than uninoculated, the nodules seeming to replace
lateral roots. These results suggest that there are points in the -roots
caDable of developing laterals-or, if infected, of producing nodules,
.r,i th.t thu num'ber'of such points is influenced by genetic factors
in the plant. Further work is needed to investigate these relation-
ships rising different bacterial strains, since, as mentioned above,

these abo fufler characteristically in their poteutiality in producing
few or many nodules.

Dr. P.5. Nutman has also found that in agar cultures the
number of nodules and of latera.ls developed on clover was deter-
mined bv the number of olants sharing the same root space (13).

This rediuction cannot wlroly be accounted for by competition
for nutrients. Addition of nu'trient solution in which other clover
plants have grown decreases nodule numbers while the addition
i,f di.titt"d w-ater increases them. Moreover, i{ lucerne and clover
seedlings are grotrr in the same tube, lucerne reduces the lumber of
nodulei on cl=over to the same degree whether or not the lucerne
is also inoculated, but clover reduces the number of nodules on
lucerne onlv if the clover is also inoculated. The lurther investiga-
tion of sucL interactions ma]' throw light on the competitive root
action between mixed crops.

8. Bacteriolhage
The investigation o f Rhizobium lncteiophage was begun because

claims have bein made that the failure of legume crops, particularly
lucerne, may be due to the decay of nodules calrsed bv bacterio-
phage. Morlover, the presence of iphage in soit miSht well affect the
competition between strains of Rhizobiunt the importance ol wtuch
has iren illustrated above. The investigation has been carried out
by Dr. Janina Kleczkowska using a 'phage origrnally isolated from
girden soil surrounding the roots o{ peas, and originally-grown on
pea Rhizobium. Quantitative studies were greatly lacilitated by
in improvement ii-the technique for producin! " pliques," by ulinq
poured platings in which the diluted'Phage suspensron was mlxed
with a young culture of the host bacterium in melted aEar belore
pouring the- plate (5). Statistical examination oI this method
ihowed- that by it vilid comparisons could be made between the
numbers of particles in tuo oi more'phage suspensions.

The plaqires produced by this metiod-develbp in the 
-substance

of the agar by lysis of the n-umerous microscopic bacterial colonies,
thus enibling the action of 'phage on bacterial colonies of dilferent
aEes to be -studied. By rise 

"of this technique the successive
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phenomena that occur during 'phage attack on a bacterial culturc
were followed quantitatively (6). The secondary development of
bacterial growth in a culture apparently cleared by 'pbage was
also investigated. It was found that this growth often consisted of
susceptible bacterial cells co-existing with a high concentration of
potentially active 'phage, but protected against its action by some
product of the previous lysis oI bacteria.

The 'phage used in this investigation attacked a small number
only of the bacterial strains upon which it was tested, but these
indude clover as well as pea Rhizobiurh. It has been possible to
separate from the original crude 'phage a number of 'phage strains
more specific in their action and also ditfering from the original
'phage in tlre mean size of the plaques produced by them.

A number of interesting 'ph€e-resistatt mutants of clover
Rhizobium have been isolated Irom cultures atter subjection to
'phage. Some of these, as mentioned above, differ io effLctiveness
towards the host plant. Others are very abnormal in growth charac-
ters, being " rough " or pigmented otr agar. The addition of'phage to
a culture oI Rhizobiun in sterilised soil rapidly converts this into a
'phage-resistant population. This fact and the specificity of'phage
straios makes it improbable that wholesale destruction of nodules
in a crop can be brought about by'phage. Moreover, attempts to
induce 'phage to enter and attack growing nodules were unsuc-
cessftrl. But'phage is a very useful laboratory tool, as the sp€cific
straitrs can be used to identify susceptible strains of RhizoWum
isolated from a mixture, and'phage provides a rapid method of
obtaining interesting and perhaps useful mutant forms of the
bacteria.

C. Sprcrer, LrNES oF woRr
l. Tlu ttsc oJ tlc luttgus Phycomyces Bl,akesleeanus ia tlr

estinatictt oJ thiamir itt polatoes

The Phycomyces method for assaying thiamin was lound to be
valid for this use in potato tubers arld was applied to study the
increase in thiamin content during growth of the tubers and the
loss that occurs during storage in winter and spring. This loss
was especialJy great during spring storage, when it was apparently
related to sprouting (10). Experiments showed that after heating
in a steamer for 45 minutes on three successive days the thiamin
was not destroyed, but that the bulk of it rf,as n ashed out into tle
Iiquid in which the pieces of potato were immened (9).

2. Tfu relaliott of orgattisms tn duay of tcsitts added ta soil
This piece oI research has been undertaken at the request oI the

Road Research Board (D.S.I.R.) and concerns a problem involved
in processes for making temporary roads by incorporating various
resinous powders in the soil in order to waterproof the road base.
Failure of such roads occurs in circumstances suggestiye of attact
by micro-organisms, but nothing was known about soil organisms
that could attack. such substances. In preliminary tests, however,
Miss L. M. Crump isolated a variety of soil bacteria that could attack
the resins and use them as a source oI energy.

Mr. P. C. T. Jones is investigating the matter. He has isolated
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s numhr of resin-attacking organisms, both bacteria and fungi,
a.nd has shown that their presence decreases the waterproofing
action of the inmrporated resin in experimental blocks made up
with it, and ha-s obtained evidence of ttre increase in numbers of such
organisms in an actual road made with resins, that was begiBning
to fail. The incorporation of antiseptics in the soil with the resin is
b€ing tested, so Iar with encouraging results.

3. Tlu discwcry oJ th4 use of dichlorot'lurory-acetic acid in cott-
trollitg llant grouth

This work began as a result of the previous study by Dr. H. K.
Chen of the deformation of legume root hairs by secretions oI
Rhizobiun. This suggested that the active substance in the secre-
tions was pindolyl-acetic acid, since the addition of tr5ptophare,
the precursor of B-indolyl-acetic acid, to media caused an enhanced
production by the bacteria of plant-growth sub€tance. The actiou
of B-indolyi-acetic acid itself was therefore tested on clover
seedlings under aseptic conditions, and it was shown that tle
pure compound rvould, in Iact, produge root-hair deformation
similar to that produced by bacterial secretions. In these experi-
ments it rras also noticed that both this compound and the related
plant-growth substance c-naphthyl-acetic acid rvere exceedingly
toxic to clover seedlings grown aseptically in €ar, toxicity showing
at a concentration of I to 0.1 part per million of the solution.
The two compounds were tested in lresh soil, but were fouad to be
without toxic effect, no doubt owing to their rapid destruction
by soil micro-organisms. A search was threfore made Ior some
molecule known to be physiologically active towards plant growth
that wor.rld be less likely to be attacked by micro-organisms. A
chlorinated molecule seemed Iikely to meet this requirement since
such organic molecules are usually resistant to bacterial attack.
A likely compound answering these requirements was 2:4 - dicl oro-
phenoxy-acetic acid. This and several other compounds were
therelore tested and the former was Iound to have a toxicity
towards clover seedlings grown &septicaly that was as high as
$indolyl-acetic acid, and to maintain a high toxicity even in
unsterilised soil. Further tests on other pLants showed that 2 : 4 -
dichlorophenoxy-acetic acid was differentially toxic. Its toxicity
was very high towards sugar beet and clover, but ten or a hundred
times the concentration was needed to damage wheat. This
investigation was carried out conjointly by Dr. H. G. Thornton,
Dr. P. S. Nutman and Dr. J. H. Quastel (Head of the A.R.C. Unit
of Soil Metabolism) (f4). At this point the results were reported
to the A.R.C. and further work was carried out in collaboration
with Imperial Chemical Industries mostly at Jei ott's HiU. In this
work a large number of compounds were tested on a wide variety oI
plants, and field trials were carried out. 2 : 4 -dictrlorophenoxy-
acetic acid and a related methylated derivative, found in the above
tests to be similarly elfective, were also induded in an extensive
series of weed-coutrol experiments carried out by Dr. G. E. Blackman
of Imperial College. As a result of these further investigations, both
compounds are now being successfirlly used in practice for the
diflerentid control oI weeds in cereal crops,
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PUBLICATIONS
l. CSEN,H. K. l94t. The limited tumbers of nodt les bn duced on l.ptrm.s

by dilfc!.,tt skains oI Rh.izobium. J Agria. Sci., 3f: {79_4S?.
Pot experimeats were made with red clove! a'ld with soy beans to deter-

mitre how lar the number of nodules developed was a sp€cifi; character of the
strain o, RrizoD; n supplied.

Thc number of trodules per gram o{ root *as foutrd to reach a limit sDecific
to each strain. This limitiag equiLbrium was attaitred regardless of tie size
o( the root system or the age of plant at which tbe culture-was first suDDlied
provided eadugh time were-albw:ed lor the limit to be rea.ch;.

Whetr two dilferetrt straias were applied to the root surroutrditrrs in $rc-
cession, the final auEber oI rodules tas determitred by the liEit jpecilic to
the straitr iD coatact with the roots *hile ttrese were 

-maLiag 
mooe of tieirgro\rth. ID clover this was the secoDd aDd in soy beans the lirslapplied stiaiE.

J. CHEri, H. K. and THoRriros. l{. c. lg.t . Th. strt cttre ol, inaff..-ti t " ,to.ldes and tt< nllutfte ot nitrcg?n lt.ration. p<x. R6y. Soc:'B.,
129. m8-229.

In clover the meao volumc oI active ba.cterial tissue is about tiree tim€s
as great rn ' eftective " as in " ineffecti\.e " nodules o\\'itrg to aD earlv arrest
of grouth rn those produced by ineffectivr strairs. Itr aliuodules thi active
bacterial tissue eventuatly disintegrates, but in ef{ective clover nodules it
remains without disintegratioo for about six times as long as ia eflective
flodules.

IIr clover itroculated with ao ellective aDd an itrefiective straiD the differ-
eoce itr the amounts of oitrogetr fixed could be accouuted for by the diflerence.
in volume alrd in duration of tle active bacteria.l tissue-

Itr peas, trodules produced by atr eflective sEaiD were nearlv t\rice the
length of those produced by atr inelfective strai!, aod their bacierial tis$re
remaitred without disintegratioD for about twjce as long. Itr s,ov beaas the
meatr volume oI bacterial tissue *1as 4.?5 times as gn&.t in eff;)ctive as itr
rneffective Eodules and the percentate of tbat volum-e composed oI iolected
cells wa.s twice as grear. In e{fective soy-beatr nodulcs disi;rtegration of the
bacterjal tissue begatr wheE ttre plarlt was 4 weeks old and fas oracticallv
coEplete by tle l2th week, at which tiEe no disintegratiotr cou)d fe found ii
etlective nodules.

The differeace iu amount o, nikofletr fixed by soy bean Dlants b€arinc
each type ot nodule could be aclountei for whoJti by'the fac6;;;tiaE
above. Thus i! trcth clover and soy beaD nodules ihe'voluEe and duratjotr ot
the active inlected tissue are the main, if oot the ooly. IactoE determiniD.s
dif{ereaces in tritrogen fixatioD amotrgst the strains tesied.

3. CIrEN, lI. K., NrcoL, H. atrd THoRNro!, H. c. 1940. Th. erottth ol
no&tlc ba.lirid in th. .xpi.ssel juitcs frorn lcgurn roots beorirg-cff.ttiv;
and inelf.clit. noil*les. Prc,c. Roy. Soc. 8., l2g,47i-491.

Strains of pea atrd soy-b€an oodule bacteria, differinE i( their eflectivetress
ia b€nefiting the host legume, werrc growrr in media coitainitrg the uDleated
root iuices from uaitroculated host plaats atrd from bost ptants Ueal"g
effective and " ineflective " !odulq<, and their growth was measured.

The gro$.th oI the differetrt bacterial skaitra o! root iuice froE unitrocu.
lated plants was not correlated with their elfectivetress. '

The iuice from roots with eflective oodul€s produced simificatrtly better
groMh of the bacteria tbatr juice lrcm roots- with ineff;tive noiules ia
twenty-sevetr comparisoDs out of lorty.four, the dillerences itr the reeaidog
compa.risotrs beiDg iasigtrifi catrt.

The iuic6 from roots with eflective Dodules produced sigd{rca.Dtlv better
groMh thaE the juice from uniEoculated rooti in tea coirparisonj out of
ts-enty-five, and sigtrificatrtly poorer gro*th iir three coEtltarisons.

The iuice fiom roots with ineffective nodules produced sigtrilicantly poorer
Srowth than the juice from uninoculated plauts in-eleveu comparisoris but of
twetrty-Iive, atrd better growth in ody otre comparisotr.

Tbe productiotr, as a result of inlection, oI soluble substatrces aflectinq
growth of the bacteria, aflords an explanatiofl of those differences iu aoduli
gro\i.th that deterDitre the effectiveness or ineffectiveness of the differedt
strairs oI bacteria as regards nitrogen fixation $'ithin the host.
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4- DrxoN, A. lg:Jg. Tht Protaroa of sonc F:ast Creata'td so"s' J' lnim
Ecol., t, 102-67.

The orotozoatr sDecies oncurriog in tweh'e soils from F.ast Green land serc
deterBiied, a targe'protozoatr pop-ulation wa-s Present i[ soils ftozen for nine
months in ihe viir._aBd tlere_Yis aq uousually large trumbe! oI species of
testaceous Rlilopods. The larBest numb€rs of sP.cies occurred in the soils
supportitrS tle richest vegetatioD.

5. Kt-Eczrowsl<A, l. 1545, The pruluctior. ol Plaql.s b! Rhizobium
ba.t rio?hag. ir. ?-oweit Ptal.s dnil irstah|c as a co*Lting .tid l Bact'
50,7l-79.

A statistical examinatiotr oI Plaque couots, usitr8 a technique oI poured
Dl.a.tes. showed tlat this method cai b€ so statrdardised as to Sive reliable
istimates bv which 'Dhaqe suspeosiotrs catr be compared- The 'Phage studied
ras derived lrom gardeB-soil sirrroutrditrS the roots of P€as and first 8ro\str on
oee trodule bacteria.' Plaoues Droduced bv this method developed in the substauce oI the agar
bv the l'vsis tI the minuie b&terjal colonies develoPi!8 therein Thes€ colonies
ciasea ti be zusceotible to 'phage attack a{ter about 24 hours of iacubatiotr at
26'C.. thus timitiig the plaquCsize to the volume f'llcd by phage diffusion
v.ithin this time.

Both the oumb€r and size of the Plaques *ere af{ected by the concetrtra'
Lion o{ asar. lhe comDosition of the nutricDts in the medrum the temperatur^
of incuba"tion, atrd th; agc of the bacterial suspension used for platins'

6. KlEczKows(a. l. t9{;. /, quantilaht. stud)' oI lh( tnte'r:ttott oJ

Bactctio4hqc il,l.',, Rhizobium si,,g th( t.chniqu ol Pt'ttt?d Plales '

J. Bact., 50, El-04.
UsiAs a bacteriophase derrved lrom a strarn ol Rhizohs,i pfif,ucing

,.odrrles"on Pisxn it waifouDd that $hen suspensions of Phate and of livc
susceDtible bacteria are mixed, a constant perccntage of the Phage particle'
becorie attached to the bacteria. Dead Llacteria aEd live bacteria that are
resista[t to attack bv the 'phage attach to themselves a Percentage of the
;ohase oartjcles whicf, aecreises-*itl io..easing Phage conceBtration. when
Jaa""a to . vounq liquid culture of bacteria the 'Pbagc begiDs to dultiply
rithitr 45 m6uteiaaai do€s so uotil the culture is cleared.--The 

iiDal cotrcenbatioo of pbage particles is itrdepeadent of the initial
dode. but deDeuds oE the ioitial-supply o{ bacteria; it is also greatly afiected
bv tle aee oi the bacterial culture wheD infected with 'Phage.' Whei a cteared culture of 'phage and susceptible bacterra is kePt ior some
5 to I davs. crowth oI the becterii may recommetrce. This s€condar'' 8to*th
consists ,;I s;sceptible Lracteria or o, trew dissociant strains resistatrt to the
'Dhese.' iie reoooulation oI the previouslv lysed (ulture by iusccPtrble bacteria,
emwinc io tie oreselce of'phage, is Bade possible by the aPPearatrce, duritrt_u" pr&"$ or'lysis, o, soie iubstaace that Protects the bacteria against
'Dhase attack.' TIe resistant dissociatrt straiEs of bacteria r€s€mbled the Parent Iorms
antisedcauv and were as ellective i[ aitrogetr firatiotr rYithin the host legume'
The; maindined their'phage resiststrce after cultiliatiou in tbe laboratory uP
to Z- vors. They u'ere_reaiily Produced in soil cultures o{ bacter;a treated
lf,ith 'pbage.

Wien-clover. gro\Io aseptically, v,-as infected \rith a Pure culture of a

R/liro6rt nr stxaitr s"usceptible_to the'Phage resistant varlatrts aPPeared in the
trodules in the absence of the 'phage..--'--A;"r 

the traturallv occ,'rr,n-g strains ol Rhr"btun ttrat werc tested.

"d;t;;;ll Droportiotr'ol stxairs-of pea or clover Dodule bacteri. (10 to l5
p#cent.) weie I'ound to be suscePtible to ttre stlaia of Phage studird'

7 KLEczKo\nsKA. T.. NurMAN, P. S. and BoND, G. 1944. Note on
thc abilila ol cerr;in srtairs olt Rhizobium lro,n O.as anil clotcr to inJtcl
carh oth; s'host Planrs. J. Bact., 48' 673-875

The abilitv oI certaio str?-tos ol Rhizo6{m ftom clo\'er to Produce trodules
on oers and;I certaitr strains from peas to in{ect red clover has beetr con-
ii.riJ uv iod"oeadeat cross inoculaiioo tests oade at Rothamsted and at
cf".io" .' Itr uio" tests, strains were cross_iBoculated t*o or three times and
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after reisolatiou were fouDd to agrcc itr s€rological behsyiou. with thc origilal
cultures-

The foroation ol nodules oD such oross iEocolates, howcver. took Dlace
oaly to a limited cxtcnt, aEd, at lcast i[ the case o, pea ibains o; cf"""r.'"ftc"
atr uousually lotr_g itrterval. ltr ao ca3e did the ho6t itent d€rive visiblei6eGi
Irom tie strain b€lotrging to tbe other itroculation irouo. The fact tb.at ontvcertaitr strai$ will Goss-itrocElatc may explain the 'disagrcement ia tbi
findiDgs of other workeG.

8. KLEczKowsKr, A. atld TBoiNroN, H. G. f944. A serololica! study ol
roo, nodul. ba.J.io front lza aid dot'd inocularion grotlpr. "J. Bact.,-lS',
681-672.

Twetrty-dne strains of nodule bactena derlled from pliants oI thc DGr
rnoculatioo gr9up, 1od 16l strains derived from clover noiules, *ere teitedlor.agglutioatiotr with antisera against six stnitrs of lodule bacteria, lour
derived from clover and two from Dea.

_ No aBtigco or set 
-o, 

antiteB of either O or H type ltras {outrd to bc coEEos
ro Irre wDole group. SoEe straitrs reacted rrl th Eoac oI the atrtiscra. soEe rit}
orUy otre. and otheB with several antisera, but nooe witl all of them.

Strains belosgiog to both inoculatioo group! were {ouod to ci;e aroh-tiaatiotr with five of the antiser4 ; otre aniiserim reacted oaty *itl-.Ti"if
DuEtrer ol straitrs all from clover.

-_ 
N€itb.r ability to cross-inoculete b€tweeE clover and pea host plaDts. aor

enecEvcDlss rn llxrtrg Eittogetr witbin the ho6t plarlt, noi susceptibility to e
oactenophage w:rs trecesarily aasociated sith the presence or a6s€nce 6I anvo[e a[titcD or group of atrtigens. Itrdeed, a! eifective strain and a ve;
rqertectivc variant derivcd from it were lound to be serclogically ideDtical. '

There was, however, a partial correlatiotr betwecn .fteciiveniss anJ tlu ga[tigenic coEstitutiotr.

9. M-EIKL^E orrN, l. t940. A.robi. dcnirrilication. .{na. Appl. Biol., }7,
55E-6?3.

-Two sF,ecies o{ Ps.adomonas are descrited, whicb reduce dtrate to triEit.
iurd trrtrogctr gali itr simple s)athettc media. AE adequatc suDDlv oI a suitablcorga c coEpoDnd is lecessary {or dedtrificaUoq. Both sDeai;; ri denitritvin a€rated, atrd ia uadisturbed aerobic cultures, as well 'as uader anacrobi'c
cotrditions.

At C/N ratio 10, the bacteria grow to high.r EuBbers ia aerobic than ia
anaerobic cultures. The amoutrt ol precipitable oitrosen retaiBed itr a culture
rs drrectly proportioaal to tle bacterial trumb€rs, aid tbererore tbc qm^llcr
loss ot lUtroten ftoE aerobic compared with aDaeiobic culfur€s is a @llrtc_
quence of the gr€ater growth of tle bacteria.

At pH 8.9 nitrite ha9 a poisoEous effect, proportional to its colcenkation.
otr both species ; but at pH 8.0 it is harmless- aad freely reduced.

10. I\!ErK!E_JoHN, l. 1943. Thc tita ,n-B cont.nt ol loraJorr. Biochem.
J.,37,349-351.

Usiat the Phy.orrry..s method ol estjmation tt was {ouod that ttre vitamir
lJl.coEtetrt of Majestic tubers at the tiEe oI liltitrg (S€pteEber) is aboEt
l40us/100g.

Duriag -ttre 8r'os'iDg se+sotr the vitahin Br cotrtetrt ol tubers i[(xeas€a
goltr-ouously up to tbe time oI littiug o{ ma;ncrop potatoes; i! stored tobcrs
rt lalls dunlg ttre wiater atrd spri[g ; ttre geater iait of the loss ta.kes plaac itr
spntr8, atrd is appaready due rather to sprouting-thatr to storage. esoediauv aswbte sprouts have a higher vitanio Bt cbtrtetrt than the tubcr ihicli prodriced
ttrem. ',t-he cotrtent of young poteto leeves is very bigh.

- An adju nt lactor of undetermined nahrre'is p'resetrt i! the cenk6 o,
tubers betwe€n April and August, aad alwa\..s Drese;t itr thc akin hv;

GreeD sprouts coEpletely itrhibit tbe groA.h'of ttre IEEgus.

ll. ME-IKL-EJoBN, J. 1943, Zoss of thiarnin ftorn coohcd pota,o_ Nabjf.e,l5t,81.
lE potato samples st€rilis€d i! liquid media at a D}I oI 6.a bv stcamin

for ,15 runutes oa tlree successive diys it B-as louad 'that fr:oa 2il +o St,- il
ttre thiamin presetrt in the tubers B-as ialhed out itrto tle liquid i; t.he cdlttt.ol EteaEing,
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12. NtcoL, H. atrd TBoRNror, H. G. I94f, Corn?ztition bcho.cr /cta!.d
srrairt of nod{k baarcraa otu ik infhr.i<2 on irq.cliort of ti. l.gtma host.
Proc. Roy. Soc. B., 130, 32.50.

Where trro straiffi of nodule bacteria are both presetrt iD tbe surroutrditrtr
oI their host's root syslem, active codp€titio[ Mweea them Eay cause thc
straitr havins the hiqf,er iDitial growth rat€ almost completely to check rnulti'
Dticatioa oI the othe; strai-tr outside the Plant. This domitrant strdin will thetr
ire resoonsible lor neatlv all the nodules

Itr'Deas atrd soy beans, where growth of the root system is raPid aod ol
coEDaiativelv shok duratiotr, the nodule_producing caPacity oI the Plalt
- it" oartiilv o. *houv satisfied bv the trodules produced withitr tbe trrst
{e# weeirs, so tirat ,urthe'r iBlection. ;hether by thi same or by a djflereDt
str"ain, is checked or itrhibited-

Itr clovcr, r hose root system contitrues to Srow over a loig period, tla
Iirst-formed trodules do qot stop lurther trodules froE beitrS IorEed €itle! bt
thc saEe or bY a diltereDt straio.

Tbere arc Lrgc differeDces io the ntes o, aPpearalce .Dd fioal Dumbcrs oI
nodules producei by diflerent straiG suPplied itr Pure culhrre, Particulatlt
lith clover.

The relltive trumbets oI qodule3 Produced by the t{o strails simultr'
neouslv aDolied to tle roots is cotrditioned by the sp€ciIic i ectivity Peculiar
to eacf st#rin, unless some other {actor, such as comPetition outside the Plaqt.
masks this effect.

13. Nuru^N, P. S. 1945. A la.lot n clou.l nod l. lormalio,t dssocial.il
uirh lh. uolrm. of th. fi.dat rt occapicd by th, toors Nature, 156' 20.

The DuEbei oI oodules form€d on e clover plaDt $o\i'iog on a limitcd
volBEe oI aEal depetrds upo[ thc presetrce ol other Plaqts iD the same tut€
ard the volulmc ot_the medium. The results of an exP€rimeBt itr whicb both
the Iate o{ sowios and the volumc oI the mediuE wcre varied show that thc
trumber oI nodul'es p€r pl,atrt is irlveEely proPortiotral to t-he trumber of
Dlatrts sharitrs the saAe r6ot space atr,d directly ptoPortioBal to lbe volume oI
ihe medium ieductloo o{ the-volume oI the medium to hall beitrg equivaleot
to doublits the soritre rate in eflects otr itrdividual PIatrt aodule Eumtel.

The si;Dlest explaiation that this sPecific volume relatiotrshiP is du€ to
direct comD;titiotr lbr trutrietrts appears to be iladequate aDd it is suggestd
that reduciiotr itr trodule trumb€r may be due to tle production o( a nodule'
iDhibititrg root secretioE, the cotrceikatiotr of whicb varies with the plaat
truEb€r :utd voluEe ol root medium

14. Nuru^N. P. S., TEoRNroN, H. G. atrd QuAsrEL, J H. 1945. Ilhihtior
of Ular.t Elotuth by 2 | 1'dichlorolh.nor!.,ccdc atid atul olfu, flz,tl'
gloi,lh suista*ts. Nature, 155, 497.

The toxic activity oI S.indolylacetic atrd q_traphthyl,ecetic acids oE red
,". ".o*n under sterit; colditioas olr agar is sho\Ia to be considerable..lover srown under sterile cotrditioas oll agar is shown to be considerable.

eermin;tion aDd growth beitrg matkedly affected by coDceEtratioE hiShetsermina-tion aDd srowth beitrg matkedly affected by coDceEtratioDs hjShet
itrro I oo-. t nder similar conditioos and at hjgher cotrceDtratioDs tryPto_
Dhane i3'also toxic : its toxicitv beiry increased by itrocul,atioD wittr loduloola"e li'atso toxic ; its toxicity beiry increased by itrocul,atioD wittr lodulo
Lact ria indicatins that s]'trthesis of i[dolylacatic acid from kyPtoPhano
@ors itr the Pres€lce of aodule bacteria.

lost iD uqsterilised soil
8ro'

fr sterile i.ril the toRicitv of the above compoulds is Eaintahed but it i!
. io uisterilised soit pro6abty owi.Dg to miqobial decomPositiotr. Other
Eth Dromotins substatrces oi the phe[oxYacetic acid group, in particular

owi[g to microbial decomPositiotr. Other
he phe[oxyacetic acid group, in particular
re eoual in toxicitv to heteroauxi! atrd also

..ro*'th oromotitrs subsdtrces oi the pi'enoryacetic acid troup, in particul,at
E : 4{iclloroplenloxya.cetic acid, are equal in toxicity to heteroa.uxi! and also
rebitr activitv in soil for several weeks.ret .in activitv in soil for several weeks.

The activi'tv oI 2:4-dichloropheaoxyacetic acid is less i.tr bev-v Ro[ramsted
soit thatr itr [gLt wobum soil. The compoutrd is water leacbed from soil with
di6culty.

lB ;il lridc differcnces io susceptibitity aPP€ar b€t$ecn the plants tested
(clover. wheat atld sugar beet) suggesting that dichloroPheDox]'acetic acid ia
idnute amounts Eay be employed in weed coutrol.

16. SrNoH, B. N, lg1l. S.t.ctilrity i" bacrcrial lood by soil anocboc;n lT ,.
ttir.t c{tt't r. and an stctilis.d soil. Aatr. ApPl. Biol ' 2E' 52-84.

Bv usiEE a rrlate cultore Eethod it has beetr shown that certaio liaax

"-o.'b.u 
o-q seiect amoag fivc atraias o, -4c|obo.l.r the oDes Eost rcadily
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eaten, altbouSh the straitrs differ or y ttr very mitror r€sp€cts. A wide raoge o,
bacterial s?eci6 w€(e also tes*td, ot these some wera comDletelv uDeah.
others reaa y eatetr and others Lt"" t" .-" u*teot. 

-il-.'dj#;;;; i
showtr betEeetr Sram poGitive aIrd gram Degative forms. Ia sterilised soil
inocul,ated rrittr edible atrd Botr-edible species ol bacteria the amoebae reduce
the numbers of the edible species.

16. SINGH, B. N. IS4l. 'Ih? i llu.lVc oI dilf.trrrt badtiot lood sgltks at
,hz ralc of t.?toducrio* ir tolpoda'ste'iiri i, otd thc fitots ;ttiiueac;4
erryslation. 4trtr. lppl. Biol., 2t, 66-73.

The rate o, reproduction in Co,lpola i-aries cotrsiderably with tle bect€nal
{ood supply, the age oI tbe culture, the size of itroculum; and tbe Detabolic
products. Tbe metabolic products o{ bacteria and Protoroa have a stight
retardiDg effect oD the rate of reproduction. Tbere is Eo evidence of alle-
locztBlysis in Colfoda either iu isolated indi\.iduals or i! mass cultutes.

Tte resista[t or " dauer " cl"sts are Iormed oDIv $hen there is Dracticallv
tro bacterial food presest itr the aulture solution or ii the preserce ofunfavourl-
able lood supply- The metabolic products oI bacteria and Protozoa have no
iaflue4ce on the formatioa o, resistant c),"stsin Colpoda.

Excystation takes place even in dried cysts ol hore t]Iaa 3 motths in the
preseEce oI bacteria. No exc,station takes place itr such dried cysts when ttrey
are moistetred wit}| only soil extract without the pr€setce ol bactari&

17. Sr.-cH, B. :\-. 1S42. Selecrion of ba.terial food b) soit ltag.ltat.s a d
antoebar. Ann. Appl. Biol., 29, l&22.

The rood prelerences o( two soil amoebae atrd a soil flagelate, Ccr.ononas
crassi.4uda, were compared as regards Iorty-eight sEaitrs of bacteria, wb:ch
iacluded a miscellatreous group mostly from sojl, a group o{ Rhizob; n sl'a;ins
atrd a group oI plant pathogens. The amoebae were able to eat about bal, oI
tbe strains b€lotrgiDg to the miscellatreous group and most o, the plant pat]to-
8ens. Nearly all the strains ot Rhizohun wefe inedible. I'he Crreororus ate a
rather larSer trumber o, shains thatr did the amoetrae aod diflercd ,roln t}le
large aEo€ba itr its lood prelerelce as regards eleveE out o, ttre Iorty-eight
bacterial straiffi. The platrt pathogetrs tlat were itredible by amoebee pio-
duced an €xo-toxrn harmful to amoebae, but without apparent erlecf on
Cercohonas, which could eat all these straiDs lrartly or completely. Slime
produced by certain strains ot the bacte.ia did not inhibit tht {eeding oI the
protozoa.

18. SrNGs, B. N. 1942. Toric.IJ.cLt of crrtain bad?,ial ,D.labolic ptuturk
on soil frototoa. Nature, ll9. 168.

19. STNGB, B. N. 1945. The s.l.ctiort of ba.r.rial lood by soil a oebo., ond,
the laric clfeck oJ barlelial pigrner.ls and othel proil crs or soil ptolozoa.
Brit. J. Exp. Pa r,26,316,325.

Bacteria may be edible, itedible but harmless, or toxic to soil amoebae. Itr
a sun'ey of 103 bacterial strains it {'as toutrd t}at those producitrg red, violet,
bl-ue, 8r€etr or fluoresceot pigmeats wete oot eatetr by prolozoa. TLe pigmerlts
ol BaciUits ?tdigios*s a!.d Chlofiobaat tir.m liolacium are tozic to protozoe,
as are the metabolic ptdncts ol Battcliun ?yocldna.t r. The calcium 6alt of
penicilliD is not toxic to protozoa eveD iD stroBg cooce[ir"atiolls, while pedcillic
acid and cikinitr seem to be toxic up to a concentr"atioD of l/1,50O.

20. THoRNroN, H. G. 1946. Elt.ctivc aid ;tcJfc.ti,t strcirs oI t.gtln?
,Lodrie backria. Nature, 156, 654.

A sumEary ol worL at Rothamsted as it touches upon the r€sults obtailed
in Prolessor Virtatre!'9 laboEtory at Helsitrki,
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