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Rhizobium in the Soils of the
Rothamsted and Wohnn Farms

P. S. NUTMAN and G. J. S' ROSS

Inhoilrction

This DaD€r reDorts counts made of root nodule bacteria in the classical

n.iJ J*p..i."nt. ("xcept Broadbalk field' the results for which were given

ii irrtl of no*instei Report for 1968), in the long-term fallow plots and

in fields where legumes have been inoculated' Some other counts are

ru.-u.ir"a in rhJ Rorhamsted Reports for 1960 (p' 68'), for 1962 (p' 79)

and for 1965 Gt. 86).-'ii".l"r 
of tiarle bacteria cannot with certainty be identified-by cultural

"f,uiu"t"ii.ti"t 
and so counted by plating' Enumeration depends on

tf," noauUtio, of an appropriate host, grown in a sterile- medium' from

ino"uio oi soiuffy diluted samples of soil' The estimate of the nurnber of
;;d-;l.r l;1h. oiiginal sample is then obtained from the distribution of
.oJuiuiJpf"nt. in-the test, ind rests on the assumption, verifed by.experi-

tn"nii 
"iiri 

pu." cultures (bate & vincent, 1962), that a single cell of the

"ooio*1"t"',Ur"o6r'ur 
introduced into the plant culture can sumce to

pl6aol roOur.t. fechnical details and cultural methods are given by Date

and Yincent (1962).-'-5"riui-aitution. 
"sed 

as inocula usually differed by a factor of l0' but

";i*"11, 
by 4: 24 replicate samptes of soil were used and each

;ilr.r,i;; wis inoculated to )-4 plunts. Because test plants are sometimes

^ii""[ea 
Uv funsi introduced in the soil suspension, each plant culture was

"i"iiGLO "'t 
+ inodulating)' - (not nodulating) or-blank.(dead orseverely

;;;;;), andlhe maxirium likelihood method for estimating the most

i.oi"lf" ru.*t of bacteria (MPN) in the original suspension was modified

ioia[e account ofblank readings. In the tables and figures results are given

". 
i.""titft.. (base l0) of nu.b"t. p"t g dry soil' Variances, of the esti

-"i"E f"n deniities haue two independent compooents, the dilution series

;;;i;il;rd the sampling variance. The dilution series variance depends

-.intu oo the dilutio; factor and the number of tubes per dilution, and

iI. inio trU"t in a tenfold dilution series averages 0'15' although the

"uilun"" "r,"e"at 
tnis figure if some plants die' The sampling variance and

oiiuiio, se.i". uutiancelombined can be estimated from the sub-plot error
ir'. ."rri*i"a trial, which for Broadbalk over the four species averaged

0'30; risults for Barnfeld were similar (0'28)' Where the range of dilutions

"t 
or"n .i.."0 either the starting or end points for nodulation' numbers

"i" 
gir"n ut f"'tn"t than, or more than, specified values' The counts recorded

ur ri.o ln the tables are to be interpreted as fewer than one organism per

Ot g iry ..if. Rhizosphere counts are related to the dry weight of the soil

adhering to the roots.
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RHIZOBIUM IN SOILS

The four common spcies of Rhizobium found in arable farmland were
separately counted by using different test legumes: v'a Yicia hirsuta for
Rhizobium leguminosarum, Trifolium pratense for Rhizobiwn trifolii,
Medicdgo satiud or M. lupulina for Rhizobium meliloti, and Lotus cornica-
ldtus or L. uliginosus for Rhizobium lupini.

Test plants were grown on a N-free mineral salts agar medium (Jensen,
1942) so that their growth can be used to estimate the effectiveness with
which the most numerous representatives of the bacteria present fixes
nitrogen. This estimate may be affected by other soil micro-organisms
introduced in the soil suspension and by the presence of both eflective and
ineffective (non nitrogen-fixing) nodules on the same root. For this reason
effectiveness is best judged from plants nodulating with the most ditute
inoculum or by supplementary tests using bacteria re-isolated from single
nodules taken from such plants.

Barnfield

The 0-l in. soil layer was sampled in February 1967 before Barnield was
sown for the first time to field beans (Vicia faba). To count R. legumino-
sarun and R. trifolii four samples of soil were taken from each of the
original plots (see Table l). Two of the samples were taken from each half
plot sown in the previous year to mangolds (a) or potatoes (b), one from
the sub-plot given no fertiliser (N6) and one from the sub-plot (Nr) given
1.8 cwt ammonium sulphate per acre (except in the 0 and 3 strips which
were not subdivided for the nelv fertiliser dressings). R. lupini and R.
meliloti were not counted in the samples taken from the Nr sub-plots.

The beans sown in Barnfeld after February were inoculated witl a peat
culture of Rhizobium legurninosarum from Dr. D. A. van Schreven,
Kampen, Holland, except those for strip 3 which were sown with un-
inoculated seed. In May 1967 bacteria in the rhizosphere and soil (between
rows) were counted in duplicate samples taken from the 3 and 8 (no
PKNaMg) and 0 (no nitrogen fertilisers), and A (amrnonium sulphate)
combinations only, and from winter beans growing in the neighbouring
allotment field.

Table I shows the average numbers of the four Mizobium species for
each plot, combining (a) and (b) and (N6) and (Nr) sub.plots.

Rhizobium trifolii ar,d R. leguminosorum were about equally frequent,
with average numbers per plot ranging several hundredfold. R. tupini
and R. meliloti were very scarce; many samples contained none and no
sample contained as many as 100/9 dry soil. Analysis of variance showed
significant differencrs between plots of each series (l-8 and O-C) and a
highly significant interaction between series. FyM seemed to decrease
numbers, and nitrate and ammonium sulphate to increase numbers more
than did rape cake, but b€cause there is no true plot replication the
interpretation of these effects is uncertain. The analysis also showed no
effects of previous cropping or of supplementary dressings of nitrogen
fertitiser recently applied.

Rhizobium numbers were quite unrelated to the long-term mangold
yields, which ranged from 3 to 28 cwt/acre (Watson & Russe[, 1143)
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RHIZOBIUM IN SOILS

and so provided very different amounts of roots to indicate any rhizo-
sphere stimulation.

The rhizosphere counts on the frst bean crop grown in this field showed
that large populations of R. leguminosarum developed rapidly in the root
zone, where numbers resembled those in the adjoining allotment field
where beans have been frequently grown. Inoculation had no effect otr
the. rhizosphere population but slightly increased the soil population,
indicating that some of the peat inoculum was introduced into the inter-
row soil.

No isolates were taken for separate tests of the effectiveness of the
bacteria,in fixing nitrogen but the responses of the plants used in the
co '.nts. showed that fewer than 5l of the most numerous bacteria present
of R. leguminosarum and, R. lupini were ineffective \yith yicia hirsita and.
Lotus comiculatus respectively. However, 15,% of the clover bacteria and
abotrt 20'% of the medick bacteria were poorly effective or ineffective with
Ttifolium pratense and Medicago sativa respeitively.

Iang-term bare fallows

Continuous fallows were begun in 1960 in secrions of Hishfeld
(Rothamsted) and in 1959 in Stackyard (Wobum). The site on Hiibfeld
was ploughed from permanent grass, the Woburn site from potatoei after
an arable sequenc€ without legumes since 1944.

Counts \f,ere begun at Woburn in June 1960 and at Rothamsted in
December 1960. Because numbers in the surface (0-l in.) and sub.surface
Q-4_ in.) soil were similar, counts for the two samplej were combined.
Table 2 shows th€ logarithms of the mean numbers fer g dry soil at each
time, of sampling. Initially numbers of R. t ri/olii a, i. leiumiroraru^ were
similar in the two fields but there were morc R. meliloi at Woburn than
at Rothamsted. During 1961, which .r as very dry during early summer,
numbers fell sharply, especially of R. meliloti at Woburn, bui later the
rates of decline of each species were less; at Rothamsted numbers of
R. trifolii and R- leguminosarum tended to fluctuate rather than decline.

At Wobum R. trifolii remained slightly more numerous than R.
leguminosdrum whereas at Rothamsted R. trifotii was constantlv about
100 x more abundant tharr R. leguminosorum. In both fields the X.
meliloti were few. Many samples from both sites taken since 196l con-
tained no recoverable cells.

The increase in the numbers of R. trifolii ar,d R. leguminosarum im-
mediately after the drought in 196l and in 1963 may havi been caused by
leguminous and other weeds that grew when cultivitions were impossibli
because of soil conditions (at Woburn 8 cultivations were done ln 1960
and 1961, 4 in 1962 and 3 in 1963). The possible effect of weed growth was
examined in soil sampled from the plots in August and December 1963 into
pots, and kept moist. R. ttifolii and, R. Ieguminosarlrm were counted in
the soil and -in the rhizospheres of some of the weeds that developed (and
in the rhizoid zone of the moss layer that formed on some of tire pots).
Table 3 shows the logaritbms of numbers in the rhizosphere and the
ratios of numbers in the rhizosphere to numbers in soil (R7S)- Fifteen of

l5l
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TABLE 3

The stimulation of Rhizobium trifolii azd R. leguminosa rum in the
rhizosphere of weed species in Woburn dnd Rothdmsted fallow soils

Irg estirnated no./g dry rhizosphere soil atrd iatio of numbers io
rhizosphere (R) and soil (S)

Expe ment I August, 1963
Rothamsted U ica ureis

Poa annuo
Woburn Gnapthaliumulhinosum

Poa antua

Experiment 2 December, 1963
Rothams(ed SrellarianEdia

Medicago lupulina
Most rhizoid zoneWoburn Spergularia sp.
Moss thizoid zone

Rhizobiton tifolii
Rlizosphere R/S

5.65 l45.,18 < I3.t6 <I
3.50 2

4.15 35.82 675.31 2t4.58 27
4.4' t9

Mi z o b iln I eg umiio s ot u t, t

Rhizosphere R/S

5.04
4.48
4.88
2.17

2.8s
3.17
3.29
2.47
t.a

180
50

6300
l2

l0

28
1

<l

the eighleen R/S values were greater tban unity, and in most comparisons
the rhizosphere effect was appreciable, indicating that some planis other
than members of the Leguminosae stimulate the;ultiplicatio; of nodule
bacteria. Most n. fifolii \ ere folufitd among the roots oi the single medick
plant that grew in th€se pots (which, howiver, was not nodulited, indi-
gting the absenc€ of R. meliloti). Most R. leguminosarum was found in
the rhizosphere of Urticd urens. Thzt seeds of leguminous weeds are
scarc€ at the Woburn site was also shown by Thursion, who found only
three viable seeds each of Medicago lupuiina and. Tiifolium repens in
30/Kg of soil sampled between 1960 and 1962, and none in 1963 (personal
communication).

Miscellaneous counts in anbte fietds

Table 4 summarises counts of X. leguminosarunt ald, R. meliloti m de in
fields before starting inoculatioo experiments.

R. kguninosarum. This species occurred in all fields sampled, but
numbers were very few in the acid soil of Sawyers III, where bians were
not known to have been grown before. The rhizosphere of young bean
plants during early spring (in Delafield and Great i.ield I) aiead-v con_
tained as many bacteria as recorded in the much older plani.s rhizoiphere
(Table l); numbers in soil under cereals after beans we;e about one-tenth
as large as in the bean rhizosphere.

R. meliloti. In fields growing good trefoil (Stackyard A in 1960 and
Stackyard C in 1962), R. meliloti was abundant, specially in the rhizo_
sphere.

Butt Close field, which is not known to have been sol*n to trefoil but
probably contains medick weeds had a small population of R, meliloti in

153
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TABLE 4

Miscellaneous counts

A Rhizobiu leguminosarun

Field atrd history
Delafield

Gr€at Field I
LoDg Hoos III
Great Field II
Butt Clos€
Sawyers lll

B Rhizobium neliloti
Wobum Srack,.ard A

Wobum Stackyatd C

Butt Oose

Sawyers I

Feb. 1962. Io wht€r beaas after four
v€aJs ceftals

Feb. 1962. Lo winter beans after tr{o
veaii bcatrs

F(fo. 1962, Io cerEal after spring b€atrs
Feb. 1962. I[ cereat after spring beans
Feb. 1962. After spring beans
Feb. 1962. No record of bcans

Oct. 1960. ln weu esrablished tFfoil
(Medi@go hqulba\

Feb. l'962. In tEfoil

Feb. 1962
Cofla8p eod

Irrigai'ion end

No record of sown legum€s

Estimated
log Do.

RhizobiumpH pct I soil

... 6.79

... 6.36
7.8 5.(B
7.3 5.79
6.9 5-19

5.8 1.76
5.8 2.O7
5.6 2.23
5.6 r.15

... 7.85*

.,. >7'87'

... >9.16t

... >7.22.

... 5.31

... 4'00... 4'37

... 5.06

6.7 3.18
6.6 1.4
6.7 3.23
6.6 l-15
6.9 2.77
6.9 3.2
6.9 2.33
7.1 3.59
4.9 0
5-r 0
5-2 0
5.1 0

1962. The field was slightly less acid at one end than the other, and popula-

tions were larger in the less acid areas.

Counts were made in Stackyard C and Lansome fields in 1960 to
investigate the poor establishment of trefoil grown from uninoculated
seed in land not previously known to have grown trefoil. Soil from plots
in the experimenl growing ryegrass contained either none or very few

R. ntelitoii, but thC rhizosphere of the trefoil contained R. meliloti in
numbers ranging from fewer than 100 to more than 100 million per g of
dry soil. Stackyard C seemed to be more favourable than Lansome to the

batteria and io nodulation. Numbers of nodules were correlated with
rhizosphere populations at Lansome but not at Stackyard C, and in both
fields neithei nodules nor rhizosphere populations were related to vigour
of growth of the plants. The poor growth ofindividual plants rvas probably
caused by late, and consequently ineffective, nodulation from the small

scattered population of R. meliloti present in these fields, and did not recur

when inoculited secd was sown (Rothamsled Report for 1962' p.19).
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Wobum Stackyard C Oct. 1960. Not knowo to be sown Dre-
viously to trefoil. In ryegrass 

-

Itr tr€foil (nor inoqdlt€d). Wel-grown
plants

lo trefoil. poorly-grown plants

Wobum Lansomc Oct. liio. Not koowD to tE sown fis-
viously ro t Efoil. In ryegrass

In trefoil, Well-grown plaots

In befoil. Poorly-grown plants

+ Rhizosphere coutrls; remainder soil clunts
Eaah soil count mean of4 or 8 samples
... - no ottserval roDs

TABIE 4 (contitued)

Miscellaneous counts

RHIZOBIUM IN SOILS

No. of Estimated
nodules log no.
on pl,nl Rhizobiatu
sampled per g soil

0
0.78
0
1.36

> 6.45.
6-19.
7.85.

>6.57.
3.36.
7.85.

> 8.50r
> 8.60.

... 0... 0... 0... 09 2.80.5 6.m.
0 t.43.0 3.96.
I 4.57.
0 3.36.

30 >9.m.
2 4.79.

a
6

50
90
0

58
50
36

Gar.den Clover

The garden clover plot, measuring 8 x 12 ft, was establisbed in lg54 to
grow red clover continuously on rich garden soil at Rothamsted Manor.
The equivalent of more than 20 tons/aire of green matter was harvested
per year from this plot at first. But yields then declined, sometimes to less
than I ton/acre. and for many years the ptot has been resown or partly
resown-annlally. The plot or part of the plot has been given dressings jf
lime, fertilisers (including molybdenum) and treated- with formilin,
carbon bisulphide, clover nodule bacteria and soil extract but without
appreciably increasing yields.

Two_soil samples were taken in February 1967 from the sub_plot given
molybdenum and not treated with formalin. These contained averagis of
154 000 cells tsr g dry soil of R. trdolii, 9 cells of R. leguminoiarum,
(capable of fixing nitrogen on T. pratense and Vicia lrrisara" respectivelyi
and none ofR. /rpini or R. meliloti.The numbers ofclover noauli tlcterla
have. probably been sustained partly by inoculation and partly by the
continuing presence of the host, and the poor growth of clover cannot be
attributed to lack of effective bacteria.
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parl Grass

Samples-were taken during the winter from the limed and unlimed sectionsof certain of the plots given no manure or given nitrogenous, lninerat
or_organic fertilisers (see Table 5). Each sample consistjd of either the0-l in. (surface) or 3-4 in. (sub-surface) parts of t"n traf incn toies taten
i, IT!3;n-f..T *ch sub-plot. The ten part_cores were mixed and duplicate
z-J g sub-samples taken for counting-. In addition, some plots were sjmpled
to a depth of 12 in. and samples oi clover rhizospheres ,"e." irt"n f.orn
ptots contatnlng clover.

Table 5 shows the numbers of the four species of Rhizobium in the sur-
facc and sub.surface soil samples and in ihe .rou.i .ilio.prl.i" irl, uno
also the occurrence and relative abundance of tte I"gumin6us 

-splies 
in

each plot and the pH of the 0-3 in. layer of soil.
The-most striking result is the absence (i.e. fewer than about I organism

per_0.5 g soil) of ,Ri izobiwn melilori from all ptors,urpl.J; inis *ir"tut".with the fact that none of the hosts of this nodule U"iii.lirrrr_rr""i., .f
Y^"!:::l:,_ Metilotis ,ot Trigonella_has been recorded i, fli. pror..poputatrons oI the other three species in the soil of the different Dlots also
cepenoed on the presetrce o[ appropriate hosrs. except (iS for R- ierumino-
rarun in the nitrate plot without fime and in the mineral'ptot wiftBut pX,
both.of which adjoin plots containing Lath;rus o, lrr."i" io tfr"iil*..tug",
and (ii) for R. tupini in the limed halves of plots f anJ s, b;ih Jwhict
contain-a few R. lupini b$ not their host plants. the average .oiipoprfu_
tions of R. ttifolii were about ten times larger tna, tfroseoli.lelr_trr-
sarum or R. lupini.

, Provided there are some host plants presetrt, the populations of nodule
:i:,_.j,: 1l rie, soit are.onty slightty. influenced or are unaffected by the
aDundatrce oi the host. In view of this, the large effect of the clover rhizo_
sphere was unexpected. This effect is restricte<t- to n. l.rfriij 

"*."ri'fo, ,"
Iimed_ sections of plot 18 where R. leguminororu^ 

"ii i-.' iuiii ur" ur.o
stimulaled. On all plols not given niirogen fertiliser,lt. ,[ir"rJ*. 

"fclover seems to have fewer R- lupini than the soiL some rhizosphere
populations of R. trilolii werc very large, and the dilutio" ,".i., u..Jfinif.a
to. grYe any negative readings for half of the samples. This rhizosphere

:,]T-rfld* oj A.1if1!ii was greatest where the,oif ,n",,om"r"frui u"iO,
as rn the unlimed half of plot 3 and in plots 5ll and 512, although the
largest populations were in the limed ploti. The cloveruoJlf" 

-UuJ!.iu 
ot

some- of the limed plots were a majoi constituent of the totai Ualteriatpopulation of the soil counted on a ioil-extract agar.
Po.pulations of R- tdolii aDd R. leguminosarui but oot R. luDini \\erc

usually 7-8 times larger in surface thatr in sub-surface soit. faUte'i-sfrow,
additional counts made in samples from plots Z, S unJ i: io u GtL of
l_2 in..-Qn the unljmed parts, specially of plots f aoA t3,-numUlrs of
l<. trilolii and R. leguminosarzzr decreased iegularly with iepth, and atll-12 in. were about one-hundredth of ouibers'in tfre-s'uriice soil.R. lupini ocruned,-more irregularty through the p.onl",- unJ ,ir-.*"A .o
crear 

.rrend- wirh depth. All species were irregulaily disiribured and not
especratty abundant in tbe top I in. of soil.

t5't
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TABLE 5

Disrribution of nodule bacteril in the soil profiles of Patk Gras plots

PIot 7

7,9 aml 13

Log estimated tro./8 dry soil

SamPle
deptbiin.) R. ,t/ord R. legununosarum

Limed 3-l .1'.A i:3?
7-8 4'O1 4'69
1l-12 3'81 4'08

llnlimed O-1 4 36 3'80
3*l 241 <l'61
?-a >4'69 1'93
ll-12 215 2'32

Limed 3'l i\1
7-8 1.60
tt-12 0'86

Limed H i.i9
7-8 4'13
tr-12 4'25

untimed 3-l i'*
Ta <4'lt
ll-12 3'55

R- ltlpini
2-39
2.81
2.56
r.25

< 0.57
< 1.63

5.48
r.16

4.05 2.29
3.47 <0'60
2.40 2'75
1.68 l'sl
5.01 <2'99
4.83 3.16
4.16 6.16
3.U 2'm

2.30 6'62
< 3.,t0 2.18
<3.02 l'71
<2.92 2'65

Plot 9

PIot 13

Liming greatly inc reased Rhizobium numbers, probably partly indirectly

w ili'"nt? i, ii".easing the amount of host species in the herbage' Each

;il;;;i.;ilrir.-*u. found onlv in plots with 
-soil.less 

acid than

.ii ao .ra theY were usually more abundant on the alkaline plots' Plots

Ir*of.i*"* Ji,f,e. acia 6if 4'2-5.'7\.ot slightlv alkaline (pH.7'v7'6)'

il"lri""o ttt"t" groups, but not within them, thete was a consistent effect

;i;ii:;tii;#; nldule bact"ria occurring in the soils (and in the clover

;#;;;;;t;;iit. uit 
"tin" 

than of the icid group .The alkaline soils

ffi;"JJi; ;;;;;R. ,riIotii,13 times more R' teguminosarum and

t40 tilr.t more R. /l/pizi than the acid soils''-;il;ffi;l-;ui'r.. ot tt" unlimed part of plot 9 are Holcus lanqtus

i" 
"ir","t 

t, 
",IJ 

zi iiiii ,rnuit. Soil samples taken from the soil under the')i^i,;i 
,"rrit aieas vielded no nodule bacteria whereas soil under the

h'"i*i tiliii rt"u 
"'on,uin"a 

a few R' t folii' which because .ol their

I.nu.ualsymuioticcharacteristics(seenextsection)areprobablylndtgenous
to this plot.

The srmbiotic ch&rcteristis of Park Grass strains of Rhizobi*m tifolii'
il";;;;;;;,-(.;ti numerous; members of the Rhizobium populations

;;;";i;i; ;;;; obtained uv isolatins from nodules formed on test

l'"Jii;":';;";;;J*i,i, ir'" most diluti soil suspensions that Produced

;H'rt;i: fi;;; iio,', in" li."a and unlimed parts (when present) of

ilJti'i, 3, iiliit, i, s;iiana ra' ea"h isolate was Gsted on four replicated

il;t'ri iri\oiliu 
' 
prot"rt" grown aseptically on N-free mineral salts
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medium- in test tubes kept in a glasshouse. Comparison was made with
1ni1ocll11ed 

ptants, and wtth ptants inoculated i,ttf, 
"iif,l, 

if,.ir."ti".
:yaln 

u4uj 
.or the olrstandingly effective strain 5 (Rothamsted collectionsrrarn numbers). The extent of nodulation was recorded and growth

measured 
-by 

grading for size at intervals uoa Uy -.a.*lrlarf iveignt atbarvesr (80 days).
Isolates did not differ in the rime at which they formed nodules, butvaried considerably in their symbioric 

"fi.;i,.r;;;;.';;;-io 
"n"r',iu.., 

ornodules produced. Fig. t shows the dtrt.iurii"" 
"-r-""f"1-ti#r.l?ooru,",measured in relation ro the drv weighr produced UV ,-t 

"i"'gfOi'<lmZf.with the exceptions discussed u"1"yIav ".ifi;;;i 
j""ii"fr'*rrnrly

for each set of isolates; the varialion ;"; ;;;r;;;;;ii""i'i*, 
".igi"and,corresponded to that expected in tests wirh fou,,.Ji'.ui.a'r"tunt .Itre most enectrve strains (equal to or more effeciive than straiD 5)came from the limed halves of nlors give" 

";";i";;;;;n#irau ,, ,and.l8 II).arthoush some srrains frori-.ihfii;;, i;.;. il",ii'rii"fri r.",ionof the PKMMg and nirrate ptors, ptors 7'"rJ ld;;;;;ilr" tr,anaverage effectiveness. Strains i.om limed prot.-giuJ. 
'.ii"iutr-o'ory 

urafrom the heavity limed prot t8 rr ditr"*d;;;;.-16;;'.,ili.. irir"lla r...these plots were as effecrive (or slightly -"r;.tr;i".j;;; ,",.1i, OoOl,but of 20 strains two were ineffectii,e ana I p""iiy-.iiJtiri." ""'"
. 

plo^t S-.-which has not been limed was ".I"r';d by;;;;;I'more effectivethan 0403, except for an ineffective isolate from ,f,',, ifrir"rpfr.r.'.fi pfr",from the section given pK. onlv two ;aiil;;til;;il;l"ilo,Jj ,i.ro.oany rhizobia, and these were of arerage enectlveness.

-,1sL!tes 
froq ljled and untimed hatlr.r"i pi"i ii, *r,ich is given sodiumnrtrate, were slighrly less eflective tban those from pioti i'ur-d"s. il..o,ullIime dressing applied to plot t8 III f,aa no ;nnuen'Jln ,i#, ,".i"u,i,v,but.the heavy [iming of lg II increased ir; of ttre I O ,tra;ns .*".ii.O fr"rnl8 II, two were more effective rhan th; """;&;,-;;;l;J;;;';;" ,".ypoorly effective.

. The acidity of unrimed plots usua[y either eliminated the clover nodulebacteria attogerher or leff as survivois orty i;;tr;il;-.;r#,, .r""i*strains. 
-o_f 

the 8 strains isolated from ,'h" ,;t;"iJip"rijlir"l"",ion
of plor 9 (from a Holcus landtus patch) 4 were co'mor.t"r).ir"fr*i,;", 

"roof those isolated from plots eiver
, 
"d 

4 s 
j.-;il;;;:;;i;".: ;;:"r LhIl,T:T: ;f"i[yr-.:l,i jH.*,rr:

and one-half eflective.
Nevertheless, neither acidirv nor absence of- lime were invariablyassociated wjth a decline in effectiveness; straios from olot 5t2 6A +.q),rrom rhe untimed halrofplot rz rp+r s-zi,,J iioil'ol"i i,jj'toii ii'rl *er.o! average or more tban averase effectiveness. In all plots. iroiuiesfi6m tre*l""ld_1.-._urthecorrespondingrhizosphere*.r..'rrirniiui'.ii*ii"*rr.
lne mean number of nodules formed by each strain provided criteriafor funher strain differentiation. as show, ir'r"u" u. ir.ir5,ii".1'ri ooon,effective strains from all plots, except is ir. r.r."i .n""y _rr""#i'rl"u.,nodules than did their effective counterparts. Differences between effectiveones isola-ted from one plot section were trot larger (except in the limedsection of plot I7) rhan rhose with ,r,. ,trui* 

-diol'"ij"i,'"#'"", 
u.
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attributed to host variation. Howevet there were large and significant
differences in numbers between efective strains from different plota. Many
more nodules were formed by effective strains from plot 5/2 (pK and no
lime) and plot 7 (PKNaMg and lime) than by efective strains from the
other plots. Strains from the limed sections of plot 13 (FyM) and plot
18 formed fewer nodules than strains from other plots. The single ineFec-
tive strain from plot 18 II was unique in its very iparse nodulaiion.

_Exceptions to the general similarity in nodule number produced by
effective strains from within a plot were three strains from tie limed haif

Plot 5. N, 1856-97

5/lNone 18 - 196.t i

30

rlo

ri SO. tt. Henv/ t-,mcZI
h rol ;-',.t . " Jllr,,

t00 t20

tnd.x of cffc(riveness with srrrin O4Ot .r tOO

_ Fig. I _Djstribution of effectiveness of is olat6 of Rhizobitoi fiIor? frorn Fark Grass,t6ted on Ttdonum pratensa. Shaded areas rer; io l*[Gi-riir#iuirj.iii"ri]
t Number of isolates test€d.

Plot 18. N, K Nr M8

lll. Li8 hr Lime

5/7 PK t89g-1964

l6l

70 90 0 46 60
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TABLE 7

Numbers of nodules lormed by Park Grdss isolotes in relation to
efectioeness

zei nl6sl I

lel 20l 15
221 2ll 28
r+l tslel I

ll
9

19
2t
39

t2
l1
l6
l8
21
36
25

l5
l3
6

49
29
29

12

,lm
zrl
re I rg
il | 8 l'.l"'l l"l"lill

Plot
l8r
l8rrr
l8rr
slr
512
Strain O{03
Strain 5

30-,lo-50-60-70-80-90- 100-l lo 30-40-50 - 60-70-80-90-lm-l l0-120

Relative effectiveness (Strain 0403 : 100)

l7

l2

42

30 -,10 - s0 - 60 - 70 - 80 - 90 - 100- ll0- 120

Relalive effectiveness (Stmin 04()3 : 100)

of plot l7; although these seemed to conform to the normal efrective

*oor. ur its least effective members, they produced many more nodules,

ii, zi,lS and 52 compared with l6 for the remaining member of the group.

Tte dishibution of nodulited plsnts in the dilntion series

In the above counts no adjustment was made for'skips" i.e. plants without
nodules at lower dilutions than plants with nodules' The distribution of
skips in the Barnfield, Broadbalk, Long-Term Fallows and Park. Grass

cotjnts was exanined by tabulating the number of skip tubes per dilution
series (Table 8). A'skip'tube is deflned as any negative tube above a

positive one in the dilution series. This simple definition somewhat over-

istimates their true incidence, because where a 'skip' negative and a
terminal positive are produced by adjoining dilutions, its normal prob-'

ability of happening is uP to 507".
Beiause oi the different lengths of the dilution series, statistical tests of

the distribution of skips could not be made, but the results show some

definite trends. Skips occurred in the counts of the fow Rhizobium species

in the following order of increasing frequency (neglecting manurial effects) :

R. leguminosorum ot R. trifolii, R. meliloti and R. lupini. This order

occurred in each field and was also observed in other experiments where

results were too few to be tabulated. Skips were least prevalent in the

Broadbalk samples. Long-term fallowing at Rothamsted and Woburn
decreased the in;idence of skips in the counts oflt. rneli/ori, but se€med not
to affect their frequency in counts of the other species. In Broadbalk'

162
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TABLE 8
Number of skip negaliues per dilution series

A. Species ditrereoces
Rothamsted Wobum

Bamfield Fallow Fallow
0.56 0.24 0.570.29 0.57 0.660-67 3.30 3.08

Park Grass
o-47
0.51

0.96

Broadbalk
R. trilolii 0.23
R. leguminosarun 0.19
R. meliloti 0.50R.lupini 0.66

R. trifolii
R. leguminosorunt
R. meliloti

B. Efect ofduratiotr of lonS-term lallovring
t960_61 1962_43 196447

0.78
0.22
4-87

0.25

1.8?
0 66 0.69

_ C. Efrects of manuring (combining test species)
Broadbalk

0.40

1.50

Sections
I

II
TI
IV
V (fallow)

Plots
3 (Jnmanured) 0.44
5 (PKNaMg) O-54
8 (PKNaMg atrd ammonium sulphate)

16 (PKNaMg and sodium nitrate) 3:?l
Bamfield

Sections
l (FYlo
3 (No matrure)
4 (PKNaMg)
8 (No maDure)

Park Grass

o-22
0.52
o.29
o-42
0.33

Sections
0'56 O (nil) o.3lg !q N (sodium nitrate) 0.50t?.{q A (ammonium sulphare) 0.36u.)4 C (rap€ calc) 0.34

Plots Ur imed Limed
I (-U_r!II-,a{,,-,"d) 1.4 0.30
7 (PKNaMg r.2 o.5iI (2 cwt ammonium sulphate) 0.22

_9 1+ cvr ammonium zuliharei o.z4
, / soorurn nltrate 0.13
13 FYM ard guano O.7l 0.59

neither 
-one 

yearh fallow nor applying herbicide affected the number of skips.
Combining results for the diflerent Mizobiwn species, Uoth nroaaUatt

and Park Grass show very similar differences cauied by.ururion. pfot.
grven mtrate provided dilution series with fewest skips, iollowed b-y those
given ammonium sulphate or pKNaMg or lefr unmanuiea. On iari CrassFYM inmeased the incidence of skips and liming greatly decreaseO it
in all exc€pt one set of the paired plots where skips-wire fe'w- delesufts
for Bamfeld showed no consistent plot differencesl but in view of-ire part
Grass results it is of interest that the FyM plot guu" -o.t ,Ufr. 

'---

Discussion
Tht comting mettod. The method gave consistent results but with large
!!trere1191 between replicates; the standard errors 

"o.monly 
iareJ f.om

l0 to l00l of the mean most probable number.
Estimates ofnumbers were afected by skips in the expected sequence of
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positives and negatiyes \Yhich led to sporadic and sometimes.gross under-

estimation of aciual numbers present in the original suspension, and also

increased replicate variation. Thompson and Vincenl (1967) showed that

skips in dilution tub€s used for counting R. trifolii were unaffected by

.oodition. of growth of the test seedlings, but were commoner with soil

containing few- bacteria than with soil containing many' Adding soil to a

dilution s-eries of a pure culture of nodule bacteria decreased the count,

"rp""iulfy 
when the soil was added to the tubes some time before the

Li"i"ri".' fnornpton and Vincent also showed that the contents of skip

trU"r-*f,.n "t",i 
to inoculate fresh seedlings sometimes produced nodules

unJ iorn.tirn"t did not, indicating that the nodule bacteria may be sup-

pi"rt"A ot eliminated, presumably by microbial antagonism'.lysogeny or

l.eaation. There is muth evidence tfiat rhizobia are subject to microbial

;;;;;;;;. in soil and in pure culture studies (Helv, Be-rgersen' &
ii""i*"ii,lqsz; wieringa, l9k3;van Schreven, 1964; visona & Tardieux'

idoi;- H"i irgn a Loui,-ts66a, 1966b; Holland & Parker, 1966; and

Robinson, 1968)." 
fG-"*.itt".it differences betwen Rhizobium species in liability to this

"ourilt 
g uU".tution, and of effects of manuring and liming' are interpret-

;i; i;i;. of microbial antagonism encouraged by dung and acidity

"iI Ji*"r."g"0 by nitrogen fitilisers. The fields at Rothamsted and

WoUrr.o p.o"iO" ,aiuable soils for further study of this phenomenon'

Populatiom of XiizoDfum anll tbeir effectiveness' Populations of the four

.o"'"i"r oi nl,rrairm studied occurred widely in thc arable fields of the

ilih;;;ili ;;J woburn farms but in numbers that varied manv-fold'

usuallv in relation to the presence or recent presence of their respective

;;;;i";i';;;J i; soil aciditv. x. ,r4o/t'i was most widespread and usuallv

.-"if 
"U-"arrt, 

followed by R. [eguminosarwn' with .R' meliloti a;nd'ii.iipii 
^""n 

iess abundaniand more restricted in distribution'- 
af tf,. time Broadbalk was surveyed (Rothqmsted Report for 1968'

p-i'2, p. is0j, this nefa had been cropped with nothing bui wlr:3t since

iil3. i.lil;;t were unafrected by minurial treatment or by fallow the

;;;;i.;;;;; "t bv herbicide. Numbers were not simplv related to the

5i*i[rilJ, ". "u.'naun.. 
or leguminous weeds, although the absence of

!io"., rn^v r,rr. u"en a conrribtitory cause of the fewer R' 
'rifo'lii 

found in

Broadbal[ than in other arable 6elds. There are no records oi legumrnous

*Ji 
", 

ift" pf", area of Barnfield (J M' Thurston, private communica-

ii""i, uri 
"i"r'".t, "etches 

and medick are common on the field boundaries

and in neishbouring fields." 
init.-.".niin"ou'sly fallowed fields, numbers declined progressively in

rhe earlv vears but later more erratically' panicularly at Roth-amsted'

irr"iii J dJ pr"ri ii not entirely n"cestiry lor multiplication of nodule

bacteria in soii was shown by experiments on their stimrlation by some

""r-f.gr.l.."t 
weeds. Such muitiplication was sporadic and, uncertain

"rJ 
fi pi.U"Uty unimportant in maintaining populations This. is also

ifi*,"[ ;r-a(" absenie of any correlation of populations with wheat

ui"lds on Bioadbalk, or of mangolds or potatoes on Barnfeld' The counts

i;;-"ii th" arable fields indiciie that nodule bacteria from areas where

t&
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they are abundant are transferred to neighbouring fields, probably in soil
blown by wind or brought on implements. Such agents probably suffice
to provide inocula for clovers and b€ans, and possibly lotus, but not
lucerne or trefoil grown on the farms. Adverse physical conditions, such
as drought and heat accelerale decline of the soil population but when
these do not operate, biological factors may be important, and it may not
be coincidental that the sp€cies of Rhizobiunt most liable to decline in
numbers are also most prone to show skips in their MpN count.

Development of appreciable populations from bacteria in the soil or
from artificial inoculation, seems mainly to be restricted by soil acidity,
with the four species again showing differential susceptibility to this fact;r
in the environment. R. ttifolii was occasionally isoiated fiom soil more
acid than pH 4.0, but R. meliloti very rarely from soil more acid than
pH 6.0. Alkalinity stimulated rhizosphere increase, though whether
directly or by increasing root exudation is not known. Loniragan and
Dowling (1958) and Mulder and van Veen (1960) also showed thai acidity
was ;mportant in restricting multiplication.

The symbiotic effectiveness of strains occurring in the arable areas was
not studied in detail but the response of the count-test plants showed that
most of the rhizobia were effective in fixing nitrogen on their test hosts.

The distributions and relative abundance and iflectiveness of R. trifotii
alr,d R. meliloti at Rothamsted and Woburn parallel those ,"po.ted by
Jensen (1969) for more than two hundred arable soils of Denmirk, wheri
abundance was clearly related to presence of host and to soil pH. By
experiment Jensen also showed that R. trifotii only survived weli in soil
above pH 4'9 and X. meliloti only above pH 5.9.

. The partial survey ofthe Park Grass plots demonstrated the dominating
influences on rhizobia in pasture ofhosi and soil reaction, for there was an
almost exact correspondence between the occurrence of each species of
Ntizobium in the soil and of its host, and indicated that a continuous
plant cover prevents movement of bacteria from plot to plot. The survey
also showed that the prolonged ditrerentiat manuring had some etrecti
on the symbiotic properties of R- trifolii. Where manures had not been
given but lime had, strains were effeclive, but in plots without lime,
and where pH had fallen to 5.1, strains were only poorly effective. Mineral
fertilisers_ without nitrogen decreased effectiveniss, even with liming. The
use of nitrogenous fertilisers (nitrate of soda, ammonium sulphite or
organic manures) over very long periods of time did not lessen iUitity of
strains to flx ritrogen, provided that lime was also applied to the plots
given ammonium sulphate.

Acidity tended to favour ineffective or poorly effective strains, although
even acid plots contained some fully effective strains. Completely ir_
effective strains occurred irregularly and some were found in piots oiher-
wise occupied by populations of strains of more than average eilectiveness.
Thornton (1954), Masrerson (1961), Jones et at. (1964) and Jones (1966)
showed that strains from hill pastures in the U.i(. and Eire were'often
p99l1y etrecliy9t This was usually, bur not atways, associated with acidity.
Holding and King (1963) attributed the poor effectiveness of strains from
Scottish hill pastures to the soils being deficient in bases.
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The classical fields at Rothamsted and Woburn provide unique sites for
ecological studies on the relationship between nodule bacteria, their host
speciei and the soil, and for the collection of strains adapted to acidity and
to nitrogen fertilisers, which could have agricultural value, but this still
has to be assessed.

SummarY

Rhizobium trdotii, R. leguminosatum, R. meliloti and, R. lupr,ri were counted

in some of the arable fields of Rothamsted and Woburn, and in selected

olots of the Park Grass experiment. All species were widely distributed

ihroughout the arable areas, with R. trdolii and R. Ieguminosanmt-rt*nl7y

lnu"h'-ot" abundant than R. meliloti or R. lupini, especially in fields

cropped by the host. When the host plants were not gr-own, numbers

decriased in a fe* years from tens or hundreds of thousands per g dry soil

to very few or noni (as for exa mple R. meliloti a:r,d,R. /rpizi in most-plots

of nainfeldl. Numbers were unaffected or only slightly affected by mineral

or nitrogenous fertilisers or by moderate infestation with leguminous or
other wids but were reduced by acidity. The results suggest that numbers

in arable soil without a recent legume crop are maintained by transfer

bv natural agents or farm implements from areas of abundance' Most
nldule bacteiia from these fields were effective in fixing nitrogen with the

test hosts used.
The Park Grass survey showed striking correspondence between the

occurrence of RirzoDinrz in the soil of each plot and the presence of a host

ipecies in the herbage. Numbers were few or absent in the acid plots and

J".. .o." on the l'imed plots but were unaffected by mineral fertiliser'

R. ,rilorii was strongly stimulated in the clover rhizosphere, even after more

than-a century of cl-&e. 
"o"".. 

The numbers of nodules produced and the

nitrogen-fixing effectiveness of isolates of R. trifolii ditrere{betweer plots

and ivere aff;cted by liming and fertilisers. The most eflective isolates

came from limed plois given nitrogen fertiliser and the least effective from
unmanured or somewhat acid Plots.

The MPN estimate of numbers varied in reliability according to the

species enumerated and soil treatment and was best for limed soil given

n'it.og"nor. fertilisers and worst for acid plots or those given organic

fertilisers.
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