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MICROPREDATORS IN SOIL
By

H. G. TnonntoN AND L. M. CnuIrlP

I ntroiluctiort
The erowth and health of crops is greatly affected by tie activities

of the iil micropopulation so ihat the factors that influence tJIe

size ard compositiori ot this population are a fundamental interest in
*J r.i"n.". ' The quantit-v oi liYing rnatter comprising the soil
rrooulation is. of course, determined ald limited by environmental
irdtors such as the quantity and availability of food material
and such variables as pH, hoisture, aeration and temperature'
But the dominance of certain groups of organisns in the soil popu-

lation and the prevalence of organisms having specilic effects'
whettrer bene6cial or ha.rmful, are of far treater imPortance thar ls

the total size of that PoPulation. Here again factors external to
the oopulation itself misiuttimately determine its biological compo-

sirio'n.' In this case, however, their action may be indirect, for the
varied organisms comprising the microPoPulation interact ln a very
cnmolex iurner, so that the eflect of an external agent on any one

"t tir"* m"v be influenced by its effect on the other organisms'

env rtte*pi therefore to produce a beneficial change in the soil
nrriulation.-whether it be the encouragernent of organisms Producmg
heiiraUle Uiocnemical changes or thi discouragement of ha'rmful
.,.n"r,isms such as pathogeni, must involve knowledge o[ the inter-
aciion of such orgaiisooi,.ith th"ir 

"stociates 
and competitors in the

soil. Comoetitio'n between organisms in the soit takes place in
tf,i"" 

".i".'ip.f 
wavs. Finttv,lhere is a keen competition for the

timit",i tupirtv of availabte- nutrients. Secondly, there are the
io*i" 

"n""ti'oi 
the products of growth of one organism on others, of

*t i"h tt " 
action of specific intibiotic secretions is an example'

'I'his mav be ouite incidental in that ttre organism producing them
nr", n"ii. no'benefit other than some possibly increased fieedom
froir iompetition. Thirdly, tbere are oiganisrrs that -feed 

dir€Uy
rrrxrn othirs as their onlv or main method of nutrition. These

"fo"oi.ms 
mav convenientlv be called " micropredators'" There

arE a {ew ore";isrns remarkible for their modes of nutrition such as

t -si th"t aitack nematodes or amceba, and the recetrtly described
rhiz"oood protozoa that consume nematodes, but the Sreat maiority
oi micropieaators in the soil feed on bacteria. They include pro
io ., tti" active stages of certain m5xomycetes- and. also solne

Mvxobacteria that feed bv dissolving bacterial cells and absorbmt
th"e products of lvsis. There are also some sma-ll metazoa such as

,r"-ltodes th"t "it 
bacteria but the work summarized iu this report

deals only with micropredators having an active unicellular stage'

Interest in soil protozoa has long been maintained at Rotham-

"tea "rra 
aat". froni the work of Ruisell and Hutchinson on partial

"i"titir^ti* 
of soil (1909), and their suggestion that, in--untxeatei

soil, the numbers of bacteria might be limited by the feeding activt-
ties'o{ soil protozoa and that the destruction of the latter might
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.ccorr,t 'fo. the observed increase in the number and activity of
bacteria in soil after partial sterilization. This thmry instigated
work at Rothamsted on soil protozoa by T. Goodey from 1910 to
1913, the late Martin and Lewin Irom 1913 to 1915, Crump who came
here in 1915, Cutler who came in 1919 and others who came later.
The Protozoology Department was set up in 1919 under the leader-
ship of Ward Cutler originally to study the protozoan fauna of soil,
although its scope was later widened. In!'estigation at Rothamsted
and elsewhere showed that soil contained a large and varied proto-
zoan population, amongst which ameba and flagellates were
predominant, and also that the protozoa existed in an active con-
dition in field soil. This discovery, coupled with the thmry of
Russell and Hutchinson, made it importa.nt to 6rd out whether the
numbers of bacteria in soil were controlled by the Ieeding activities
of protozoa. It was therefore necessary to determine what relatioa-
ship the numbers of bacteria in fietd soil have to those of the active
protozoa.

A technique was devised for the estimation of numbers of pro-
tozoa that fed on bacteria, based on a series of soil dilutions (Cutler,
f920), and the plating method for counting soil bacteria was
improved. Preliminary counts showed that the numbers both of
bacteria and of protozoa changed at short iltervals in field soil.
In 192G21 therefore, a series of soil samples was taken from the
Barnield dunged plot at daily intervals for a year and the numbers of
bacteria and of the active and encysted individuals oI two species oI
amcebe and four oI flagellates were estinated. (Cutler, Crump
and Sandon, 1922.) Marked fluctuations in the numbers oI bacteria
and protozoa are found; these were not clearly related to weather
conditions but there was a general rise in all groups during the spring
and autumn. Changes in bacterial numbers were not reLated to
those of the flagellates. Of the two amceba, one, then identified as
Dimastigomeba, was much the more abundant in most samples.
The frequency of occurrence of bigh numbers of the active form of
this amceba (above 100,000 per gram of soil) was significantly related
to that of low bacterial numbers (below 30 millions per gram).
This indicated that the amebae when sufrciently numerous
exercised a controlling effect on the changing numbers of bacteria
found in the plot by the plating method rrsed- Experiments also
showed that ameba did keep down the numbers of bacteria when
both were inoculated into sterilized soil (Cutler, 1923).

In 1941, on the death oI Mr. Ward Cutler, the department was
merged with that of Bacteriology to form the present Soil lllicro-
biology Department and it is with the work carried out since then
that this sumrnarj/ is mainly concemed.

Tlu sel*livc fecding of soil protozoa

At the time when the surveys of bacterial and protozoan numbers
in Rotharnsted field soil were made, the quality of the bacterial
food supply was not considered, but somewhat later work, both at
Rothamsted (Cutler and Crump 1927 and 1935) and elsewhere,
showed that soil bacteria differ in theh edibility by protozoa. But
it was important to discover whether ameba, supplied with a
mixture of bacterial species, as happens in fresh soil, will feed selec-

L
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tivelv and whether thev can in consequence change the relative
numlrrs of difterent bacteria in the soil' B. N. Singh investigated
the leeding of am@ba and of a flagellate on diflerent sPecies. of
bacteria us'ins an ineenious method in which an inoculum o{ amcba
placed at the"centrjof an agar surface in a petri dish, was pr€sented

th a series of radially disposed streaks of difierent bacterial species
who6e subsequent raie of consumption could thu-s be compared'
In his 6rst s6ries of experiments (i94la) be tested two sPecies of
soi.[ amcebe on five stra.ins of Aerobacter, and twelve species of soil
bacteria; in his second series (1942) two amcba and the flagellate
Cercomonas were tested on sixteen strains of the nodule organism
Rhizobium, tn enty other assorted species of soil bacteria and twelve
species of plant pithogenic bacteria; in his third series (1945) two
ai,,*b* wdre tes'ted on"sixty-three sPecies of soil and thirty-nine of
other bacteria- The speciei of soil Lacteria tested in these experi-
mcnts differed widely in their characters. About half of them were
eaten by the protozba and showed a range of edibility from sorne

that weie rea&ly and completely consumed to others that were but
slightly attacked. There were small difierences between the two
sp&iei of amebe and rather larger difierences between the amebe
and the flagellate in respect of the particular bacteria.l sPecies that
were eaten.- Amebe when placed in contact with closely adjacent
paralJel streaks of readily and less readily eaten species of bacteria
irsuallv consumed the whole of the former before making a notice-
able inroad on the less edible species. They could, however, be
adapted by previous feeding on ihe less edilile species and would
theri eat b6tli species togetlrei. Of eight species of bacteria produc-
ing rtd or pink pigment, seven were not eaten, nor were stralns ol
C iromobaricriui niolaceum or Pseadomotas aruginosa. Apart
from this relationship to pigment, no clear relationshiP emerged
betwe€n the edibility oI t bacterial species and any other of its
characters, such as gram staining, or slirne production.

Species that are eaten differ greatly in their nutritive value as

measired by the multiplication rate and by the mean cell size of
protozoa fed on them. 

-This 
was shown, foi example, with ameba

in earlv work of Cutler and Crump (1927) as more recently for a

ciliate'by Sineh (l94lb). Some bacterial species produce secretions
highly t-oxic to amcpbe (Singh 1945). A number of these produce
pilrnins and, in several casel studied, the pigment itself was found
io-be toxic. This was the case with pyocyanin, prodigiosin and the
violet-blue pigrnent of Chromobaderium dolaceum.

Not onli ii the total number of amceba affected by the quality of
the bacteriil food supply but also thc Percentage of them that is in
the active condition. 

- 
For not only do they tend to lorm cysts in

the presence of unfavourable bacterial food, but Crump has shown
that with some slxcies oI soil amo:ba, hatching of the cysts. is
stimulated by the-presence o{ bacteria of which the correct species
must be Dresent to ensure maximum excvstment (1950).

A highly specific relationship bet',r'een soil amcebe and bacteria
can thus bi dimonstrated on laboratory media, and Singh showed
that amceba are also specific in their consumPtion of bacteria in soil
(1941a). He inoculated samples of sterilized soil with two species

of bacteria each in pure culture and with both species together,
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with and without the {urther addition of soil amcebe. In the
absence of am@be, the bacteria fluctuated greatly in numbers in a
manner previously observed under similar conditions by Taylor
(1936). In the presence of ameba, however, one species of bacterium
was greatly reduced in numbers and eventually almost extinguished.
The other less edible bacterium was little afiected aud after a month
had regained the numbers found without the amceba. Thus the
arneba were able in soil to alter the relative numbers of the two
bacterial species,

It seems likely therefore tJ:at quality of bacterial flora in ilif-
ferently treated field soils may both influence the numbers of amobe
and be itselJ influenced by their selective Ieeding. That the nutri-
tive quality oI the bacterial flora to arn@be does in fact difier with
soil treatment is suggested by counts Irom field plot samples des-
cribed below.

Imltoaed method fot estitnating the nurrrber oJ anwba in a soil, satnple

Our knowledge of the soil population is limited by the adequacy
of our methods for estimating the numbers o{ organisms belonging to
each of the difierent groups of which it is composed. Methods Ior
doing this involve making a suspension o{ the soil sample and, in
most cases, diluting this suspension to known degrees. Direct
microscope counts arc only possible for groups, such as bacteria,
present in very large numbers. Othenvise a less direct metlod must
be used. If the organisms to be counted will grow as colonies on a
jelly medium, the numbers present at certain known dilutions can
then be counted by plating methods.

But important groups such as the protozoa will not do this
satis{actorily and here we can only base our estimate on the presence
or absence of the organisms in samples from a series of dilutions.
Such samples are incubated under conditions ensuring grotrth oI the
orgarrisms by which grotth their presence is detected. With
am@be these conditions include the supply of bacteria edible by
them. Selective Ieeding tests showed that strains of Aerobacter were
readily eaten by a range of species of amcebe and other soil protozoa
and this knowledge enabled Sturgh (1946 a ard b) greatly to improve
the counting method by using as food supply a pure culture o{
Aerobacter placed in a petri dish on the su.rface of non-nutrient
agar or silica jelly, on w'hich possibly harmful or inedible bacteria
from the soil dilution would make little or no growth. The accuracy
of estimates by the dilution method is dependent on the number of
replicate samples at each dilution that are examined. This was
increased by using, for each dilution to be examined, a petri dish
in which eight small glass rings were imbedded in the agar or silica
jelly, in each of rvhich a sample of the dilution was tested for the
growth of amceba on Aerobacler.'

This irirproved technique gave consistent results between dupli-
cate samples Irom field soils, but " recovery " tests from sterilized
soil to which knom numbers of ameba were added showed a
consistent loss of about 30 per cent, most ol which could be accounted
for by non-viability of individual amebze in laboratory culture.
Thus counts from soil probably represent a systematic under-
estimate oI this order, inherent in any cultural method oI counting.
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Thz numbers oJ amabce and. bacteria in d,ifercntl,1t treated plots

The above technique has been used by Singh to survey the
content of active and encysted amabce (1949) in plots on Barnfield
and Broadbalk and in partially sterilized field plots at Ampthill,
Bedfordshire. The samples examined from Barnfield and Broadbalk
were taken at nine and six approximately montlrly intewals resPec-
tively from the plots with no maaure (8.0 and 3) farmyard manue
(l .0 and 2) and complete artificials (4A and 7) in each field. Over
the periods of sampling marked fluctuations in numbers of am@ba
tooli place. In both fields the numbers of amabce, both tota-l and
active, were much the lowest in the untreated plots but did not
difier appreciably as between the plots treated with {armyard
mamue or artificials. On the other hand bacterial numbers,
determined by both microscope and plate counts, from the same
Broadbalk samples by Skinner, Jones and Mollison (1952) were
much higher in the Iarmyard manure plot (2) than in the other two
plots (3 and 7), whose bacterial numbers were similar to each other.
In other words the ratio of the number of amebze to those of bac-
teria was much higher in plot 7 than in plot 2. This suggests a
qualitative difference irr food value to amceb?e of the bacterial
populations in the two p1ots.

The setting up by the Chemistry Department oI a plot experi-
ment at Ampthill, Bed{ordshire, to test the efiects of partial steril-
ization on Sitka spruce nursery beds gave an opportunity to study
its action on soil protozoa in the field. An untreated plot and plots
whose soil had been partially sterilized with steam and with {ormalin
were sampled at intervals after the treatment and the numbers of
bacteria and of amebe were estimated by Crump and Singh
(1951i). Both treatments caused an immediate fa-ll in the numbers of
amcebe and bacteria, the latter estimated by plate counts. After
this, in the steamed plot the numbers both of amcebe and of
bacteria rose far above those ill the untreated plot, But after
formalin treatment the number of bacteria rose vrll above those in
the untreated plot but numbers of amceba remained persistently
depressed. This result shows that the effects of soil partial sterfiza-
tion on the misopopulation differ according to the tyPe of treat-
ment used. This conclusion is supported by the different effects
produced by steam and forrnalin on the fuagal Population of the
plots (Mollison 1953).

C lassiflcation oJ soil amaba
A difficulty constantly met with in studying the soil protozoa is

that of identifying them. Correct identification is oI added impor-
tance because oI the specific reactions which different amceba
show towards soil bacteria. The taxonomy of small amcebr was
hith€rto based to a large extent o'n characters too uncertain to be of
pmctical value, such as the occasional production of flaf,ella. The
type of nuclear division is a more stable character and di{Iers
strikingly between different groups of amcebe, but the difficulty
in filding specimens of the different stages of nuclear division has
until now iirnited the usefulness of this character. The discovery
of a satislactory bacterial food supply for cultures of soil amceb;e
enabled Singh to devise a beautiful and simple technique in which
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thick cdtures of these amcebe including all stages of nuclear
division can be grown on cover slips coited witli films of agar
supplied vrith suitable bacterial food (1950). A fortunate htbit
of the amcebe to wander through the agar on to the glass surface
enables the agar to be removed and the amebe to be [eft adhering
to the cover slip, where they can be fixed and stained. With thii
method he has studied the nuclear division oI a number of soil
amebe and has proposed a classification of amebe based on this
character (1952).

Ciant Rhizopod.s from soil
The use of a generalJy edible bacterial food supply for counting

amcpba and for isolating them ftom soil, resulted in several othei
ty,pes of bacterial predators appearing in cultures from field soit.
One of these was a giant multinucleate Rhizopod of the genus
Leptom1rxa which may attain a diameter of nearly 3 mm. The
history of work on this organism is interesting. ln l0l3 T. Goodey,
who uas then studying soil protozoa at Rothamsted, found and
described three Rhizopods of a type new to the soil fauna and related
to the Proteomyxa. On these he founded the two genera Lep
tomyxa a.rld Gephyrameba (Goodey 1915). Sandon in 1927 fornd
Gephyramebe in several soil samples in the course oI a survey of
protozoa from a range of soils. He however failed to find Leptomyxa
although this organism was again found in Australian soil by
Mclennan in 1930. After this it was not recorded again until
Singh (l9,1ila), using Aerobacter as food supply, found that it could
be isolated regularlv from field soil and obtained it from thirty-eight
out of lifty-nine soil samples derived from localities widely scatteied
over Great Brita.in and- from nine of the plots on Barnlield and
Broadbalk. He studied its life-cycle and nuclear division ( 1948b) and
shovr'ed that like true amebe it was selective in its bacterial.food
requirements but difiered from the amebe with which he com-
pared it, in the species of bacteria that it would eat (1948a). A {ew
estimates made by the dilution method from the soil of Barnfield
plot 1.0 revealed its presence in dilutions up to l/1,00O.

Soil Acrasiea
The improved methods of culture used for soil Rhizopods also

revealed the abundance and widespread occurrence in soil of a
second group of amceboid Protista, the Acrasiea, particularly the
genus Dictyostelium, which was first described by Brefeld in 1869.
Singh obtained this organism from soil samples collected from widely
scattered localities in Great Britain. He found it in 33 out of 38
arable soils examined but only in 3 out of 29 grassland soils (1947a).
He also found it in atl the plots from Bamfield and Broadbalk.
The Acrasiee pass through a remarkable life cycle, in one stage
existing as ameba-1ike forms, " myxoamceba," which later, under
suitable conditions, collect together and {orm fruiting bodies super-
ficially resembling those of certain fungi. Inside thise, spores-are
formed which are released and from which the amceboid forms are
hatched. In the ameboid stage they feed on bacteria and in this
stage Dictyostelium, like other predators, was found to be specific
in the species of bacteria that it would attack (1947a and b). It
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wi.ll also develop and form fruiting bodies when grown in sterilized
soil supplied with suitable bacterial food and was then found greatly
to reduie the numbers of bacteria in the soit (1947b). The growth
oI the organism in sterilized soil as judged by the development oI
fruiting bodies on the soil surface, was found to be dependeat on
the species of bacteria supplied. The spread of the organism tbrolgtr
the soil was delxndent on its moisture content. There was little
evidence of spread at moisture coltents below 25 per cent, and below
15 per cent moisture no fruiting bodies were Iound even at the point
of lnoculation, perhaps because the amceboid forms could not
assenble in sucLdry soil. The organism will also pass through its
Iife cycle in fiesh unsterilized soil.

Soil Myxobaderia

The Myxobacteria were recognized as a SrouP by Thaxter in
1892 but the group has been comparatively little studied till recently
and even now many forms are krown only by their fruiting bodies.
The more highty developed types of Myxobacteria pass through I
lite-cycle. In the active stage they consist of thin rods, capable of
a slirline motion the mechanism of which is not understood. After
a whileihese rods collect to form swarms each of which may become
covered with a coating to form a Iruiting body. Inside this the
rods tum into the so-called " microcl,sts " which are usually round
or oval bodies but which in some species have the form of short
rods. They are eventually released and develop ilto the active rod
stage. Some of the Myxobacteria four:d in soil do not swarm to
produce fruiting bodies. Important amongst them is a group
ittacking cellu.lose and placed in the genus Sporocy4ophaga (Stanier
1942), which was originally found and studied at Rothamsted in
l9l2 by Hutchinson and Clayton, r.rbo mistakenly considered them
to l,e "Spirochetes. Arothir genrrs. Cy'tophagi (\Vinogradskv).
even lacks the microcyst stage. Some species in the genus also
attack cellulose while others have a more generalized nutrition.
One of these that can attack chitin, was isolated by Stanier (1947)
during a short visjt to Rothamsted. The " higher " Myxobacteria
from ioil, that have been studied by Singh. belong to lhe genera
Mwococcus, Chondrococcus and Archangium. These organisms
ar-e micropredators since they feed readily on true bacteria previousll,
kille,I and dissolved by their secretions. In a joint investigation
Oxfc,rd and Singh (1946) found that fy'xococcus produced t$'o
tvnes of secretion one of which had a toxic effect on a considerable
Jige of bacterial species while the other was a powerful bacteriolytic
and proteolltic enzyme that would lyse dead bacteria, though not
atta<:king live ones. Myxobacteria of this predator type are again
selective in the bacterial species which they witl attack (Singh
1947c). At one time they were regarded as dung inhabiting
orgaaisms but they have b€en found to be widely distributed in
British soil and to occur in all the various plots of Barnfield and
Broadbalk most of which do not receive duag, so that their status
as soil irhabitants is no longer in doubt. Dilution counts Irom the
soil oI Barnfield plot 1 .0 gave numbers of predaceous Myxobacteria
rarging from 2,000 to 76,000 Per gram.
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Codusion
There is no means of esttlating the efiect on the bacterial flora

of soil of the micropredator population as distinct from other
competitive and antagonistic factors. The daily counts of amebe
and bacteria from Barnfield made by Cuder, Crump and Sandon
(1y22) showed evidence of a limitation of bacterial numbers when
the nurnber of ameba in an active state exceeded 100,000 per gram
of soil. In view of the variety o[ ot]er micropredators now known
to inhabit tbe soil it is not surprising that tbe efiects of any one gronp
such as the amceba should be distinguishable only when present in
exceptionally high numbers. Any assessment of the quantitative
efiect of the micropredators as a whole would require that the num-
bers of each tSrpe should be estimated from a range of soil samples
and compared with bacterial coutrts, Such a task is at present
beyond the capabilities of our counting technique.

But the selective attack on different bacteria-l species, evidence
for which has been found with all groups of micropredators, adds
greatty to their interest frorn the point of view of soil ecology.
Sirgh tested eighty-seven very varied strains of soil bacteria againit
eight micropredators, comprising a large and a small soil amceba,
the giant Rhizopod Le?tonyra reticulata Gadey, the myxamceba
of two species of Acrasieze (Dictyostelium) and three species o{ pre-
daceous Myxobacteria (Anscombe and Singh 1948). Any one of
these predators was found to attack about halJ of the bacterial
species tested, but owing to the dissimilarity in Ieeding habits of
the various predators there were only sieven of the baaterial strains
that were not attacked by any of the predators and only twelve were
attacted by all of them. Certain 8roups of bacteria such as the
nodule bacteria seem to be generally resistant to attack by micro-
predaaors while othen such as strains of Aerobacter are attacked by
all oI them. If it is desired to establish any kinds oI bacteria in soil,
their resistance to predators should be considered. The presence
of micropredators also complicates the unravelling of the effecl.s o[
soil treatmenls and especially those like partial sterilization lhat
are liable to check the predators. This was appreciated by Russell
and Hutchinson in their original hypothesis although this nowappears
to us as an over-simplification of the complex perturbations that
must occur when the balance of micro-orgaaic li{e is radically upset
by soil treatment.
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PRODUCTION of
EDIBLE PROTEIN from FRESH LEAVES

By

N. W. Prnrr
The study of plant viruses is the study of leaf protein; for not

only are all the knorrr viruses proteins, but to purify them it is
necessary to s€parate large amounts oI normal leaf protein from the
preparation. Since 1934 we have been engaged in this work and,
during the succeeding years, have become increasingly interested in
the proteins oI the normal leaf. In part this interest was stimulated
by war-time food shortages which made it important to see whether
leaf proteins could be used as human food and in part it was the
result of a recognition of their intrinsic biochemical importance.
The study of animal viruses was preceded by a fairly detailed know-
ledge of the properties of animal proteins and the behaviour of tissue
extracts, but during the early phases of work on plant viruses much
more wets known about the soluble proteins of the infected tobacco
leaf than about those of the normal leaf.

The idea that extracted leaf protein could be of nutritional and
industrial importance is not ne\f, (c.f. Pirie 1942 a and b) and when
work, in collaboration with the Food Investigation Board and
Imperial Chemical Industries, started in 1940 there was some past
experience to build on. Several patents covering leaf-protein
preparation had been taken out, some of them dealing with phen-
omena that have been well known since the pioneer studies of
Rouellet in U73, but all the experience had been gained on the
laboratory scale. No method had been worked out for handling
more than a few pounds of leaf and it seemed likely that the con-
version of laboratory-scale extractions and fractionations into a
large-scale process would prove dificult. It was easy enough to see
what we were trying to do; the only problem was how to do it.

During 1940 and 1941 therefore, a series of extraction tests was
made with fult-sized mills of many types. At first these tests were
based on the crudest empiricism but a few principles soon began to
emerge. On the one hand signif,cant amounts of protein are not
brought out of the leaf by simple pressrue, but on the other hand it
is not necessary to open each cell. Fine subdivision is indeed, a
disadvantage because it is more difficult to separate leaf fragments
from the dispersed protein the smaller the fraEments are. Some
subdivision, coupled with intimate rubbing and bruising of the leaf,
releases much oI the protein, and the rubbing is done as well by
rubbing leaf on teaf as by mbbing the leaves between two elements
of the machine. As il most large.scale operations the process
should be continuous both in theory and practice. The distinction
. Those who have worked orl leal protein recetrtly have trot been deeply

i[terested itr tie history o{ scieoce aad have not devoted rDuch atteotioa
to Rouelle Ilor even giwefl his itritids. I have ia the Past erroDeously
attributed this work to G. F. Roue[e but it was, in fact, done by his younter
blother Hilaire Marir vrho succe€ded to the demoNtratorshriP at the Jardin
du Roi in Paris on the elder Rouelle's death itr 1770.
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is imoortant. for some mills seem to be working continuously when
thev'are. in fact. fitlins up with resistant pieccs of 6bre' and this
mai, not be recoe-nized oi short runs. The rnill must cope with
occlion.l stones-for these will inevitably accompany agricultural
crops. Power consumption must be kept do*'n both for economy
and to avoid over-heating the charge. Unless a wasteful cooling
svstem is to be used, it iJ clear from first principles tlat the limit
comes at about 5O HP for a grinding rate of I ton ofwet crop per hour.
Pretiminary drying or adding large amounts of water to the croP
are both to be avoided if possibte.

This much became dea; by 1942 but then work along these lines
was stopped. The reasons for this decision were never made clear;
it is noi,'therefore, possible to express an opinion on tbeir validity.
At Rotharnsted, however, work continued on the laboratory scale
and the results were systematized by Crook (19'16) who finally
manased to extract 95 D€r cent ol the piotein in tobacco leaf by very
fine diniline and by niaintaining mila akdinity and low salt con-
centiation. - Crook 

-and 
Holden (1948) and others at Rothamsted,

using similar techniques, have separated Protein from about thirty
difieient specics of lelves in varying yield. and we now have enough-

exoerience to be able to tell from the appearance and feel of a leaf
wliat its protein content, and the extractability of that protein, is
likelv to be. This work was done with the idea of large-scale extrac-
tion (lirectlv in mind. but much of the other work of tbe Biochemistry
Departmeni also gives information about the seParation and frac-
tioiation of proteins from the leaf. Work on viruses and on pectase,

orotease. ceilulase. normal nucleoprotein and enzlrmes concerned
in the oxidation of manganese hL been described in successive
.{nnual Reports; we havi also described the action of commercial
proteol)'tic enzyrnes on Ieaf 6bre and the efiect of fertilizers on the
protein content of the leaf.- 

Protein is held in many different ways in the leaf and when one
parti,:ular leaf enz].Tne is being studied ielective methods of extrac-
iion ,rre an advant-age. Wlen, however, a bulk protein prep-aration
is wanted it is an advantage to get all out in one operation. fI ote-in

is held in the leaf in threi main wa1's' It may be dissolved in the
fluids liberated when the cell struiture is damaged by gdndin8;
it mav be present in the chloroplasts, nuclei and other microscopically
.".onilir^61" cell comoonenti: it mav be in the cell rvalls. The
inteisity of grinding wilt influence thi composition of the mixtur-e
hv varying ihe exGnt to which these componen-ts are 

-released'
Thc nuiriiional and physiological state of the leaf will also effect
the composition of the isola[ed Protein, because they affect the
ratios in which some difiercnt enilones occrrr (Holden and Tracey
l9l8) and it is reasonable to assumi that the Protein is largely made
of enzl.rnes.

Foi practical purpos€s a Protein may be said to be in solution
if it (toei not settie oit undei gravitv in-a few hours. Much of the
Drotein in a leaf extract is solubte initia-lly but coagulates after a
iew hours at room temperature. Many actions are probably involved
in this coaguJation ; some proteins iue so associated with enzyme-s

as to be inirinsically unstabL (Pirie 1950) some are probably clotted,
as milk is, by leai proteases (Tracey 1948), while some combine
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with tanrins and other leaf components and precipitate slowlv.
Changes of this ty'pe probably a.lso go on quickly dnd niav be respoi-
sible for some of the readily sedimenfable protein in extricts.
Chloroplasts and chloroplast iragments are easily separated from
the fibre of many leaves and these may make up the eieater part of
_the readily sedimentable protein in some extracts. In someleaves,
however, the chloroplasts do not readily separate from the leai
matrix and in some, precipitation by tannins-is so rapid that part
of the protein remains in the fibre. Holden and Tracei ugs0) Iiave
discussed the necessity for assuming that any signifiiant amounts
of protein are held in th6 cell walts. They f6unil that the ratio of
nitrogen to chlorophyll is nearly the sami in isolated chloroplasts
and in washed tobacco leaf fibre. There is no reason to thfu* that
protein in the cell wall would be associated with chtorophvll. It
is probable, therefore, that most of the introgen remaining in the
fibre is present as entangled chloroplasts and cfuoroplast frfiments.
Suggestions have been made that part of the lignin-of the l&f con-
tains nitrogen, but the total amount that is heldln this way is small.

In 1948 a grant from the Agricultural Research Council enabled
large-scale \i/ork to start again and the survey of existing machinery
was continued. Ten difierent designs of swing-hammer mill werl
tested under vaqring conditions and the conClusion was reached
that this method of grinding was not suitable because it depends on
mpact between an unsupported particle and the moving hammer.
Wet leaves are not shatieied by'this type of impact. besigrs in
which a_ compacted mass is rubbed or hii bars forced through"it, as
in the domestic meat mincer or the screw expeller, are sati;factorv
on a small scale but, because the ratio of surfice to volume changes
when the scale increases, they consume excessivc amounts of poier
when the scale is increased. The idea of continuous rubbing how-
ever, was attractive, so having found that none o[ the existini mills
would handle the soggy dough-like mass that results wheu- fresh
leaves are ground, a mill was designed that cannot clog and is
adjrlltable to the texture of the matarial being used.

The basis is a CMsty and Norris " coii sifter," designed to
separate coconut husk from fibrc, and is a drum 4 ft. 6 in. lons and
3 ft. in diameter with an axial shaft carnrine plain rectan-gular
beater arms. It was fed tangentially at oie ini and dischiged
radially at the other. Now it is fed axially at one end and dis-
charges tangentially at the other, ,.irany more beater arms have been
introduced. so that no space inside the drum more than I in. wide
is left urswept by an arm, and the arms have been modifi;d so that
some have propellor-shaped ends and the others U-shaped ends.
By varying the ratio of these two t,?es, the rate oI movement oI
the charge thtough the machine can be controUed to tet the correct
amount of grinding. There is no obstruction at the exit; material
comes out whatever its state of grinding when it has traversed the
mill._ This is an important distinction fiom most types oI hammer
mill because the charge generally has to stay inside until it has been
ground 6ne enough to get through a scree-n, Ground leaves soon
choke a srreen

The primary merit of this machine is that it works and has run
for many hundreds of hours at the Grassland Research Station
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$,ithout a breakd.own. But it is a makeshift and the next one should
be desimed from the beginning rather than adapted from an existing
machin"e. It should belmaller, it should be so ananged that it can
be ooened and cleaned easily, and it should be easy to rearrarge the
distribution of the two tyies of beater arm. I am con6dent that
the basic principle is sourd and, having made and tested 

-'l 
G l5.tpes

oi beater'arm,'that the beaters are ihe simplest possible' 
- 

When
fed ,,rith succulent crops it handles 4S tons an hour and takes

lG20 HP, but the rate bf working falls and the Power consumption
rises with drier crops. Good grass goes throuth at I ton an hour
and consumes 20 HP, grinding becomes more extravagant than thls
onlv rr,ith croDs that are so dry and mature that proteln extractron ls
uniatislactorv even in the laboratory.

In theorv-the amount of work ttiat has to be done in Srinding a
mass of leav'es is extremely small, so that in the earlier Phases of this
work there was alwals th; hope that a much more efficient axran-ge-

-"nt *ist t be found- So fai nothing has made it seem likely that
fhis \a'i[ ;rove Dossible and all the other arrangements consume more

oo*"r. 'ft...i has carried out some (unpublished) experiments in
ivhich a weiehi was dropped on to 20 g lots of grass and the per-

centage of piotein liberated was measured after different amounts of
*-i i"a tkn done. Satisfactory liberation required 6 x lOe ergs'

If this could be replicated on a large scale, it would T"-1 thll 3
orindine rate of I ton per horu would take a little over l0 HP' which
Suig.rti tt^t stamping mills would merit more thorough investi-
saiion than thev have yet received." In this conirection- it is interesting to consider what success

animals have had io solving tlris problem. The bullock grinds
srass with its teeth and tongue. Figures for its performaace are

iomewhat aDDroximate, but ihe ones given have been chosen so as

to favour thi efficiency of the bullock rather than the reverse'
The iaw muscles of an 11 cwt' animal weigh 5lb. and its tongue also
weiehs 5 lb. This weieht is not all muscle used for chewing, but
tr" iitt ass"me that it is-and also that its rate of working is 0 '01 HP
oer oound. This is the rate that Grav (1936) Iourd for the strenuous
i,ondition. of dogs running on a treadmill and men rowing; it is,

iherefo.e, certaiily a greiter rate than would be--compatible with
the olacid exoreiion -of a chewing br-rtlock. We may be sure,

therdfore, that not more than 0'l HP is being expended during
8 hours in which it collects grass and chews it roughly and th,e furthjr
8 in which it chews the cud' After this the mass has about the
consistencv at which we aim for satisfactory protein extraction'
The bulloik eats 301b. dry matter or 150 lb. of fresh grass during
the 16 hou$, so that its 0 'l HP machinery is handling material ,at
9.4 lb. an hour. To get a rate of I ton pdr hour by repticating the
same machinery we iould need 2.240 0 l/9 4 : 24 HP. The
actual rate of working may be only half this but it would seem that
the course of evolution has not produced a mechanism much more

efficient than our hasty adaptation.
The problem of pressing ihe juice from the ground leaf mass does

not seem to be so nearly solved. On the laboratory scale it rs easy'
and on a large scale it-is also easy if small molecules are the only
valuable com-ponents oI the extract. But much of the leaf protein

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-1-74 pp 15

t.il

is present as particles up to 5!. in diameter and such particles are
easily held back by tightly compacted masses o{ fibre. Arrange-
ments that expose large bulks of material to high pressures are not
therefore well adapted to our purpose. Moderate success has been
achieved with a machine made at the National Institute for Agricul-
tural Engineering. This has a perforated steel drum which ii sup-
ported on three rollers inside it. Opposite each roller a larger wooden
roller presses the drum on the outside, these outside iollers are
&iven and carrlr the drum around by fiiction. Ground leaves are
fed on to the outside of the drum and are caried bv it under each
of the three wooden rollers in tum so that at each niijuice is pressed
through the drum and into a tray inside. With thii slmple arra-nge-
ment many tons of juice have been made but it is difficult to keep
the layer of material on the drum even and the time during which
pressure is applied in passage through the nips is too short for the
juice to run away effectively.

Juice is so easily pressed by hand Irom minced leaves enclosed
in a- cloth and it is so easy, by continual hand Fessing, to get a
Product containing only 65 per cent of water, that it is tempting to
underestimate the problem of large-scale juice extraction. The
pressure applied by hand is only about 3O lb. per sq. in., but it is
mainta.ined for many seconds, the charge ii continually being
rearranged, so that new parts are brought near the filtration surface
by 6nger action. This is not an action that it would be easy to
simulate rvith a machine, but it should not be needed if the thickness
of the layer being pressed is kept small. With this in mind, new
designs for a press are being discussed and in them three principles
stand out clearly ; the layer, after pressing, should not be more than
I in. thick; pressure should be maintained for a few seconds; there
should be no movement between the charge under pressure and the
filtration surfaces, There are so many ways of achieving these
desiderata that we carl be conlident of success as soon as sustained
work on the problem starts.

Any robust press designed to work quickly will allow some leaf
hatments to pass through into the juice, so that a further stage of
straining is needed before the protein can be separated. This
presents no difficulties. The protein is then coa8ulated by heat or
by adding acid. With many batches of juice, acid gives the better
leld; it also gives a purer product but one that is more difficult to
handle because it is frnely divided. If heat is applied rapidly with
live steam, the curd is coarse and easiJy filtered off. From this
state on the protein is handled by normal chemical engineering
methods. So far the substances remaining soluble in water after
heating or acid coagulation have b€en discarded but, as is welL
knowa, the leaf at various staEes in its growth contains valuable
amounts of carbohydrate, and non-proteir nitrogen part of which
appear in this juice. It is therefore, essential that methods of using
it should be explored.

By this sequence of grinding and pressing it is easy to tet out in
the form of protein a quarter of the nitrogen in leaves containing
more than 2 .6 per cent of nitrogen and possible, by rewetting the
pressed mass and pressing again, to get out a third. The yield is
lower than that reached in the laboratory but this is to be expected.
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The remainder oI the nitrogen is either soluble or else it remains as

unextracted orotein in the pressed residue' There would be obvious
advantages ii getting this-out also; the question of how much it is
economiE to eiract depends simply on the costs of extraction com-
oared with those oI erowine moie le"t es. Further grinding is an

ibvious step but as 
-already mentioned it ha-s defects. We have

made a fairiv throueh studv of the enzl'rnic degradation o[ leaves
(Holden. Pirii and Tiacev t550), maintv because of an interest in the
l]beration of vimses, but-also with the application to protein extrac-
tion in mind. The enzlrmes used were juices or extracts from snails
and various funsi; th-ese woutd hardJy be practical lo-r lar-ge-scale

use but the woii< showed that leaf residues were easily digested.
In oractice it woutd be easiest to seed the mass of leaf residue with
a cilture of a cetlulase producing rnicro-organism and to let growth
and fibre dieestion proceed togelher. Hitherto cellulase bas been

.n ,rr"r-nibly t egiected enz1.'rne, but during t}le past few years it
has begun to i'et ihe attention that its academic and practical
interest warrants.

Protein which it is not economic to extract from the fibre will
not, bowever be wasted' Cattle eat the residue readily, both when

it is fresh and after drying, and it is very easy to ensile. The idea of
drying it as winter feed is particularly attractive because although
thi niiroeen content is eenerallv onlv I '5 to 2 per cent, it is economt-
cat to dri and is satisfictorilv'handled by a rotary drier' Normal
orass dniins is not the unquaiified success it was expected to be and
Xne reas"on is that the Drot;in content of a leaf is approximately Pro-
oortional to its water iontent. The more worthwhile it is to make
ihe dried oroduct. therefore, the more water has to be dried off to get

it. Thus'really good leaves with 4'8 Per cent of N on the d.q/ matter
mav contain 9il ier cent of water when cut, whereas those with only
2 .4" per cent may contain only 75 Per cent of wafer; 

-to 
get a- ton of

drv matter from" the former necessilates drying ofl 13 tons of water
.n'd. f.o* the tatter 3 tons. The former is an extgme case; much
of the dricd " $ass " at present being made in Br-iE)in is of the low
oualitv of the iatter. But if there rvere that extension in the use of
firti[lers and irrieation water that is widely, and rightly, advocated
much more of r hJ material coming to the driers would have such a
hish nitroeen and water conteni as to make d5ring doubtfully
ecEoomic, 

"Many proposals have been made for resolving the
dilemma that th; b6ttei the technique used in growing a forage crop
the more expensive it becomes to dry it. To them we may add- the
nrorosal that the croD should first be processed to gct out much of tlre
iroi-'in and most of'the \tater, s,o t6at only the residue containing
lbout 65 per cent of water, would be dried. The proPosal is that
prorein prtparation should be a suPPlement to grass drying' lt,is
iasy to ma[e a rough estimate of the Protein and water content ot a
batih of leaves visually, and each load that arnves at a Processlnt
station should be sent ;traight to the drier if it is oI low qualit-,- but
should be used first for protein production if it is,of high quality'

One of the difficultiei encouritered in the introduction of modern
aericultural methods into undeveloped areas is the lack oI power to
nln tractors and pumps. The residue of leaves from which protein
has been extracted miiht be a valuable fuel. It could be used either
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directly or after {ermentation to give alcohol or methane ; the first
course is simpler and more economical and the granular texture of
the residue as it comes out of a press make it much more suitable for
mechanical handling than the other agricultural wastes with which
it is sometimes proposed that furnaces should be stoked. Research
is already going on on the design of engines to run on low grade fuel ;
it would seem that this is one of the fuels that should be tried.

The advantage of developing these techniques for separating
protein from leaves depends on three propositions: That the leaf
is the best place to look for further supplies of protein : That the
protein and other components of the leaf are of more yalue to us
after they have been separated from each other than they were when
they were mixed: That there is no better method of making the
separation. There will be little argument about the first, all the
terrestrial protein sources now used on a large scale, e.g., beans, meat
and milk depend on the leaf. Yeasts and some other micro-
organisms can make protein directly from ammonium salts or even
from atmospheric nitrogen and fish depend mainly on alga and
unicellular plants, but these sources should be looked on as comple-
ments rather than as altematives to leaf protein. The only unusual
feature of leaf protein separation is the intimacy with which the
useful and the less useful parts are mixed in the starting material,
In principle it is comparable to such well established separations as
grain from chaff, oil from oil seeds and sugar beet tops and crowns
from sugar beet, These separations are well known to be advantage-
ous because by them the value of at least one of the products is
enhanced. If leaves are to be used as a source of protein in the
human diet, the only alternative would be to gro$r' leaves with an
exceptionally high protein content. Research on the conditions
needed for a plant to produce high protein leaves regularly and a
search for the species that can be easily made to do this would be
both interesting and valuable, but for some time it is likely to be
easier to grow a lower quality leaf and then to separate the digestible
protein from the indigestible fibre. These are all issues that have
been argued at Breater length elsewhere (Pirie 1951, 1952, 1953).

Under existing conditions there are two rnin ways in which the
separation is brought about. In the plant, the growth of seeds and
tubers entalls the translocation of protein, so that the frbre remains
in the seri: leaf and the protein appears in a digestible form along
with fat and carbohydrate, Ruminant animals also separate the
protein for us when they feed on leaves. Each process involves
waste and the waste is especially great $rith animals because their
value as sourccs of concentrated protein is a consequence of the fact
that they are even more wastelul of carbohydrate than they are of
protein. It is this fact that enables a bullock to lay down meat
containing 60-70 per cent protein, in terrns of dry matter, when fed
on a diet containing only 10 per cent. Few will dispute that the
products oI animal conversion have more gustatory appeal than the
products made from leaves are likely to have in the near future, but
culina4r enterprise can often bring about surprising changes.
Furthermore a policy of leaf-protein production would probably not
diminish the amount of food available for animals. FiGt, there
would be low-trade batches of protein suitable for pig and chicken
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food : second. there would be the leaf residue suitable for cattle food'

" JiliJ, iljf liotein production depends on the growing ot high
oualitv leaf. With leaiv crops the improvements of quality -by

-"rr,riit n. irrieation and frequent cutting would be accomPanred

hv a totii inciase in vield both of protein and dry rnatter' I hrs

iri..ease, it is true. could be achieved without the further step ot

-.f.,".'f""f protein. but the idea has never proved particularly

^iio.t'ir" 
be&use such intensely cultivated crops tend to have too

fri"ir 
" "tot"in 

.o"tent for any but the most productive milking cows'
"lhdse advantaees have'natura.lly not escaped general notlce

and several comme-rcial projects {or making protein or protern con-

centrates have been start;d. 
- 

lnformation about these proiects ls -not
;il;;;;;il" obtained but they seem to have the common defect

in.i'"r "it"ilrt 
is made to get out the protein in one operation and

to use one maihine for all types of leaf. In practicethe attempt does

,oi ro"""ea and the crop is passed several times through t}te same

-actrine- noUers and'oil eipe[ers or modifications of them are

*"ii-""*-""ty used. Thereieems to be no advantage in passing

the charse throueh the same machine twice rather than Passmg lt

";;;";..i;l; irr.o"ueh two machines, or even three, each designed

i* tfr" 
"titi"ut"t'iob 

to b" done. ,4 btioti iI is unlikely that a

machine'which is eitrcient at grinding leaves would also, be eflicient
at seDaratins the iuice from-the ground mass' All the evldence

f.om'our owi worli and the work oi others suggests that it is better

to start with an adjustabte mill that can Produce an -aPProxrmately
itandard oroduct from a wide range of raw materials. and then,to
feed this'oroduct into a press' Research is still needed unt a

*"it"iii" '"nii n.. U.un birltt. luls work can with advantage be

i.-" bu *rron" who knows the starting material, knows the aim,
and ha! th; enthusiasm to do it. The results \"ill bear the same

[i.tio"tnio to ttt. final desier that Trevethick's steam engines bear

io tto." "i"a 
now and thi metamorphosis witl -call for the.most

expert available engineering skill, but some sort ot workrng uflt ls a

necessary first steP.- --b"S,i"t in. *oik th.t is needed on the machinery there is also

much scooe for botanical and agricultural work First there rs the
choice of'croo. Hitherto a forage crop has had to have a texture
an<[ flavour aicceptable to stock. 

- A mill is less exacting and opens

""- 
wiae Uotanic"l possibitities. tr[ost of the necessary research to

tla *fri"t otants give the biggest return of dry rnatter and extract-
able oroteii Der a-cre can be done o.t small scale plots' tsut on-ce

some^ conclusions have been reached they need confrmation by
i^r""-.J" extraction. Dartly to confirm the taboratory results and

;;i;; *.t enoueh'irotein to be sure that it has the exPected

i*dii. 
"411-. 

- 
it rian be that no crops better than those already in

,r.", 
"iih". 

in Britain Lr overseas, will be found at an early stage m

the work but the standard crops offer much scoPe lor vanatron'
The effect oI Iertilizers and irrigation is already being- actrvely

.t"ai"J.t notfr.*sted; this wor[ could usef.ully be suPPlemented
;;;-;t"A; ;i th. extractabititv and quality ;f the Protein' All
tie leafv i,ericultural wastes also need examination as do Plants
i".H "t'ut.iL"n 

and sedges that grow on uncultivated areas.
Work on the large-scale extraction of leal protein has now been
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going on in an uncertain manner with support from various Govern-
ment deparhnents for thirteen years. It seems to have got to a
stage at which, with litue more efiort, a conclusion could be reached
and machinery designed which would be suitable tor use both in
Britain and overseas.
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